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ABSTRACT OF THE DISSERTATION 

 

Chemical Ecology of the Marine Actinomycete Genus Salinispora 
 

by 

 

Nastassia Virginia Patin 

 

Doctor of Philosophy in Marine Biology 

 

University of California, San Diego, 2016 

 

Professor Paul R. Jensen, Chair 

 

Chemical ecology is a rich field of study that addresses how organisms 

communicate and compete using small organic molecules. In bacteria, much of 

what is known comes from natural products discovery research. The isolation of 

thousands of pharmaceutically relevant small molecules like antibiotics, as well 

as more recent genomic work showing the potential for many more yet to be 
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discovered, has provided an important knowledge base of bacterial chemical 

diversity. However, the vast majority of these natural products have unknown 

ecological functions. Compounds produced by marine bacteria are particularly 

poorly understood due to a relative lack of study on the microbial ecosystem 

dynamics. This dissertation consists of five chapters that address questions of 

ecology in relation to the bioactive molecules produced by the marine 

actinomycete genus Salinispora. The first chapter introduces the topic of 

chemical ecology and microbial secondary metabolites, followed by three data 

chapters and a summary chapter. 

Chapter 2 presents the results of a study on the differences in antagonism 

between the two species S. arenicola and S. tropica. The greater levels of 

inhibition by S. arenicola, combined with its slower growth rate and reduced 

ability to access iron, provide evidence that this species employs interference 

competition as a strategy while S. tropica is characterized by exploitative 

competition. The two closely related species exist in a microdiverse cluster, 

supporting the idea that fine-scale differentiation can occur in bacteria that are 

otherwise closely related.  

Chapter 3 examines the antibiotic activities of S. tropica, a species not 

previously known to produce antibiotics. More specifically, it assesses the role of 

co-culturing S. tropica with other bacterial strains in inducing compound 

production. These experiments provide a nuanced picture of compound up 

regulation with respect to a specific challenger as opposed to general nutrient 

depletion, which can also occur in a monoculture over time. It provides new 



 

 xx  

insight into the dynamics of microbial interactions and offers potential candidate 

molecules and masses for future studies on antibiotic activity.  

After narrowing the focus to individual interactions in Chapter 3, Chapter 4 

expands outwards for a broader perspective by examining the effects of 

Salinispora arenicola secondary metabolites on sediment microbial communities. 

Using a mesocosm experimental design and high-throughput amplicon 

sequencing, community composition was assessed before and after treatment 

with S. arenicola culture extracts. There were consistent shifts in composition, 

with several taxa significantly depleted including predatory bacteria like 

Saprospira spp. and Bdellovibrio spp. Lab experiments largely supported the 

culture-independent results seen in the mesocosms. This study is the first of its 

kind to assess community-wide effects of marine actinomycete secondary 

metabolites and provides valuable insight into the ecological dynamics of these 

environments.  

Chapter 5 offers some concluding thoughts on the place of this 

dissertation in the field of chemical ecology. It also provides some outlook on the 

current and future state of research in this field.  
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CHAPTER 1  

Introduction 
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1.1 Chemical ecology 

Of all life forms, animals are the only ones to communicate using visual or 

auditory cues. They can do this because they have evolved organs designed to 

sense and receive such cues, as well as the means to send them. The 

remaining life on Earth, however, relies on chemical cues for communication, 

self-defense, predation, juvenile recruitment, and many other aspects of 

competition. The field of chemical ecology is the study of such cues and the 

roles they play in structuring biological communities.  

 Plants and insects are among the best-studied life forms that use 

chemicals to increase their evolutionary fitness. Many plants produce volatile 

chemicals that deter predation; for example, the production of capsaicin by 

pepper plants is familiar to most people. Production of these volatiles can 

increase with the physical damage that occurs at the onset of grazing (Pare and 

Tumlinson 1999), demonstrating a phenotypic plasticity that has since been 

validated with molecular studies showing up regulation of genes responsible for 

compound production (Reymond et al. 2000). In the case of animals, the 

ecology and community structure of ants are strongly influenced by their 

multifaceted chemical signaling capacities (Hölldobler 1995), which were 

elucidated over many decades by such venerated biologists as E. O. Wilson 

(Hölldobler and Wilson 1990). From bacterial pathogens to whales, there are 

examples of small molecules that affect organismal fitness. 

In the marine environment, chemical ecology is a relatively recent but rich 

field of study (Hay 2009). Similar to the terrestrial environment, chemical cues 



3 
 

 
 

have been elucidated at most taxonomic levels. The dinoflagellate Phaeocystis 

responds to chemical cues from different potential predators by undergoing a 

morphological transformation that deters the specific predator (Long et al. 2007). 

Shrimp have evolved a symbiotic relationship with bacteria to protect their eggs 

from fungal infection, as shown in one of the first marine chemical ecology 

studies by Prof. William Fenical in 1989 (Gil-Turnes, Hay, and Fenical 1989). 

Work performed over many years by Prof. Joe Pawlik has shown that chemical 

defenses of Caribbean sponges have important implications for the community 

ecology of coral reefs (Pawlik 2011; Loh and Pawlik 2014). Even seagrasses 

have recently been shown to have similar grazing-induced defenses as those of 

terrestrial plants (Martínez-Crego et al. 2015). Much of this work has been 

possible because the interactions among macroorganisms can be directly 

observed in the environment and the compounds they produce tested to see if 

they play a role in mediating these interactions. When it comes to microbiology, 

however, these methods are generally not applicable. 

Relative to plants and invertebrates, the chemical ecology of microbes 

has been sparsely studied. This is true despite the isolation of thousands of 

biologically active small molecules, or secondary metabolites, from bacteria. The 

term “secondary metabolite” is used because, while these compounds confer a 

fitness advantage to the producer, they are generally considered unnecessary 

for basic survival. This is somewhat presumptuous because almost nothing is 

known about the production of these compounds in nature and whether or not 

they play a major role in the producer’s survival. Challenges associated with 
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directly observing bacteria in nature and growing them in the laboratory have 

prevented a thorough understanding of how secondary metabolites influence 

competition and survivorship within microbial communities. Today, however, 

there is unprecedented opportunity to explore questions of chemical ecology 

thanks to decades of drug discovery efforts that have provided a vast, if 

incomplete, knowledge base of the microbial chemical repertoire. 

1.2 Microbial secondary metabolites 

Since the discovery of penicillin by Alexander Fleming in 1929, microbes 

have been targeted for their bioactive metabolites. The period from 1940 to 

1960, often called the “Golden Age of Antibiotics,” included the isolation of 

streptomycin (1943), chloramphenicol (1949), tetracyclines (1953), and 

vancomycin (1958). Half of the antibiotics in use today were discovered during 

this period (Davies 2006) and their use has fundamentally transformed modern 

medicine. Antibiotics are not the only class of pharmaceutically relevant 

microbial natural products, however; an abbreviated list includes antifungal 

(cyclosporin), antiparasitic (avermectins), anti-inflammatory (rapamycin), and 

anticancer agents (salinosporamide A) (Cragg 1997; Newman and Cragg 2007; 

Butler 2005). The chemical repertoire of bacteria is clearly vast and diverse in 

structure and function. 

In the following sections, I will present a brief overview of what is known 

about the ecological functions of secondary metabolites, beginning with the two 

best studied examples: siderophores and quorum sensing molecules. The last 
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section will discuss what is known about antibiotics in the context of the natural 

environment.   

1.2.1 Siderophores 

Siderophores are iron chelating agents produced under low iron stress 

conditions by many bacteria and fungi (Neilands 1995). Most microorganisms 

growing under aerobic conditions require iron for a variety of cellular functions, 

but are hindered by the low bioavailability of ferric iron in most environments. 

Siderophores show strong affinity for ferric iron and can effectively capture this 

species and deliver it into the cell, where it is released to become metabolically 

available (Miethke 2013). This process is especially important in the marine 

environment, in which soluble iron levels range from approximately 1 nM to as 

low as 20 pM (Rue and Bruland 1995). Siderophore production is an important 

competitive advantage and has been linked to antagonistic activities (de Weger 

et al. 1986), to the point where producers have been explored as biocontrol 

agents to inhibit pathogens (Compant et al. 2005). 

1.2.2 Quorum sensing molecules 

Quorum sensing (QS) refers to the collective regulation of gene 

expression in response to population densities. The process is controlled by 

small molecules called autoinducers, which increase in concentration as the 

producer population grows. When a concentration threshold is reached, a 

population-level response in gene expression occurs (Miller and Bassler 2001, 

Rutherford and Bassler 2012). The transcriptional changes can affect dozens of 
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genes involved in cooperative behavior, and contribute to a positive feedback 

loop by activating further autoinducer production (Kaplan and Greenberg 1985, 

Rutherford and Bassler 2012). QS allows for processes that would be 

unproductive at the single-cell level to occur at a population level and thereby 

provide a collective benefit (Miller and Bassler 2001), including 

bioluminescence, virulence, and biofilm formation. Autoinducers fall into one of 

three categories: acyl-homoserine lactones (AHLs) used by Gram-negative 

bacteria, peptide signals used by Gram-positive bacteria, and autoinducer-2 (AI-

2) systems used by both Gram-negative and Gram-positive bacteria (Papenfort 

and Bassler 2016; Rutherford and Bassler 2012). The role of QS in virulence 

has come under particular scrutiny recently as QS inhibition, or quorum 

quenching, has been proposed as a way to inhibit the production of virulence 

factors and thus eliminate the detrimental effects of bacterial infection (LaSarre 

and Federle 2013). 

1.2.3 Antibiotics 

The discovery of antibiotics and their use as therapeutics has 

fundamentally changed public health worldwide, with many formerly fatal 

diseases effectively reduced to mild illnesses. However, extensive clinical use of 

antibiotics has led to widespread antibiotic resistance, a phenomenon that was 

first recognized as an emerging problem almost 25 years ago (Neu 1992). 

Today, antibiotic resistance is widely recognized as one of the most, if not the 

most, serious global public health crises (McKenna 2013). With the decline in 
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investment by pharmaceutical companies in antibiotic discovery programs, there 

is general consensus that new paradigms for isolating and characterizing 

antibiotics are needed. Far less attention is given to understanding the 

ecological functions of antibiotics and their role in the producers’ evolutionary 

fitness.  

There is a long-standing debate over the natural functions of antibiotics. 

The two main camps can be loosely classified as “antibiotics as chemical 

weapons” and “antibiotics as signals,” both of which have considerable 

experimental support for their respective hypotheses. The efficacy with which 

antibiotics can kill or inhibit the growth of bacteria lends credence to the idea 

that they evolved for self-defense strategies, or as a means to eliminate 

potential competitors. However, a growing body evidence has shown that at 

sub-inhibitory concentrations antibiotics can have a number of non-lethal effects 

on strains otherwise considered sensitive (Linares et al. 2006; Fajardo and 

Martinez 2008; Goh et al. 2002; Romero et al. 2011; Vaz Jauri et al. 2013; 

Andersson and Hughes 2014). A suite of soil isolates were even shown to grow 

on media containing antibiotics as a sole carbon source (Dantas et al. 2008), 

although these results have not been replicated in the literature and their validity 

later challenged (Walsh, Amyes, and Duffy 2013). The challenges associated 

with measuring antibiotic concentrations in soils or other natural environments 

prevents eliminating either of these possibilities; the most likely scenario is that 

they perform both functions under different circumstances. The widespread 

presence of antibiotic resistance mechanisms, including in habitats unaffected 
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by modern humans (Durso et al. 2015; Bhullar et al. 2012), suggests that lethal 

concentrations are not uncommon, even in complex environmental 

communities. 

1.3 Actinomycetes 

For reasons that remain unclear, filamentous microorganisms like fungi 

and bacteria in the order actinomycetales, commonly called actinomycetes, are 

exceptionally enriched in the ability to produce secondary metabolites. Over half 

of known antibiotics are produced by actinomycetes, and another 20% by fungi 

(Demain 2014). Of the actinomycetes, the genus Streptomyces is best 

characterized, with over 600 species described to date (Labeda et al. 2012). 

This genus is also responsible for most of the known microbial natural products, 

with 7600 bioactive compounds discovered (Bérdy 2005). Another 2500 are 

produced by so-called “rare” actinomycetes, which are poorly represented in 

culture collections although they may not be numerically inferior to 

Streptomyces spp. in the natural environment (Subramani and Aalbersberg 

2013; Tiwari and Gupta 2012). In total, filamentous actinomycetes are 

responsible for about 45% of the bioactive microbial metabolites discovered. 

Other microbial producers include the Gram-positive genera Bacillus and 

Pseudomonas, as well as the Gram-negative myxobacteria, pseudomonads, 

and cyanobacteria (Lam 2007; Winter, Behnken, and Hertweck 2011; Wenzel 

and Müller 2009; Kalaitzis, Lauro, and Neilan 2009; Gross and Loper 2009). 

Most actinomycete producers are terrestrial in origin, mainly due to their ubiquity 

in soil and ease with which they can be cultured. In recent decades, however, 
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marine sediments have been shown to harbor clades of actinomycetes unique 

to ocean environments (Jensen et al. 2005). Marine streptomycetes and newer 

taxa, such as the genus Salinispora, are thus important underexplored sources 

of natural products. 

 Actinomycetes are often compared to fungi with respect to both ecology 

and secondary metabolism. Like fungi, actinomycetes are found in diverse 

habitats, including soil, and can act as plant pathogens and symbionts of 

invertebrates like ants and marine sponges. Also like fungi, they grow as a 

branched multicellular network of hyphae known as the vegetative or substrate 

mycelium. Some actinomycetes also produce aerial mycelia upon which spores 

are borne (Zhu, Sandiford, and Van Wezel 2014). Famine or other stress 

conditions have been shown in Streptomyces spp. to trigger the lysing of part of 

the vegetative mycelium following a process of programmed cell death. Lysis is 

thought to release the nutrients that form the necessary building blocks for 

sporulation. Many antibiotics are produced at the onset of spore development, 

thus establishing a direct connection between nutrient availability, morphological 

differentiation, and compound production (Bibb 2005; Sánchez et al. 2010; van 

Wezel and McDowall 2011). While this is the best-studied correlation, other 

studies have shown that changing chemical or physical culture conditions can 

also elicit secondary metabolite production (Pettit 2011). Known elicitors include 

heavy metals, solvents, and even antibiotics (Pettit 2011; Seyedsayamdost 

2014) although the mechanisms of induction are poorly understood. 
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1.4 The genus Salinispora 

 The marine actinomycete genus Salinispora is a model organism for 

studying concepts like bacterial speciation, secondary metabolism, and 

chemical ecology (Jensen, Moore, and Fenical 2015). It is comprised of three 

species, S. arenicola, S. tropica, and S. pacifica. They share 99% 16S rRNA 

gene sequence identity, placing them in a microdiverse cluster that is 

nevertheless clearly delineated into distinct species when less conserved 

phylogenetic markers are used (Freel, Millan-Aguinaga, and Jensen 2013). 

They have been cultured from shallow tropical marine sediments worldwide and 

seen in culture-independent studies in more temperate regions and deeper 

sediments (Mincer et al. 2002; Prieto-Davó et al. 2013). All three species are 

enriched in secondary metabolism, with ~10% of the S. arenicola genome 

devoted to this process (Penn et al. 2009). S. arenicola co-occurs with both S. 

tropica and S. pacifica, providing a system for studying competition and niche 

overlap. As our understanding of bacterial diversity continues to grow (Eloe-

Fadrosh et al. 2016; Sogin et al. 2006; Rinke et al. 2013), so does interest in 

bacterial species concepts and their application to microbial community 

structure and function. Throughout this thesis, Salinispora is used as a model 

system to explore the role of secondary metabolites in bacterial chemical 

ecology and evolution. 

1.5 Overview of the dissertation 

This dissertation contains three data chapters addressing the functions of 

microbial secondary metabolites and the ecology of their producers, the marine 
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actinomycete genus Salinispora. Chapter 2 presents a study on the ability of two 

species, S. arenicola and S. tropica, to inhibit other co-occurring bacteria. The 

differences in antagonism, combined with differences in growth rates and gene 

clusters encoding siderophores, provide evidence for competitive differentiation 

between two closely related species within a microdiverse cluster. This chapter 

was published in its entirety in the International Society for Microbial Ecology 

Journal in 2015 (Patin et al. 2015) and also received the Edward A. Frieman 

Prize for Excellence in Graduate Student Research in 2016.  

 Chapter 3 builds on the antagonism results presented in Chapter 2 for S. 

tropica and investigates the production of inhibitory compounds by one strain of 

this species. Unlike S. arenicola, S. tropica is not known to produce antibiotic 

compounds, although its genome has several gene clusters whose products are 

unknown. In Chapter 3, antibiotic activity by S. tropica CNY-681 was 

investigated in the context of inter-species interactions and timing of colony 

growth. An in-depth analysis of secondary metabolite production showed 

several compounds up regulated in co-cultures spanning a broad taxonomic 

range, including the known cytotoxin lomaiviticin and carotenoid pigment 

molecule sioxanthin. However, a time course study revealed that many of these 

were also up regulated over time in a monoculture, suggesting that increased 

production is not due to biotic interactions but rather depletion of nutrients in the 

media. Other compounds, including sioxanthin, appeared to be induced by co-

culture alone. MS-MS molecular networking was used to identify candidate 

masses in the co-cultures. This study provides insight into the complexities of 
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microbial interactions and the efficacy of co-culture as a means of inducing 

compound production. 

 Chapter 4 addresses the effects of actinomycete secondary metabolites 

on marine sediment microbial communities. Using a mesocosm experimental 

design, organic culture extracts from S. arenicola were added to sediments 

harboring marine actinomycetes. Deep amplicon sequencing showed significant 

depletion of several taxa, including predatory bacteria, suggesting a self-

defense role for secondary metabolites. Culture-based sensitivity tests 

supported the hypothesis that taxa inhibited in the mesocosms were also 

sensitive to organic extracts. This study is the first of its kind to assess 

community-level effects of actinomycete secondary metabolites.  

 Chapter 5 is a concluding chapter providing a synthesis and discussion of 

the dissertation results. It also provides future directions for projects initiated by 

this dissertation in the field of microbial chemical ecology. 
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2.1 Abstract 

While competition, niche partitioning, and spatial isolation have been used 

to describe the ecology and evolution of macro-organisms, it is less clear to what 

extent these principles account for the extraordinary levels of bacterial diversity 

observed in nature. Ecological interactions among bacteria are particularly 

challenging to address due to methodological limitations and uncertainties over 

how to recognize fundamental units of diversity and link them to the functional 

traits and evolutionary processes that led to their divergence. Here we show that 

two closely related marine actinomycete species can be differentiated based on 

competitive strategies. Using a direct challenge assay to investigate antagonistic 

interactions with members of the bacterial community, we observed a temporal 

difference in the onset of antagonism. The majority of activity exhibited by 

Salinispora arenicola occurred early in its growth cycle and was linked to 

antibiotic production. In contrast, inhibition by S. tropica occurred later in the 

growth cycle and was more commonly linked to nutrient depletion. Comparative 

genomics support these observations with S. arenicola maintaining nearly twice 

the number of secondary metabolite biosynthetic gene clusters while S. tropica 

was enriched in pathways associated with iron acquisition. Coupled with 

differences in growth rates, the results reveal that S. arenicola uses interference 

competition at the expense of growth while S. tropica employs a strategy of 

exploitation competition. The results support the ecological divergence of two co-

occurring and closely related species of marine bacteria by providing evidence 
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they have evolved fundamentally different strategies to compete in marine 

sediments. 

2.2 Introduction 

Molecular analyses reveal extraordinary levels of bacterial diversity in 

ocean environments (Sogin et al. 2006, Huber et al. 2007). This diversity creates 

a paradox in terms of how a limited range of resources can support unexpectedly 

large numbers of species, as has long been observed among phytoplankton 

(Hutchinson 1961). The majority of bacterial diversity observed in nature falls into 

closely related groups of sequences that have been described as micro-diverse 

sequence clusters (Acinas et al. 2004). The ecological implications of this micro-

diversity remain largely unknown, yet are crucial for understanding community 

structure and function (Koeppel et al. 2008). Among examples where 

phylogenetic diversity has been linked to ecological differentiation, it has been 

possible to identify functional traits that distinguish related groups of bacteria 

(Sikorski & Nevo 2005, Johnson et al. 2006, Ferris et al. 2003) including links 

between sympatric speciation, competition-dispersal tradeoffs (Yawata et al. 

2014) and resource partitioning (Hunt et al. 2008, Oakley et al. 2010). However, 

the delineation of fundamental units of diversity that maintain species-like 

properties and the ecological traits that make them distinct remains a major 

challenge in the field of microbial ecology (Fraser et al. 2009).  

 Resource competition is thought to be a major driver of evolutionary 

diversification (Svanbäck & Bolnick 2007). Two competitive strategies by which 

organisms compete for resources are exploitation competition, which is 
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characterized by rapid nutrient utilization, and interference competition, which 

occurs when one organism directly harms another. Each strategy involves 

tradeoffs in energy investment that are manifested as differences in growth rates 

and reproduction (Little et al. 2008, Case and Gilpin 1974, Nicholson 1954). 

Among bacteria, there is evidence that exploitation competition drives 

diversification in lab cultures (Hibbing et al. 2010) while interference competition 

is possibly best known in regards to suppressive soils (Weller et al. 2002) and 

has been proposed as a mechanism to explain the high levels of diversity 

observed in temporally constant and spatially homogenous environments 

(Czárán et al. 2002). Chemical antagonism has been linked to improved fitness 

in biofilm-forming bacteria (Rao et al. 2005, Shank et al. 2011) and shown to 

affect community structure in hypersaline mats (Long et al. 2013) and freshwater 

sediments (Péréz-Gutiérrez et al. 2013), with theoretical models supporting the 

hypothesis that antibiotic production can improve fitness and stimulate 

biodiversity (Little et al. 2008, Hibbing et al. 2010). In the marine environment, it 

has been shown that interference competition is greater among Vibrio 

populations than within them (Cordero et al. 2012) and more common among 

particle associated bacteria than those that are free living (Long and Azam 

2001). However, the extent to which bacteria employ antagonism vs. interference 

competition in nature remains unknown due to a poor understanding of the 

spatiotemporal dynamics of microbial interactions and a lack of suitable 

methodologies by which these processes can be characterized. While new 

genomic and spectral imaging techniques have provided improved methods to 
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address the ecology of both cultured and uncultured microbes (Otteson et al. 

2013, Rinke et al. 2013, Hugoni et al. 2013, Watrous et al. 2012), competitive 

interactions among groups of closely related bacteria remain largely unknown 

 Actinomycetes are a major source of biologically active natural products or 

secondary metabolites (Berdy 2005). They are common inhabitants of complex 

environments such as terrestrial soils and marine sediments, where it has long 

been hypothesized that the secondary metabolites they produce mediate 

interactions with competing microbes (Williams et al. 1989, Jarvis 1995). The 

actinomycete genus Salinispora is readily cultured from marine sediments 

(Mincer et al. 2005, Jensen et al. 2005) and has proven to be a useful model to 

address bacterial biogeography (Jensen and Mafnas 2006), species concepts 

(Jensen 2010), and the evolution of secondary metabolism (Freel et al. 2011, 

Ziemert et al. 2014). It is comprised of three closely related species, S. arenicola, 

S. tropica, and S. pacifica (Maldonado et al. 2005, Ahmed et al. 2013), which 

share 99% 16S rRNA gene sequence identity (Jensen and Mafnas 2006), thus 

placing them within a microdiverse sequence cluster (Acinas et al. 2004). The 

cells form branching filaments, that develop into a mycelium, and produce 

dormant, non-motile spores that are broadly distributed over large geographic 

areas (Jensen et al. 2005). All evidence indicates that S. tropica and S. pacifica 

are geographically isolated (Mincer et al. 2005, Freel et al. 2012), while the co-

occurrence of both species with the more cosmopolitan and abundant species S. 

arenicola has been used as evidence for ecological divergence (Jensen and 

Mafnas 2006). While patterns of secondary metabolite production (Jensen et al. 
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2007) and biosynthetic gene cluster distribution (Ziemert et al. 2014, Penn et al. 

2009) have been linked to Salinispora species-level divergence, functional 

support for sympatry has remained elusive. 

 In this study, we assessed the effects of S. arenicola and S. tropica on the 

growth of a diverse collection of co-occurring environmental bacteria in an effort 

to determine the extent to which secondary metabolites mediate competitive 

interactions. Direct challenge assays revealed distinct temporal patterns in the 

onset of antagonism, with S. arenicola employing interference competition 

mediated by antibiotic production at the expense of growth, and the relatively fast 

growing S. tropica preferentially employing exploitation competition as a means 

of inhibiting potential competitors. While these two mechanisms of competition 

are well known to occur among plants, the results provide evidence that 

competitive strategies represent functional traits that can be used to distinguish 

between closely related yet ecologically distinct populations of bacteria. 

2.3 Methods 

2.3.1 Sediment collection and processing 

Sediment samples were collected via SCUBA at depths from 3-16 meters 

in July 2012 during a research cruise aboard the R/V Walton Smith (U. Miami). 

Locations included sites off Miami and the Dry Tortugas in the United States and 

Cancun, Cozumel, Akumal, and Banco Chinchorro in the Mexican Caribbean. All 

samples were processed immediately aboard ship using two methods: drying 

and stamping for selective actinomycete cultivation (Mincer et al. 2002) and 
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serial dilution and plating for the general cultivation of marine bacteria. For the 

latter, ca. 1 g of sediment was serially diluted 1:1, 1:10, and 1:100 in sterile 

water, vortex mixed, and 50 µl of the supernatant inoculated onto agar media and 

spread with a sterile glass rod. Three types of media were used for both 

methods: 1) 25% marine agar (9.3 g Marine Broth Difco 2216, 16 g agar, 750 ml 

filtered seawater, 250 ml deionized water), 2) seawater-agar (16 g agar, 1 liter 

filtered seawater), and 3) 25% A1 (2.5 g starch, 1 g yeast extract, 0.5 g peptone, 

16 g agar, 750 ml filtered seawater, 250 ml deionized water).  

2.3.2 Strain isolation 

Salinispora strains were recognized based on colony morphology (Mincer 

et al. 2002) and repeatedly transferred onto new agar media until pure cultures 

were obtained as evidenced by uniform colony morphology. In an effort to 

generate a taxonomically diverse test panel of sediment inhabiting bacteria, 

strains were selected based on pigmentation and colony morphology and purified 

in a similar manner. All strains were ultimately established on A1 prepared with 

75% artificial seawater (22 g/L Instant Ocean, United Pet Group, Cincinnati, OH) 

and cryopreserved at -80°C in liquid A1 medium prepared with 75% artificial 

seawater (hereafter “A1”) and 10% glycerol.  

2.3.3 DNA extraction, PCR, and 16S rRNA gene sequencing 

All strains presumed to be actinomycetes based on morphology were 

grown in 7 ml liquid A1 for 3-10 days while shaking at 160 rpm. DNA was 

extracted from 1 ml of the resulting culture according to the DNeasy protocol 
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(Qiagen Inc., Valencia, CA) with previously described changes (Gontang et al. 

2007). For all other strains, colony PCR was performed by dissolving a single 

colony in 5 µL dimethyl sulfoxide (DMSO) and using 1 µL as the PCR template. 

16S rRNA PCR primers are described in Table 2.1. Each PCR consisted of a 25 

µL mixture containing 10X PCR Buffer (Applied Biosciences, Foster City, CA), 

2.5 mM MgCl2 (Applied Biosciences), 0.7% DMSO, 10 mM dNTPs, 1.5 U 

AmpliTaq Gold DNA Polymerase (Applied Biosciences), and 10 µmol of each 

primer. PCR thermocycling conditions were as follows: 5 minutes of initial 

denaturation at 95°C followed by 30 cycles of denaturation at 94°C for 30 s, 

annealing at 55°C for 30s, and extension at 72°C for one minute.  Sequencing 

was performed by SeqXcel, Inc. (San Diego, CA). Sequences were submitted to 

the NCBI Basic Local Alignment Search Tool (BLAST) and identified based on 

the taxonomic assignment of the closest BLAST match. 

Table 2.1 Primer pairs used to amplify 16s rRNA gene sequences of test panel 
strains. 
Forward Sequence (5'-3') Reverse  Sequence Reference Strains (CUA-###) 

FC27 AGAGTTTGATC
CTGGCTCAG RC1492 

TACGGCTA
CCTTGTTAC
GACTT 

Mincer et 
al. 2005 

779, 887, 903, 773, 
780, 915, 916,  

     
780, 915, 916, 789, 
798, 762, 768,  

     774, 801, 745, 764 

B341F CCTACGGGNG
GCWGCAG B785R 

GACTACHV
GGGTATCT
AATCC 

Muyzer et 
al. 1993 785, 917, 876 

TX9 GGATTAGAWAC
CCBGGTAGTC 1391R 

CCTATCCC
CTGTGTGC
CTTGGCAG
TCTCAG 

Patin et al. 
2013 

773, 797, 852, 813, 
868 

F27 AGAGTTTGATC
MTGGCTCA 1492R 

TACGGYTA
CCTTGTTAC
GACTT 

Wilmotte et 
al. 1993 

All remaining strains 
in collection 
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2.3.4 Direct challenge assays 

Salinispora cultures were inoculated from frozen stocks into 25 ml A1. 

Cultures were shaken at 160 rpm for six days (S. tropica) or 11 days (S. 

arenicola) after which 60 µL was transferred by pipet to square 150 mm x 150 

mm petri plates containing 100 ml of A1-agar medium. The culture was spread 

with a sterile loop down the center of the plate to create a narrow (ca. 3-5 mm) 

lawn of growth. The cultures were allowed to grow for 7 days (S. tropica) or 10 

days (S. arenicola), based on the time required to reach confluence. These 

incubation periods correspond to the entry of liquid cultures into stationary phase 

(Figure 2.1). Environmental isolates were then inoculated in triplicate (up to 50 

inoculations per plate, with each set of replicates inoculated on a different plate) 

by picking colonies from an established plate and streaking perpendicular to 

within 1-2 mm of the Salinispora lawn (cross-streaking) with a sterile toothpick. 

Growth of the test strains was considered inhibited if they failed to grow in the 

area adjacent to the Salinispora lawn in at least two of three replicate assays. 

The pH within the zones of inhibition was tested in comparison to a medium 

control using pH test strips (Micro Essential Laboratories Inc., New York, NY). 

Given that antibiotic production can be time-dependent (Bibb 1996), a second 

series of assays was performed in which both Salinispora spp. were allowed to 

develop for 23 days prior to adding the bacterial strains. Only strains that showed 

no evidence of antagonism in the initial assays were tested at this second time 

point. An environmental isolate was considered inhibited by a Salinispora strain if 

the zone of inhibition was larger than 5 mm. 
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2.3.5 Interference vs. exploitation competition assays 

Follow-up assays were performed to distinguish between interference 

competition (the production of diffusible growth inhibitors) and exploitation 

competition (nutrient depletion) as the source of the growth inhibition detected in 

the direct challenge assays. Agar diffusion assays were performed in triplicate 

using two S. arenicola (CNY-679 and CNY-685) and two S. tropica (CNY-678 

and CNY-681) strains. These strains were grown in the same manner used in the 

direct challenge assays, after which 1 cm2 agar blocks were cut from the area 

immediately adjacent to the culture and placed over a freshly inoculated lawn of 

an environmental isolate that previously tested positive for growth inhibition. The 

lawns were periodically checked for zones of inhibition (1-10 days) and scored as 

positive when a clear zone (≤5 mm) was observed surrounding the agar block. 

All strains that tested negative in the agar diffusion assay were further analyzed 

to determine if iron depletion was the cause of the activity. In this case, the direct 

challenge assays were repeated using standard A1 and A1 supplemented with 

FeSO4 (10 µg/mL final concentration). If growth was inhibited on A1 but not on 

iron-replete A1, the antagonism was attributed to iron depletion. 

2.3.6 Growth rates 

Salinispora growth rates were determined by changes in liquid culture dry 

weight biomass over time. A1 (50 mL) was inoculated with a frozen bacterial 

culture (1.8 mL). Following seven days of growth (25°C, 160 rpm), 24 glass 

culture tubes containing A1 (10 mL) were inoculated with 1 mL of culture and 
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shaken at 160 rpm (25°C). On days 0, 3, 6, 9, 12, 15, and 18, triplicate tubes 

were filtered onto pre-weighed 47 mm glass fiber filters (Pall Corporation, Ann 

Arbor, MI), dried overnight (32°C), and weighed. Cell mass was calculated as mg 

dry weight/mL and growth curves generated by plotting log cell mass vs. time. 

Doubling times were calculated based on the average slope between time point 

measurements taken during the exponential growth phase. 

2.3.7 Chemical extraction and disc diffusion assays 

S. arenicola CNY-679 and S. tropica CNY-678 were grown on A1 agar 

plates for 10 and 23 days, respectively. Cell-free agar adjacent to Salinispora 

growth was removed and cut into small pieces using a sterile scalpel and 

extracted using MeOH (500 mL 160 rpm, 2 h). The volume of agar extracted was 

measured by solvent displacement. The extract was filtered (0.45 µm Whatman), 

dried in vacuo, dissolved in ca. 10 mL of water and extracted with an equal 

volume of ethyl acetate. The ethyl acetate layer was separated, filtered (0.45 µm 

Whatman), dried under N2, and weighed.  A1 agar media control extracts were 

similarly prepared. Extracts were dissolved at 1X, 10X, and 100X volumetrically 

equivalent concentrations with 1X equal to the extract being dissolved in a 

volume of solvent equivalent to the volume of agar extracted. Extracts were 

tested for antibiotic activity against environmental isolates using standard disc 

diffusion assays. For these assays, 15 µL of Salinispora extract, media extract, or 

solvent controls (MeOH) were added to paper discs, allowed to dry, and placed 

onto A1 agar plates, along with an antibiotic control disc (5 µg ciprofloxacin; BD, 
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Sparks, MD), onto which a bacterial strain had been inoculated. Zones of 

inhibition were recorded as clear halos surrounding the discs. 

2.3.8 LC-MS/MS and MALDI-TOF imaging mass spectrometry 

High-resolution liquid chromatography-tandem mass spectrometry (LC-

MS/MS) was performed using an Agilent 6530 Accurate Mass Q-TOF coupled to 

an Agilent 1260 LC system (Santa Clara, CA). Samples were run under the 

following LC conditions: 1–5 min: 10% MeCN (0.1% TFA) in H2O (0.1% TFA), 5–

26 min: 10–100% MeCN (0.1 % TFA), 26–30 min: 100 % MeCN (0.1 % TFA) for, 

0.7 mL/min). Q-TOF MS settings during the LC gradient were as follows: 

Acquisition: positive ion mode, mass range m/z 300–1700, MS scan rate 1/s, 

MS/MS scan rate 5/s, fixed collision energy 20eV; Source: gas temperature 

300°C, gas flow 11 L/min, Nebulizer: 45 psig, Scan source parameters: VCap 

3000, Fragmentor 100, Skimmer1 65, OctopoleRFPeak 750.  Samples were 

prepared by dissolving dry extract in methanol at a concentration of 1 mg/ml, and 

15 µg was injected onto a Phenomenex (Torrance, CA) Kinetex C18 reversed-

phase HPLC column. Standard Rifamycin S (Sigma) compound was prepared by 

dissolving dry compound in methanol at a concentration of 0.1 mg/ml and 

injecting 1.5 µg. LC data were analyzed using ChemStation software (Agilent) 

and MS data were analyzed using MassHunter software (Agilent). 

 Imaging mass spectrometry (IMS) was performed on agar plates 

prepared as per the direct challenge assays using S. arenicola CNY-679 and 

Kytococcus sp. CUA-766. The interaction zone, along with monocultures of both 
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strains and a medium control, were processed for MALDI-based IMS in positive 

mode using a Microflex Bruker Daltonics mass spectrometer, as follows:  

The section of agar encompassing the S. arenicola colony, zone of 

inhibition, and cross-streaked CUA-766 colony was cut from the plate using a 

sterile scalpel and placed on a Bruker MSP 96 anchor plate. The sample was 

covered with a matrix consisting of a 1:1 mixture of α-cyano-4-hydroxycinnamic 

acid and 2,5-dihydroxybenzoic acid using a 20 µm sieve. Once the sample was 

completely covered with matrix, it was dried in a 37 °C oven for 14 hours, at 

which point it was subjected to IMS. 

The plate containing the sample was photographed and then run on a 

Microflex Bruker Daltonics mass spectrometer outfitted with FlexImaging 2.0, 

FlexControl 3.0, and FlexAnalysis 3.0 software for run setup and data analysis. 

The sample photo was loaded onto the FlexImaging command window and three 

teach points were selected in order to align the background image with the 

sample target plate. The sample was run in positive reflectron mode, with 400-

600 µm laser intervals in XY, 40% laser power, and a mass range of 200-2000 

Da. The data were analyzed using FlexImaging 2.0. The resulting mass spectrum 

was filtered manually in 0.5–3.0 Da increments with individual colors assigned to 

the specific masses associated with the peaks.  

2.3.9 Statistical analyses 

Correlations between growth inhibition and the taxonomy of the test panel 

strains were tested using a non-parametric PERMANOVA test (Anderson 2001). 
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The test was performed using the adonis function provided by the vegan 

package (Oksanen et al. 2014) and run in the statistical program R (R Core 

Team).  Welch’s two-sample t-tests (Welch 1947) were performed in R to test for 

significant differences between average doubling times (n=4 for each species), 

average zones of inhibition (n=4 for each species) and average percentage of 

strains inhibited (n=12 for S. arenicola, n=13 for S. tropica). 

2.3.10 Genome sequencing and analysis 

All genome sequences were generated as previously described (Ziemert 

et al. 2014) according to the guidelines of the Department of Energy Joint 

Genome Institute (JGI). Twenty-four genomes were downloaded from the JGI 

website and submitted to antiSMASH for analyses of secondary metabolism 

(Medema et al. 2011). Gene clusters linked to rifamycin biosynthesis were 

submitted to NaPDoS (Ziemert et al. 2012) to confirm their identity based on a 

phylogenetic analysis of the associated ketosynthase domains.  

To identify gene clusters related to siderophore biosynthesis, known 

siderophore pathways (Table 2.2) (Penn et al. 2009) were extracted from the 

closed genomes of S. tropica CNB-440 and S. arenicola CNS-205 using 

Geneious Pro 5.5.9 (created by Biomatters, available at 

http://www.geneious.com). These gene clusters were run against a database 

created from the 24 Salinispora genomes (12 S. arenicola and 12 S. tropica) 

using MultiGeneBlast 1.1.13 (Medema et al. 2013). Cutoff values for coverage 

and identity were 50%. 
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Table 2.2 Genome coordinates for all confirmed and putative siderophore 
pathways. 
 

Start coordinate End coordinate # Genes 
3108596 3126368 17 
2370824 2394313 12 
2859946 2876344 15 
2969746 2995806 15 
3189087 3218252 28 
3218277 3259013 29 

 
2.4 Results 

2.4.1 Strain isolation and identification 

A total of 289 sediment samples were collected from 22 locations and 

processed for both the selective cultivation of actinomycetes and the isolation of 

a taxonomically diverse range of marine bacteria. Twenty-two S. arenicola and 

four S. tropica strains from seven locations ranging from the Dry Tortugas to the 

Yucatán peninsula were isolated. The results provide further support for the co-

occurrence of the two species (Jensen and Mafnas 2006) and the higher relative 

abundance of S. arenicola (Mincer et al. 2005). Based on 16S rRNA gene 

sequencing, the Salinispora strains all belong to previously identified sequence 

types (Freel et al. 2013). Four Salinispora strains from each species were 

selected for a direct challenge assay. This assay was designed to detect 

antagonistic activities against a test panel of 127 environmental isolates 

originating from the same habitats that yielded the Salinispora isolates (Table 

2.3). Based on 16S rRNA gene sequence analyses, these strains could be 

assigned to 23 bacterial families in 4 phyla. The genus Bacillus comprised the 
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largest number of strains (32) followed by Streptomyces (phylum Actinobacteria; 

12 strains), Erythrobacter (subphylum alphaproteobacteria; 11 strains), and the 

genera Pseudoalteromonas and Microbulbifer (both subphylum 

gammaproteobacteria; 6 strains) (Table 2.4). Forty-five strains had no matches at 

100% identity to sequences in GenBank suggesting they have not previously 

been cultured (Table 2.3). 

Table 2.3 Salinispora strains and co-occurring bacteria used in this study.  
Coordinates (this study) or year of isolation are given for each strain.  BC 
stands for Banco Chinchorro, which is divided into North (N), Middle (M), and 
South (S) locations. *Genome sequence available.  †Strains used in 
secondary assays to determine the temporal onset of antagonism. 
 

      
GenBank 

Accession # Species (strain)  

% 
BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation  
KJ746654 Salinispora  100 Dry  24 40.165 N, 

 
  

arenicola (CNY-
679)*   Tortugas 82 54.509 W 

 KJ746659 Salinispora 100 Dry  24 39.299 N,  
 

  
 arenicola (CNY-

680)   Tortugas 82 55.319 W 
 KJ746655 Salinispora  100 BC (S) 18 24.373 N,  
 

  
arenicola (CNY-

685)*     87 24.751 W 
 KJ746656 Salinispora 100 Cozumel 20 19.479 N,  
 

  
 arenicola (CNY-

694)*     87 01.627 W 
 KJ746657 Salinispora 100 Cancun 21 10.262 N,  
    tropica (CNY-678)*     86 43.812 W 
 KJ746658 Salinispora  100 Cozumel 20 19.479 N,  
   tropica (CNY-681)*     87 01.627 W 
 KJ746660 Salinispora 100 Cozumel 20 19.479 N, 
    tropica (CNY-682)      87 01.627 W 
 KJ746661 Salinispora  100 Cozumel 20 19.479 N,  
   tropica (CNY-684)     87 01.627 W 
 NC_009380 Salinispora  100 Bahamas 1989 
   tropica (CNB-440)*†       
  

NZ_AZXH00000000 
 

Salinispora 
 

100 
 

Bahamas 
 

2000  

  
 tropica (CNH-

898)*†       
 NZ_AUKS00000000 Salinispora  100 Bahamas 2007 
   tropica (CNT-261)*†       
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Table 2.3 Salinispora strains and co-occurring bacteria, continued 
 

GenBank 
Accession # Species (strain)  

% 
BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
n/a Salinispora  100 Bahamas 2007 

  tropica (CNT-283)†       
NZ_AZXE00000000 Salinispora  100 Bahamas 1989 

  tropica (CNB-476)*†       
JHVV00000000 Salinispora  100 Bahamas 2010 

  tropica (CNY-012)*†       
JHVW00000000 Salinispora 100 Bahamas 2007 

  
 tropica (CNT-

250)*†       
JN161822 Salinispora 100 Bahamas 2003 

  
 tropica (CNR-

699)*†       
NZ_AZWK00000000 Salinispora 100 Bahamas 2004 

  
 tropica (CNS-

197)*†       
NZ_AZXA00000000 Salinispora 100 Hawaii 2008 

  
 arenicola (CNT-

798)†       
n/a Salinispora  100 Red Sea 2004 

  
arenicola (CNH-

713)†       

JN999727 Salinispora  100 
Sea of 
Cortez 2001 

  
arenicola (CNH-

996)†       
NZ_AXVS00000000 Salinispora 100 Guam 2002 

  
 arenicola (CNR-

425)†       
n/a Salinispora 100 Palau 2004 

  
 arenicola (CNS-

296)*†       

NZ_JAEY00000000 Salinispora  100 
Sea of 
Cortez 2000 

  
arenicola (CNH-

964)†       
n/a Salinispora  100 Palau 2004 

  
arenicola (CNS-

268)†       
HQ642848 Salinispora  100 Hawaii 2008 

  
arenicola (CNT-

850)†       
KJ732897 Acinetobacter  100 Akumal 20 23.425 N,  

  ursingii (CUA-815)†     87 18.563 W 
KJ732850 Alcanivorax sp.  99 Cancun 21 14.334 N,  

  (CUA-753)     86 48.168 W 



36 
 

 
 

Table 2.3 Salinispora strains and co-occurring bacteria, continued 
     

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
KJ732900 Alteromonas sp. 100 BC (S) 18 24.373 N,  

   (CUA-818)     87 24.751 W 
KJ732913 Alteromonas sp.  99 BC (N) 18 44.683 N,  

  (CUA-848)†     87 20.936 W 
KJ732878 Bacillus algicola 100 Miami 25 43.887 N,  

   (CUA-790)†     80 09.718 W 
KJ732882 Bacillus algicola 100 Dry 24 39.075 N,  

   (CUA-796)   Tortugas 82 51.270 W 
KJ732942 Bacillus algicola 100 Dry 24 39.075 N,  

   (CUA-886)   Tortugas 82 51.270 W 
KJ732885 Bacillus cereus  100 Cozumel 20 30.917 N,  

  (CUA-799)     86 57.096 W 
KJ732871 Bacillus gibsonii 100 Miami 25 43.887 N,  

   (CUA-782)     80 09.718 W 
KJ561455 Bacillus horikoshii 100 Cozumel 20 30.917 N,  

   (CUA-749)     86 57.096 W 
KJ732865 Bacillus pumilus 100 Miami 20 30.917 N,  

   (CUA-775)     86 57.096 W 
KJ732867 Bacillus pumilus 100 Cozumel 18 33.860 N,  

   (CUA-778)     87 25.275 W 
KJ732870 Bacillus pumilus 100 BC (M) 21 10.262 N,  

   (CUA-781)     86 43.812 W 
KJ732849 Bacillus sp. 100 Cancun 25 43.887 N,  

   (CUA-752)     80 09.718 W 
KJ732852 Bacillus sp.  99 Miami 25 43.887 N,  

  (CUA-755)     80 09.718 W 
KJ732860 Bacillus sp. 99 Miami 25 43.887 N,  

   (CUA-770)     80 09.718 W 

KJ732868 Bacillus sp. 100 
Dry 

Tortugas 24 39.075 N,  
   (CUA-779)†     82 51.270 W 

KJ732872 Bacillus sp. 100 Miami 25 43.887 N, 
   (CUA-783)      80 09.718 W 

KJ732876 Bacillus sp. 100 Miami 25 43.887 N,  
   (CUA-788)     80 09.718 W 

KJ732883 Bacillus sp. 100 Dry 24 39.075 N,  
   (CUA-797)†   Tortugas 82 51.270 W 

KJ732899 Bacillus sp. 100 BC (S) 18 24.373 N, 
   (CUA-817)      87 24.751 W 

KJ732901 Bacillus sp. 99 BC (S) 18 24.373 N,  
   (CUA-821)     87 24.751 W 

KJ732902 Bacillus sp. 99 BC (S) 18 24.373 N,  
   (CUA-822)     87 24.751 W 
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Table 2.3 Salinispora strains and co-occurring bacteria, continued 
 

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
KJ732908 Bacillus sp. 100 BC (S) 18 24.373 N,  

   (CUA-830)     87 24.751 W 
KJ732916 Bacillus sp. 100 Cozumel 20 30.917 N,  

   (CUA-851)     86 57.096 W 
KJ732922 Bacillus sp. 100 BC (S) 18 24.373 N, 

   (CUA-858)      87 24.751 W 
KJ732934 Bacillus sp.  100 Dry 24 36.977 N,  

  (CUA-878)   Tortugas 82 56.797 W 
KJ732937 Bacillus sp. 100 Cozumel 20 30.917 N,  

   (CUA-881)†     86 57.096 W 
KJ732940 Bacillus sp.  99 Dry 24 36.977 N,  

  (CUA-884)   Tortugas 82 56.797 W 
KJ732947 Bacillus sp. 100 BC (M) 18 33.860 N, 

   (CUA-891)      87 25.275 W 
KJ732953 Bacillus sp. 100 Cancun 21 14.334 N, 

   (CUA-897)†      86 48.168 W 
KJ732956 Bacillus sp. 100 BC (S) 18 24.373 N,  

   (CUA-900)     87 24.751 W 
KJ732961 Bacillus sp.  100 Cancun 21 13.701 N,  

  (CUA-905)     86 45.867 W 
KJ732963 Bacillus sp. 100 BC (N) 18 44.683 N,  

   (CUA-907)     87 20.936 W 
KJ732973 Bacillus sp.  100 BC (S) 18 24.373 N,  

  (CUA-917)     87 24.751 W 

KJ732904 
Bacillus 

thuringiensis 100 BC (S) 18 24.373 N,  
   (CUA-825)†     87 24.751 W 

KJ732943 Brevibacterium  100 BC (S) 18 24.373 N,  

 
epidermidis 

  
87 24.751 W 

KJ732955 Caulobacter sp. 99 Cozumel 20 19.479 N,  
   (CUA-899)†     87 01.627 W 

KJ732930 
Cellulosimicrobium 

sp. 99 BC (M) 18 33.860 N,  
   (CUA-872)     87 25.275 W 

KJ732950 
Cellulosimicrobium 

sp. 99 Miami 25 43.887 N, 
   (CUA-894)      80 09.718 W 

KJ732952 
Cellulosimicrobium 

sp. 99 Miami 25 43.887 N,  
   (CUA-896)     80 09.718 W 

KJ732894 
Erythrobacter 

citreus 100 Miami 25 43.887 N,  
   (CUA-812)     80 09.718 W 
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Table 2.3 Salinispora strains and co-occurring bacteria, continued 
 

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 

KJ732962 
Erythrobacter 

citreus 100 BC (N) 18 44.683 N,  
   (CUA-906)     87 20.936 W 

KJ732925 
Erythrobacter 

flavus  100 Akumal 20 23.425 N,  
  (CUA-862)†     87 18.563 W 

KJ732928 
Erythrobacter 

flavus 100 BC (N) 18 44.683 N, 
   (CUA-870)      87 20.936 W 

KJ732929 
Erythrobacter 

pelagi  100 Cancun 21 13.701 N,  
  (CUA-871)     86 45.867 W 

KJ732944 
Erythrobacter 

pelagi 100 Akumal 20 23.425 N,  
   (CUA-888)     87 18.563 W 

KJ732866 Erythrobacter sp. 99 BC (N) 18 44.683 N, 
   (CUA-777)      87 20.936 W 

KJ732879 Erythrobacter sp. 99 BC (N) 18 44.683 N,  
   (CUA-791)     87 20.936 W 

KJ732970 Erythrobacter sp. 99 Cancun 21 13.701 N,  
   (CUA-914)     86 45.867 W 

KJ732919 
Erythrobacter 

vulgaris 100 BC (N) 18 44.683 N,  
   (CUA-855)     87 20.936 W 

KJ732951 
Erythrobacter 

vulgaris 100 BC (S) 18 24.373 N,  
   (CUA-895)     87 24.751 W 

KJ732923 Fabibacter sp. 99 Akumal 20 23.425 N,  
   (CUA-859)     87 18.563 W 

KJ732881 Gordonia sp.  99 Akumal 20 23.425 N,  
  (CUA-794)†     87 18.563 W 

KJ732889 Gordonia sp. 99 Dry 24 39.075 N,  
   (CUA-805)   Tortugas 82 51.270 W 

KJ732898 Gordonia sp.  99 Cozumel 20 30.917 N, 
  (CUA-816)     86 57.096 W 

KJ732893 Halobacillus  100 Cozumel 20 19.479 N, 

 
kuroshimensis 

  
 87 01.627 W 

   (CUA-810)†       
KJ732857 Kytococcus  100 Dry 24 39.075 N,  

 
sedentarius 

 
Tortugas 82 51.270 W 

   (CUA-766)       
KJ732936 Kytococcus  100 Cozumel 20 30.917 N,  

 
sedentarius 

  
86 57.096 W 

   (CUA-880)       
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Table 2.3 Salinispora strains and co-occurring bacteria, continued 
 

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
KJ732957 Kytococcus  100 BC (S) 18 24.373 N,  

 sedentarius   87 24.751 W 
   (CUA-901)       

KJ732892 Labrenzia sp. 99 BC (S) 18 24.373 N,  
   (CUA-809)      87 24.751 W 

KJ732948 Labrenzia sp. 99 BC (S) 18 24.373 N,  
   (CUA-892)†     87 24.751 W 

KJ732874 Loktanella  100 Miami 25 43.887 N,  

 
pyoseonensis 

  
80 09.718 W 

   (CUA-786)       
KJ732888 Loktanella sp. 99 Cancun 21 14.334 N, 

   (CUA-804)†      86 48.168 W 
KJ732862 Methylarcula sp. 100 Miami 25 43.887 N,  

   (CUA-772)†     80 09.718 W 

KJ732967 
Methylobacterium 

sp. 100 Dry 24 36.977 N, 
   (CUA-911)†   Tortugas  82 56.797 W 

KJ732945 Microbacterium  100 BC (M) 18 33.860 N,  

 
amylolyticum 

  
87 25.275 W 

   (CUA-889)       
KJ732968 Microbacterium  100 Dry 24 36.977 N,  

 
oleivorans  

 
Tortugas 82 56.797 W 

  (CUA-912)†       
KJ732918 Microbacterium  100 BC (S) 18 24.373 N,  

 
resistens  

  
87 24.751 W 

  (CUA-854)†       
KJ732926 Microbacterium sp.  100 Akumal 20 23.425 N,  

  (CUA-868)†     87 18.563 W 
KJ732949 Microbacterium sp. 99 Miami 25 43.887 N, 

   (CUA-893)      80 09.718 W 
KJ732847 Microbulbifer sp. 99 Cancun 21 14.334 N,  

   (CUA-750)†     86 48.168 W 
KJ732861 Microbulbifer sp. 99 Cancun 21 14.334 N,  

   (CUA-771)†     86 48.168 W 
KJ732875 Microbulbifer sp. 99 Cancun 21 14.334 N,  

   (CUA-787)     86 48.168 W 
KJ732891 Microbulbifer sp. 99 Dry 24 39.075 N,  

   (CUA-808)   Tortugas 82 51.270 W 
KJ732924 Microbulbifer sp. 99 Cancun 21 13.701 N,  

   (CUA-860)      86 45.867 W 
KJ732960 Microbulbifer sp.  100 Cancun 21 13.701 N, 

  (CUA-904)      86 45.867 W 
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Table 2.3 Salinispora strains and co-occurring bacteria, continued 
 

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
KJ732969 Microbulbifer sp.  99 Cozumel 20 19.479 N,  

  (CUA-913)     87 01.627 W 
KJ732905 Micrococcus luteus 100 BC (M) 18 33.860 N,  

   (CUA-826)†     87 25.275 W 
KJ732896 Micrococcus sp. 99 Dry 24 39.075 N,  

   (CUA-814)   Tortugas 82 51.270 W 
KJ732935 Micrococcus sp. 99 Dry 24 36.977 N, 

   (CUA-879)   Tortugas  82 56.797 W 
KJ732941 Micrococcus sp. 99 Dry 24 36.977 N, 

   (CUA-885)   Tortugas  82 56.797 W 
KJ732887 Nocardioides  100 Miami 25 43.887 N, 

 
marinisabuli  

  
 80 09.718 W 

  (CUA-802)       
KJ732859 Ochrobactrum  100 Dry 24 36.977 N,  

  anthropi (CUA-769)   Tortugas 82 56.797 W 
KJ732958 Ochrobactrum sp. 100 Cancun 21 10.262 N,  

   (CUA-902)     86 43.812 W 
KJ732959 Ochrobactrum sp.  99 Cancun 21 10.262 N,  

  (CUA-903)     86 43.812 W 
KJ732939 Paracoccus 100 Cozumel 20 30.917 N,  

 
 homiensis 

  
86 57.096 W 

   (CUA-883)       
KJ732914 Paracoccus  100 Miami 25 43.887 N, 

 
zeaxanthinifaciens 

  
 80 09.718 W 

   (CUA-849)       
KJ732855 Prauserella sp. 99 BC (N) 18 44.683 N,  

   (CUA-763)†     87 20.936 W 
KJ732873 Pseudoalteromonas 100 BC (S) 18 24.373 N, 

  
 piscicida (CUA-

785)      87 24.751 W 
KJ732932 Pseudoalteromonas 100 BC (S) 18 24.373 N,  

   rubra (CUA-876)     87 24.751 W 
KJ732848 Pseudoalteromonas  99 Cancun 21 10.262 N,  

    sp.(CUA-751)†     86 43.812 W 
KJ732911 Pseudoalteromonas 99 Cozumel 20 30.917 N,  

   sp. (CUA-846)†     86 57.096 W 
KJ732954 Pseudoalteromonas 100 BC (M) 18 33.860 N,  

   sp. (CUA-898)     87 25.275 W 
KJ732966 Pseudoalteromonas  100 Cozumel 20 30.917 N,  

  sp. (CUA-910)†     86 57.096 W 
KJ732946 Pseudomonas 100 BC (M) 18 33.860 N,  

 
aeruginosa 

  
87 25.275 W 

    (CUA-890)       
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Table 2.3 Salinispora strains and co-occurring bacteria, continued 
 

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
KJ732964 Pseudomonas sp. 100 Cozumel 20 19.479 N,  

   (CUA-908)     87 01.627 W 
KJ732851 Pseudoruegeria  100 BC (M) 18 33.860 N,  

 indica   87 25.275 W 
   (CUA-754)       

KJ732920 
Psychrobacter 

celer  100 Akumal 20 23.425 N,  
  (CUA-856)     87 18.563 W 

KJ732906 Psychrobacter sp. 99 BC (M) 18 33.860 N,  
   (CUA-827)      87 25.275 W 

KJ732912 Shimia sp. 98 BC (M) 18 33.860 N, 
   (CUA-847)      87 25.275 W 

KJ732921 Silicibacter sp.  100 Cancun 21 10.262 N, 
  (CUA-857)      86 43.812 W 

KJ732890 Rhodococcus sp. 99 Dry 24 39.299 N,  
  (CUA-806)   Tortugas 82 55.319 W 

KJ732907 Ruegeria  100 BC (S) 18 24.373 N,  

 
lacuscaerulensis 

  
87 24.751 W 

   (CUA-829)       
KJ732938 Ruegeria  100 Cozumel 20 30.917 N,  

 
lacuscaerulensis 

  
86 57.096 W 

   (CUA-882)       
KJ732931 Serinicoccus sp.  99 Akumal 20 23.425 N,  

  (CUA-874)     87 18.563 W 
KJ732965 Staphylococcus 100 BC (M) 18 33.860 N, 

 
 cohnii 

  
 87 25.275 W 

   (CUA-909)       
KJ732915 Staphylococcus  100 Miami 25 43.887 N,  

  
pasteuri (CUA-

850)     80 09.718 W 
KJ732917 Staphylococcus   100 Dry 24 39.075 N,  

  
pasteuri (CUA-

852)   Tortugas 82 51.270 W 

KJ732933 
Staphylococcus 

sp. 99 Dry 24 40.165 N,  
   (CUA-877)†   Tortugas 82 54.509 W 

KJ732972 Streptomyces  100 Miami 25 43.887 N,  

 
erythrogriseus 

  
80 09.718 W 

   (CUA-916)†       
KJ732869 Streptomyces  100 Cancun 21 14.334 N,  

 
globisporus 

  
86 48.168 W 

   (CUA-780)       
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Table 2.3 Salinispora strains and co-occurring bacteria, continued  
 

GenBank 
Accession 

# Species (strain)  
% BLAST 

ID 
Isolation 

Site  

Lat-Long 
Coordinates/ 

Year of Isolation 
KJ732884 Streptomyces 100 Cancun 21 14.334 N,  

  globisporus   86 48.168 W 
   (CUA-798)       

KJ732854 Streptomyces sp. 99 Cancun 21 14.334 N, 
   (CUA-762)      86 48.168 W 

KJ732856 Streptomyces sp. 100 Cozumel 20 19.479 N, 
   (CUA-764)      87 01.627 W 

KJ732858 Streptomyces sp. 100 Cancun 21 14.334 N,  
   (CUA-768)†     86 48.168 W 

KJ732863 Streptomyces sp. 99 Cancun 21 14.334 N,  
   (CUA-773)     86 48.168 W 

KJ732864 Streptomyces sp. 100 Cancun 21 14.334 N,  
   (CUA-774)     86 48.168 W 

KJ732877 Streptomyces sp.  99 Miami 25 43.887 N,  
  (CUA-789)     80 09.718 W 

KJ732910 Streptomyces sp. 100 Miami 25 43.887 N,  
   (CUA-845)     80 09.718 W 

KJ732971 Streptomyces sp. 100 Cancun 21 14.334 N, 
   (CUA-915)      86 48.168 W 

KJ732886 Streptomyces 100 Miami 25 43.887 N,  

 
 variabilis 

  
80 09.718 W 

   (CUA-801)       

KJ732880 
Thalassobacillus 

sp. 99 BC (M) 18 33.860 N, 
   (CUA-792)      87 25.275 W 

KJ732853 Vibrio sp. 99 BC (S) 18 24.373 N,  
  (CUA-759)     87 24.751 W 

KJ732903 Vibrio sp. 100 BC (S) 18 24.373 N,  
   (CUA-824)     87 24.751 W 

KJ732909 Vibrio sp. 100 BC (S) 18 24.373 N,  
  (CUA-833)     87 24.751 W 

KJ732927 Vibrio sp. 100 BC (S) 18 24.373 N, 

 
 (CUA-869) 

  
 87 24.751 W 
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Table 2.4 Taxonomic classification of 127 environmental isolates to the genus 
level. 

 
Phylum Class/ Family Genus #  

  Subphylum     Strains 
Actinobacteria Actinobacteria Streptomycetaceae Streptomyces 12 

Pseudonocardiaceae Prauserella 1 
Dermacoccaceae Kytococcus 3 
Gordoniaceae Gordonia 3 
Nocardiaceae Nocardioides 1 

Rhodococcus 1 
Micrococcaceae Micrococcus 4 
Microbacteriaceae Microbacterium 5 
Promicromonosporaceae Cellulosimicrobium 3 
Intrasporangiaceae Serinicoccus 1 
Brevibacteriaceae Brevibacterium 1 

Firmicutes Bacilli Bacillaceae Bacillus 32 
Thalassobacillus 1 
Halobacillus 1 

Staphylococcaceae Staphylococcus 4 
 
 
 
 
 
 
 

γ-
proteobacteria 

Alteromonadaceae Microbulbifer 6 
Alteromonas 2 

Pseudoalteromonadaceae Pseudoalteromonas 6 
Alcanivoraceae Alcanivorax 1 
Vibrionaceae Vibrio 4 
Moraxellaceae Acinetobacter 1 

Psychrobacter 2 
Pseudomonadaceae Pseudomonas 2 

α-
proteobacteria 

Rhodobacteraceae Pseudoruegeria 1 
Rhodobacter 1 
Methylarcula 1 
Paracoccus 2 
Loktanella 2 
Labrenzia 2 
Ruegeria 3 

Brucellaceae Ochrobactrum 3 
Methylobacteraceae Methylobacterium 1 
Erythrobacteraceae Erythrobacter 11 
Caulobacteraceae Brevundimonas 1 

Caulobacter 1 
Bacteroidetes Cytophagia Flammeovirgaceae Fabibacter 1 

  

2.4.2 Direct challenge assays 

The direct challenge assays detected antagonistic interactions between 

established Salinispora cultures and potential bacterial competitors (Figure 2.1). 



44 
 

 
 

In total, bacterial growth was inhibited in 671 (38%) of the 1769 interactions 

tested over two time points. The vast majority of the 127 strains tested (119 or 

93%) were sensitive to at least one Salinispora strain indicating the genus has 

the capacity to inhibit a broad spectrum of bacteria. The overall levels of 

antagonism were similar for the two species, with S. arenicola inhibiting on 

average slightly fewer strains (82) than S. tropica (87) when both time points 

were considered (Table 2.5). However, the potency of the antagonism, as 

measured by the average size of the zones of inhibition produced by each 

Salinispora strain (Fig. 2.2), was significantly greater for S. arenicola (p=0.008, 

Welch’s two-sample t-test). 

The patterns of antagonism varied both within and between Salinispora 

species with no evidence that specific taxa were targeted (Figure 2.3). The 

percentages of environmental isolates inhibited by all four Salinispora strains of 

either species were roughly the same (Figure 2.4). However, in cases where 

bacteria were inhibited by at least one Salinispora strain, they were sensitive to 

all four strains in 42% of the cases for S. tropica relative to 28% for S. arenicola. 

Variability was particularly noticeable for S. arenicola strain CNY-694, which 

inhibited 34 bacterial strains while the other three S. arenicola strains inhibited on 

average 98 bacteria (Table 2.5). An antiSMASH analysis of the secondary 

metabolite gene clusters in CNY-694 revealed a biosynthetic potential that is 

equivalent to other S. arenicola strains for which genome sequences were 

analyzed (Table 2.6) suggesting these results may be linked to differential growth 

rates (see below). 
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Figure 2.1 Experimental work flow. A direct challenge assay was used to detect 
the ability of established Salinispora cultures to inhibit the growth co-occurring 
bacterial strains.  All strains that were inhibited in the direct challenge assay (+) 
were tested further in an agar diffusion assay to determine if the activity was due 
to a diffusible molecule. A positive result (+) was recorded when growth of the 
test strain was inhibited around the agar block but not around a medium control.  
Organic extracts generated from similar agar blocks were then tested against the 
sensitive strains in a disk diffusion assay to determine if the activity was organic 
soluble.  Active organic extracts (A-C) were identified based on the detection of 
zones of inhibition around the disc.  Strains that were inhibited in the direct 
challenge assay but not in the agar diffusion assay were tested further to 
determine if the cause of inhibition was due to iron depletion.  Iron depletion was 
determined to be the cause of the inhibition when growth was restored on iron-
supplemented medium (+). 
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Table 2.5 Results from the direct challenge assay for all 8 Salinispora strains at 
each time point and for both time points combined. Only strains that were not 
inhibited at the first time point were repeated at the second time point. 
 

  
10 Day Time Pt 23 Day Time Pt Combined Time Pts  

Species Strain # #  # # # % 
    Tested Inhibited Tested Inhibited Inhibited Inhibited 

S. arenicola 
CNY-
679 127 59 68 39 98 77 

S. arenicola 
CNY-
680 127 83 44 23 106 84 

S. arenicola 
CNY-
685 127 58 69 31 89 79 

S. arenicola 
CNY-
694 127 21 106 13 34 27 

  Avg.   55   27 82 65 

 
(± SD) 

 
(26) 

 
(11) (33) (26) 

        
  

7 Day Time Pt 23 Day Time Pt Combined Time Pts  
Species Strain #  #  # #  # %  

    Tested Inhibited Tested Inhibited Inhibited Inhibited 

S. tropica 
CNY-
678 127 14 113 59 73 57 

S. tropica 
CNY-
681 127 20 107 80 100 79 

S. tropica 
CNY-
682 127 26 101 71 97 76 

S. tropica 
CNY-
684 127 21 106 58 79 62 

  Avg. 
 

20   67 87 69 

	
 (± SD) 

	
(5) 

 
(10) (13) (10) 
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Figure 2.2 Average size of the zone of inhibition (ZOI) produced by each strain 
over both time points. Only non-zero values were included. 
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Figure 2.3 Growth inhibition observed in the direct challenge assays over both 
time points. Each row corresponds to one bacterial strain tested in triplicate 
against the eight Salinispora isolates. Environmental bacteria (127 strains) are 
grouped by phylum with the color intensity corresponding to the average zone of 
inhibition (ZOI) size. 
 
 

 
Figure 2.4 Number of environmental isolates inhibited by 0, 1, 2, 3, or 4 
Salinispora strains for each species. 
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Table 2.6  Number of secondary metabolite pathways in 24 Salinispora 
genomes, and presence/absence of known and putative siderophore pathways.  
 
 

Species Strain IMG  NCBI  # sid2 des sid3 sid4 
    Genome ID Taxon ID Pathways         

S. tropica CNY-678 2561511109 1408358 21 + + + + 
S. tropica CNY-681 2561511108 1408359 21 + + + + 
S. tropica CNR-699 2518645624 1169198 26 + + + + 
S. tropica CNH-898 2515154094 1137248 31 + + + + 
S. tropica CNB-536 2517572212 1136431 27 + + + + 
S. tropica CNS-197 2515154163 1137249 22 + + + + 
S. tropica CNB-476 2517572211 1137247 20 + + + + 
S. tropica CNS-416 2517572164 1169195 21 + + + + 
S. tropica CNY-012 2540341192 1169197 22 + + + + 
S. tropica CNT-261 2524614530 1288084 26 + + + + 
S. tropica CNT-250 2540341193 1169196 21 + + + + 
S. tropica CNB-440 640427140 369723 19 + + + + 

S. arenicola CNY-679 2561511113 1408342 32 + + - - 
S. arenicola CNY-685 2563366734 1408343 38 + + - - 
S. arenicola CNY-694 2561511114 1408345 33 + + - - 
S. arenicola CNS-205 641228504 391037 30 + + - - 
S. arenicola CNX-508 2515154188 1137257 26 + + - - 
S. arenicola CNT-005 2517572137 1137255 32 + + - - 
S. arenicola CNQ-748 2515154180 1144929 38 + + - - 
S. arenicola CNH-718 2561511105 1408328 31 + + - - 
S. arenicola CNH-646 2515154181 1136427 26 + + - - 
S. arenicola CNX-891 2515154187 1137258 27 + + - - 
S. arenicola CNS-296 2565956527 1408332 30 + + - - 
S. arenicola CNH-905 2515154183 1137251 33 + + - - 

 

2.4.3 Temporal variability 

While the total number of antagonistic interactions recorded for each 

Salinispora species was similar, there was a major difference in the temporal 

onset of the activities (Figure 2.5, Figure 2.6). Most notably, S. arenicola 

exhibited on average 55 antagonistic interactions at the first time point relative to 

20 for S. tropica (Table 2.5). The trend of greater activity at the first time point 
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was also observed for S. arenicola strain CNY-694 despite the relatively low 

number of bacteria inhibited. To determine if these patterns were consistent 

features of the two Salinispora species, eight additional S. arenicola and nine 

additional S. tropica strains were tested against a subset of 30 bacteria chosen to 

represent a range of the taxa encompassed by the original 127 strains (Table 

2.2). When the data from all of the assays were combined, S. arenicola remained 

significantly more active at the early time point (t-test; p=0.02) while there was no 

difference between the two species when the averages of the combined time 

points were compared (Figure 2.5) (t-test; p=0.49). Given that growth inhibition in 

direct challenge assays can be caused by factors such as nutrient depletion in 

addition to the production of inhibitory compounds, we next sought to distinguish 

between these two possibilities in an effort to better categorize the observed 

activities. 
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Figure 2.5 Average number of strains inhibited by 12 S. arenicola and 13 S. 
tropica strains. Red bars represent the results for the first time point (seven and 
ten days for S. tropica and S. arenicola, respectively). Blue bars represent the 
combined number of strains inhibited at the first and second (23 days for both 
Salinispora species) time points. There was a significant difference between the 
numbers of environmental isolate inhibited at the first tie point by each species 
(*). 
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Figure 2.6  Number of strains inhibited by each Salinispora species.  The red 
section of each bar represents the results for the first time point (S. tropica and S. 
arenicola grown for seven and 10 days, respectively, prior to the addition of the 
challenge strain).  The blue section of each bar represents the number of strains 
inhibited at the second time point (23 days of growth for both Salinispora 
species) prior to the addition of the challenge strain.  Only strains that were not 
active at the first time point were tested at the second time point. 
 

2.4.4 Interference vs. exploitation competition 

Growth inhibition due to the production of antibiotics or other inhibitory 

substances can be defined as interference competition while inhibition due to 

nutrient depletion can be considered exploitation competition (Hibbing et al. 

2010). Agar diffusion assays were performed to determine if the activities 

detected in the direct challenge assays could be linked to the presence of 

diffusible molecules (Figure 2.2) and thus indicative of antibiotic production. Cell-

free agar taken at both time points from areas adjacent to two S. arenicola and 

two S. tropica strains was tested against all environmental isolates that had 

shown sensitivity to these strains in the direct challenge assays. Together, these 
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isolates represent 103 (95%) and 94 (87%) of the bacteria that displayed 

sensitivity to any of the S. arenicola or S. tropica strains, respectively. At the first 

time point, the antagonism generated by S. arenicola strains CNY-679 and CNY-

685 proved to be diffusible in 72% and 40% of the tests performed, respectively. 

In comparison, the antagonism generated by S. tropica strains CNY-678 and 

CNY-681 was diffusible in 9% and 14% of the assays, respectively (Figure 2.7). 

When the combined time points were considered, the antagonism generated by 

S. arenicola was diffusible in 51% of the assays compared to 20% for S. tropica. 

We next asked if the diffusible activities could be extracted with an organic 

solvent (Figure 2.2). At 10X concentration, an extract generated from S. 

arenicola strain CNY-679 inhibited 32 of the 44 strains that were inhibited in the 

agar diffusion assay (Table 2.7). In contrast, an extract prepared from S. tropica 

strain CNY-678 did not exhibit any inhibition, even when tested at 100X 

concentration.   
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Figure 2.7 Sources of growth inhibition. Sensitive strains were tested in an agar 
diffusion assay to determine if the activity was diffusible. If negative, further tests 
were performed to determine if growth was restored when excess iron was 
added to the medium, in which case the activity was attributed to iron depletion. If 
both assays were negative, growth inhibition was attributed to “other” sources. 
Each Salinispora strain was tested against the environmental isolates they 
inhibited in the direct challenge assay. 
 
Table 2.7 Diffusible and extractable molecules causing inhibition in S. arenicola 
and S. tropica. Cell-free areas adjacent to Salinispora cultures growing on agar 
media were extracted from S. arenicola and S. tropica strains and tested at three 
volumetric concentrations (1X, 10X, and 100X) against all environmental isolates 
that were inhibited in the agar diffusion assays. Extractions were performed at 
the time point that generated the most activity in the direct challenge assays (10 
days for S. arenicola, 23 days for S. tropica). 
 

 
Strain Extracted 

Inhibitory Factor S. arenicola CNY-679 S. tropica CNY-678 
Diffusible Molecule 44 12 
MeOH Extract (≥1X) 11 0 
MeOH Extract (≥10X) 32 0 
MeOH Extract (100X) 42 0 
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In cases where the antagonistic activities could not be linked to a diffusible 

molecule, an iron supplementation assay was performed to determine if iron 

depletion was the cause of the inhibition (Figure 2.2). On average over both time 

points, 9% of the antagonism generated by S. arenicola could be linked to iron 

depletion compared to 20% for S. tropica (Figure 2.7). The remaining 

antagonistic activities (on average, 40% and 60% for S. arenicola and S. tropica, 

respectively) were ascribed to “other” causes. There were no measurable 

differences in pH between the zones of inhibition and media controls (data not 

shown) suggesting that a change in pH was not the cause of the “other” 

inhibition. 

2.4.5 Growth rates 

To explore the hypothesis that S. tropica preferentially employs 

exploitation competition as a competitive strategy, the growth rates of the two 

species were assessed. Growth curves generated for all eight strains revealed 

that S. tropica has faster growth rates as determined from the doubling times, 

which were significantly different between the two species (Figure 2.8; t-test, 

p=0.02), averaging 3.5 days for S. tropica and 5.2 days for S. arenicola. In 

addition to faster growth rates, cellular biomass was greater on average in 

stationary phase S. tropica cultures (mean = 4.13 ± SD 1.11 mg/ml) than in 

stationary phase S. arenicola cultures (mean = 2.98 ± SD 1.19 mg/ml) (Figure 

2.9). 
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Figure 2.8 Doubling times for each Salinispora species. For each box, the dark 
horizontal bar represents the median value, the box edges represent the upper 
and lower quartiles of the data, and the whiskers represent the minimum and 
maximum values. The plot contains data from triplicate growth curves generated 
from four strains of each species. 
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Figure 2.9 Growth curves for four strains each of S. arenicola (a) and S. tropica 
(b) on a semi-log scale.  Error bars represent the standard deviations for three 
biological replicates. 
 

2.4.6 Bioinformatic analyses 

A prior bioinformatic analysis revealed that S. arenicola maintains a larger 

number of polyketide synthase (PKS) and non-ribosomal peptide synthetase 

(NRPS) biosynthetic gene clusters than S. tropica (Ziemert et al. 2014). To more 

broadly assess the secondary metabolite potential of the two species, genome 

sequences from twelve strains of each species (including two S. tropica and 

three S. arenicola strains used in the antagonism study) (Table 2.6) were 

analyzed for the presence of secondary metabolite gene clusters using 

antiSMASH, which can identify additional pathway types (Medema et al. 2011). 

Additionally, these genomes were investigated for gene clusters previously linked 

to siderophore biosynthesis in Salinispora spp. (Penn et al. 2009, Roberts et al. 
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2012). On average, 31.3 secondary metabolite gene clusters were identified in 

the S. arenicola strains in comparison to 23.1 for S. tropica (Table 2.6).  These 

results conform well with the 31 and 19 clusters detected in an earlier analysis of 

two closed S. arenicola and S. tropica genomes, respectively (Penn et al. 2009). 

The presence of the rifamycin (rif) gene cluster (Floss and Yu 2005) was 

confirmed in all of the S. arenicola strains while none of the pathways detected in 

S. tropica could be linked to the production of a known antibiotic. While the total 

number of gene clusters is greater in S. arenicola, the trend is reversed when it 

comes to siderophore biosynthesis. In an earlier report, both S. arenicola CNS-

205 and S. tropica CNB-440 were identified as possessing two siderophore-

related gene clusters, one predicted to encode desferrioxamines (des) and a 

second (sid2) related to the gene cluster for yersiniabactin biosynthesis. 

However, S. tropica CNB-440 also had two additional siderophore gene clusters 

(sid3 and sid4) (Penn et al. 2009).  The production of desferrioxamines B and E 

was later confirmed for both S. tropica and S. arenicola and linked to the des 

locus (Roberts et al. 2012).  A MultiGeneBlast (Medema et al. 2013) analysis 

revealed that all 12 S. tropica strains for which genome sequences are available 

possess all four of the siderophore gene clusters while the twelve S. arenicola 

genomes chosen for this study only possess the des and sid2 clusters (Table 

2.6). 
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2.4.7 Chemical analyses 

 To determine if any known antibiotics were produced by either Salinispora 

species, organic culture extracts of S. tropica CNY-678 and S. arenicola CNY-

679 were examined by LC-MS/MS and the results compared to the AntiMarin 

database (Blunt et al. 2006) and an in-house database of previously identified 

Salinispora secondary metabolites. The S. arenicola extract contained the 

antibiotic rifamycin S (Figure 2.10), which belongs to a class of compounds that 

has previously been reported from this species (Jensen et al. 2007, Kim et al. 

2006). In addition, a parent ion that matched rifamycin S was observed directly in 

a zone of inhibition between S. arenicola CNY-679 and Kytococcus sp. CUA-766 

using MALDI-TOF imaging mass spectrometry (Figure 2.11).  These results 

provide evidence that the antibiotic rifamycin S is, at least in part, associated with 

the inhibitory activities generated by S. arenicola. Compounds in this class have 

been similarly linked to the activities observed between sponge-derived S. 

arenicola strains and Mycobacterium spp. (Izumi et al. 2010). No known 

antibiotics were detected in the S. tropica extract. 
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Figure 2.10 Identification of rifamycin S in S. arenicola culture extracts. (A) MS-
MS spectrum of a peak (m/z 696) detected in the extract of S. arenicola CNY-679 
monoculture. (B) Extract generated from a zone of inhibition between S. 
arenicola CNY-679 and Bacillus sp. CUA-897. (C) MS spectrum of rifamycin S 
standard. (D) UV chromatograph of the m/z 696 peak matches the rifamycin S 
spectrum. Arrows indicate the parent ion in each spectrum. 
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Figure 2.11 MALDI-TOF imaging mass spectrometry of an S. arenicola CNY-679 
interaction with Kytococcus sp. CUA-766. (A) MALDI plate setup with control 
samples in the top row, from left to right: blank media, Kytococcus sp. CUA-766 
monoculture, S. arenicola CNY-679 monoculture. The sample in the bottom row 
contains the zone of inhibition between the two strains. (B) Spatial distribution of 
the m/z 696 ion, an exact match to rifamycin S (M+H), shown in green 
surrounding the S. arenicola colony and diffusing outwards towards the inhibited 
bacterial strain. This ion was observed in the S. arenicola monoculture but not in 
the medium blank or the Kytococcus sp. monoculture. (C) Chemical structure of 
rifamycin S. 
 
2.5 Discussion 

Molecular surveys have revealed that bacteria exhibit extraordinary levels 

of phylogenetic diversity (Rappe and Giovannoni 2003). While the existence of 

this diversity is widely appreciated, establishing links between the clades 

observed in phylogenetic trees and the ecological and evolutionary processes 

that create and maintain them remains one of the great challenges in microbial 

ecology (Cordero and Polz 2014, Fuhrman 2009). It has been proposed that fine-

scale phylogeny can be used to delineate bacteria into ecologically cohesive 

units or “ecotypes” (Cohan 2002) and that in the few examples available, 

ecological populations represent “gene flow units” for which genome wide rates 

of homologous recombination are much greater within than between clusters 

(Cordero and Polz 2014). A multilocus sequence type analysis of the three 
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currently described Salinispora species supports their description in accordance 

with what appear to be natural barriers to recombination (Freel et al. 2013). While 

there are many processes that can account for these barriers (Acinas et al. 2004, 

Cohan 2002, Thompson et al. 2005, Fraser et al. 2007, Hellweer et al. 2014), 

ecological differentiation has been proposed as the mechanism driving 

diversification between S. arenicola and the two Salinispora species with which it 

co-occurs (Jensen et al. 2007, Freel et al. 2013). To date, the major adaptive 

traits that distinguish the three species relate to secondary metabolite production 

(Ziemert et al. 2014, Jensen et al. 2007), however experimental evidence linking 

these differences to divergent ecological strategies has been lacking. Here we 

provide evidence that S. tropica and S. arenicola employ fundamentally different 

competitive strategies that are mediated in part by secondary metabolites, with 

the former investing in growth or exploitation competition and the latter in 

interference competition via the production of antibiotics and at the expense of 

growth. The results create a link between the fine-scale phylogenetic 

relationships maintained by these two lineages and functional traits that establish 

them as distinct ecotypes. 

The two Salinispora species exhibited similar overall levels of antagonism 

against a diverse panel of co-occurring marine bacteria. However, temporal 

differences in the onset of antagonism suggested there could be fundamental 

differences in the mechanisms by which these activities were generated. 

Subsequent tests made it possible to distinguish between antagonism due to the 

production of allelopathic molecules and that caused by other factors, including 
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nutrient depletion. The observation that S. arenicola generated more than twice 

the number of antagonistic activities that could be linked to the production of 

diffusible substances relative to S. tropica provided the initial line of evidence that 

these two species differentially invest in interference and exploitation 

competition, respectively. Additional evidence comes from the identification of the 

antibiotic rifamycin S in S. arenicola culture extracts and directly in the zones of 

inhibition, while no known antibiotics could be detected in the S. tropica culture 

extracts. S. arenicola also averaged 31 gene clusters related to secondary 

metabolism relative to 23 for S. tropica indicating greater genetic investment in 

this functional trait. The distinction between interference and exploitation 

competition was further supported by the significantly faster growth rates 

recorded for S. tropica. One notable result is the large number of activities that 

could not be linked to diffusible molecules or iron limitation (Figure 4). There are 

several potential causes of this inhibition including the depletion of nutrients other 

than iron, particularly in the case of more established cultures. The detection of 

these activities suggests that exploitation competition may be widely overlooked 

as the source of antagonism observed in direct challenge assays. 

While S. arenicola maintains a larger number of gene clusters devoted to 

secondary metabolism than S. tropica, this trend is reversed when is comes to 

siderophore biosynthesis. Siderophores are an important mechanism by which 

bacteria acquire growth essential iron (Neilands 1995) and their production has 

been linked to antagonism in Vibrio (Pybus et al. 1994) and Pseudomonas spp. 

(Simões  et al. 2008). While siderophores are secreted secondary metabolites, it 
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can be argued they play a functional role in exploitation competition as opposed 

to more traditional allelopathic agents such as antibiotics, which function in 

interference competition. All S. tropica genome sequences maintain two 

additional gene clusters predicted to encode siderophore biosynthesis (sid3 and 

sid4) that are not found in S. arenicola (Table S5) suggesting an additional 

investment in iron uptake by this species. While the inactivation of key genes in 

the sid3 and sid4 clusters did not affect growth in iron-limited media (Roberts et 

al. 2012), additional mechanisms to acquire iron or possibly other limiting metals 

(Bellenger et al. 2008) via enhanced siderophore production could help support 

higher growth rates in S. tropica. The conservation of sid3 and sid4 among all S. 

tropica strains for which genome sequences are available suggests there are 

strong selective pressures to maintain the functions provided by the products of 

these pathways. The observation that secondary metabolites can play a role in 

exploitation competition by facilitating nutrient acquisition as well as interference 

competition via antibiotic production emphasizes the importance of distinguishing 

between these two forms of antagonism when addressing their ecological 

functions and the competitive strategies employed by environmental bacteria. 

Considerable intra-specific variation in antagonism was observed for both 

species. This supports a growing body of evidence in which chemical antagonism 

has been shown to be strain-specific (Long et al. 2013, Rypien et al. 2010, 

Grossart et al. 2004) or to occur at low frequencies within a population (Vetsigian 

et al. 2011). It also supports the concept that the evolution and acquisition of the 

gene clusters encoding the biosynthesis of secondary metabolites is a dynamic 
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process with high levels of plasticity within a single species (Ziemert et al. 2014). 

One rationale for this plasticity is that the targets of the antibiotics produced by 

any one strain may matter less than the ability of the entire population to 

minimize the total number of competitors. Furthermore, intra-specific variability 

provides a rational approach to ensure that at least some individuals will remain 

competitive as new challengers are encountered either when spores are 

dispersed or when new resources become available at an existing site. It also 

provides an effective strategy to avoid the development of resistance, as in the 

application of combinatorial drug therapy, and the subsequent need to enter into 

a co-evolutionary arms race (Kinkel et al. 2013). 

The environmental bacteria used in this study came from similar if not the 

same sediment samples as the Salinispora isolates and included common 

marine families like the Rhodobacteraceae and Pseudoalteromonadaceae 

(Acinas et al. 2004, Gilbert et al. 2012) thus contributing to the ecological 

relevance of the study. Although colony growth on plates is not the natural state 

of sediment bacteria, the encroachment of established colonies by competitors 

represents a realistic environmental scenario that may be important in dictating 

defensive strategies. Moreover, structured habitats such as marine sediments 

are prime locations for interference competition as has been suggested for 

colicinogenic bacteria grown in soft agar matrices (Chao and Levin 1981), with 

the mycelium growth form exhibited by Salinispora spp. providing conditions that 

may facilitate antibiotic concentrations achieving functional levels in the 

surrounding micro-environment. Given that Salinispora strains largely occur as 
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dormant spores and represent relatively rare members of the sediment microbial 

community (Mincer et al. 2005), the possibility exists for actively growing, 

localized populations to originate from individual spores. This may help explain 

the apparent lack of “social cheaters” benefiting from the production of antibiotics 

by con-specifics, as has been reported in marine Vibrionaceae (Cordero et al. 

2012). The consistent production of antibiotics in the rifamycin class by S. 

arenicola (Jensen et al. 2007) suggests there are strong selective pressures to 

maintain the functions of specific compounds and that non-producers or potential 

cheaters are rapidly selected against. The large diversity of Salinispora 

secondary metabolites that do not possess antibiotic activity (Fenical and Jensen 

2006) suggests these compounds may provide ecological functions other than 

allelopathy.  

Methodological limitations and a poor understanding of the scale at which 

microbial interactions occur have hampered ongoing efforts to resolve genetic 

diversity in the context of ecological interactions. Advances in microscopy and 

mass spectrometry have enhanced our ability to observe physical interactions 

within limited microbial consortia (Malfatti et al. 2010, Orphan et al. 2001, Valm et 

al. 2011) but the detailed visualization of interactions in complex environments 

like sediments remains out of reach. The IMS technique applied here provided 

clear evidence that compounds in the rifamycin class were present in the zones 

of inhibition between Salinispora strains and potential bacterial challengers. The 

ability to resolve specific compounds in a more natural setting provides expanded 
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opportunities to decipher their roles in mediating interactions among microbes 

including those that occur at sub lethal concentrations (Jauri et al. 2013).   

The resource availability hypothesis states that natural selection favors 

slow growth rates and high levels of defense in low resource habitats (Coley et 

al. 1985). While the genus Salinispora belongs to a larger group of 

actinomycetes that are widely recognized for slow growth and secondary 

metabolite production, it is interesting that, within this broader ecological strategy, 

lineages can be identified that preferentially invest in growth or defense. While 

preliminary evidence indicates that S. tropica is the less abundant of the two 

species, higher growth rates and more effective nutrient acquisition suggest it 

may experience ephemeral blooms in response to nutrient pulses, a concept that 

can be tested in future studies. Such fine-scale differentiation also provides 

evidence for co-evolutionary strategies within a micro-diverse cluster. Synergistic 

evolution has been suggested to boost the ecological success of co-occurring 

species, particularly those that employ secondary metabolites as a form of 

chemical defense (Cordero and Polz 2014). While the extensive arsenal of 

secondary metabolites available to these two species suggest their ecological 

functions are more complex than simply distinguishing between two competitive 

strategies, the results provide the first experimental evidence for ecological 

divergence in the genus Salinispora. 

2.6 Acknowledgments 

This research was supported by the National Science Foundation (OCE-

1235142). The authors acknowledge J. Pawlik for facilitating the field collections 



68 
 

 
 

and the captain and crew of the R/V Walton Smith (U. Miami). 

Chapter 2, in full, is a reprint of the material as it appears in The 

International Society for Microbial Ecology Journal, 2015. Nastassia Patin, Kate 

Duncan, Pieter Dorrestein, and Paul Jensen. The dissertation author was the 

primary investigator and author of this paper. 

2.7 References 

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 103(32):12115-12120. 

 
Huber JA, Welch DBM, Morrison HG, Huse SM, Neal PR, Butterfield DA & Sogin 

M (2007) Microbial population structures in the deep marine biosphere. 
Science 318(5847):97-100. 

 
Hutchinson GE (1961) The paradox of the plankton. American Naturalist:137-

145. 
 
Acinas SG, Klepac-Ceraj V, Hunt DE, Pharino C, Ceraj C, Distel DL & Polz MF 

(2004) Fine-scale phylogenetic architecture of a complex bacterial 
community. Nature 430(6999):551-554. 

 
Koeppel A, Perry EB, Sikorski J, Krizanc D, Warner A, Ward DM, Rooney AP, 

Brambilla E, Connor N, Ratcliff RM, Nevo E & Cohan FM (2008) 
Identifying the fundamental units of bacterial diversity: a paradigm shift to 
incorporate ecology into bacterial systematics. Proc Natl Acad Sci U S A 
105(7):2504-2509. 

 
Sikorski J & Nevo E (2005) Adaptation and incipient sympatric speciation of 

Bacillus simplex under microclimatic contrast at "Evolution Canyons" I and 
II, Israel. Proc Natl Acad Sci U S A 102(44):15924-15929. 

 
Johnson ZI, Zinser ER, Coe A, McNulty NP, Woodward EM & Chisholm SW 

(2006) Niche partitioning among Prochlorococcus ecotypes along ocean-
scale environmental gradients. Science 311(5768):1737-1740. 

 
Ferris MJ, Kuhl M, Wieland A, & Ward DM (2003) Cyanobacterial ecotypes in 

different optical microenvironments of a 68°C hot spring mat community 
revealed by 16S-23S rRNA internal transcribed spacer region variation. 
Appl Environ Microbiol 69(5):2893-2898. 



69 
 

 
 

Yawata Y, Cordero OX, Menolascina F, Hehemann J-H, Polz MF & Stocker R 
(2014) Competition-dispersal tradeoff ecologically differentiates recently 
speciated marine bacterioplankton populations. Proc Natl Acad Sci 
111(15):5622-5627. 

 
Hunt DE, David LA, Gevers D, Preheim SP, Alm EJ & Polz MF (2008) Resource 

partitioning and sympatric differentiation among closely related 
bacterioplankton. Science 320(5879):1081-1085. 

 
Oakley BB, Carbonero F, van der Gast CJ, Hawkins RJ & Purdy KJ (2010) 

Evolutionary divergence and biogeography of sympatric niche-
differentiated bacterial populations. ISME J 4(4):488-497. 

 
Fraser C, Alm EJ, Polz MF, Spratt BG & Hanage WP (2009) The bacterial 

species challenge: making sense of genetic and ecological diversity. 
Science 323(5915):741-746. 

 
Svanbäck R & Bolnick DI (2007) Intraspecific competition drives increased 

resource use diversity within a natural population. Proc Biol Sci 
274(1611):839-844. 

 
Little AE, Robinson CJ, Peterson SB, Raffa KF & Handelsman J (2008) Rules of 

engagement: interspecies interactions that regulate microbial 
communities. Annu Rev Microbiol 62:375-401. 

 
Case TJ & Gilpin ME (1974) Interference competition and niche theory. Proc Natl 

Acad Sci U S A 71(8):3073-3077. 
 
Nicholson AJ (1954) An outline of the dynamics of animal populations. Aust J 

Zool 2(1):9-65. 
 
Hibbing ME, Fuqua C, Parsek MR, & Peterson SB (2010) Bacterial competition: 

surviving and thriving in the microbial jungle. Nat Rev Microbiol 8(1):15-25. 
 
Weller DM, Raaijmakers JM, Gardener BBM & Thomashow LS (2002) Microbial 

populations responsible for specific soil suppressiveness to plant 
pathogens 1. Annual Review of Phytopathology 40(1):309-348. 

 
Czárán TL, Hoekstra RF & Pagie L (2002) Chemical warfare between microbes 

promotes biodiversity. Proc Natl Acad Sci U S A 99(2):786-790. 
 
Rao D, Webb JS & Kjelleberg S (2005) Competitive interactions in mixed-species 

biofilms containing the marine bacterium Pseudoalteromonas tunicata. 
Appl Environ Microbiol 71(4):1729-1736. 

 



70 
 

 
 

Shank EA, Klepac-Ceraj V, Collado-Torres L, Power GE, Losick R & Kolter R. 
(2011) Interspecies interactions that result in Bacillus subtilis forming 
biofilms are mediated mainly by members of its own genus. Proc Natl 
Acad Sci U S A 108(48):E1236-1243. 

 
Long RA, Eveillard D, Franco SL, Reeves E & Pinckney JL (2013) Antagonistic 

interactions between heterotrophic bacteria as a potential regulator of 
community structure of hypersaline microbial mats. FEMS Microbiol Ecol 
83(1):74-81. 

 
Pérez-Gutiérrez RA, López-Ramírez V, Islas Á, Alcaraz LD, Hernández-

González I, Olivera BC, Santillán M, Eguiarte LE, Souza V, Travisano M & 
Olmedo-Alvarez G (2013) Antagonism influences assembly of a Bacillus 
guild in a local community and is depicted as a food-chain network. ISME 
J 7(3):487-497. 

 
Cordero OX, Wildschutte H, Kirkup B, Proehl S, Ngo L, Hussain F, Le Roux F, 

Mincer J & Polz MF (2012) Ecological populations of bacteria act as 
socially cohesive units of antibiotic production and resistance. Science  
337:1228-1231. 

 
Long RA & Azam F (2001) Antagonistic interactions among marine pelagic 

bacteria. Appl Environ Microbiol 67(11):4975-4983. 
 
Ottesen EA, Young CR, Eppley JM, Ryan JP, Chavez FP, Scholin CA &  DeLong 

EF (2013) Pattern and synchrony of gene expression among sympatric 
marine microbial populations. Proc Natl Acad Sci U S A 110(6):E488-497. 

 
Rinke C, Schwientek P, Sczyrba A, Ivanova NN, Anderson IJ, Cheng JF, Darling 

A, Malfatti S, Swan BK, Gies EA, Dodsworth JA, Hedlund BP, Tsiamis 
G, Sievert SM, Liu WT, Eisen JA, Hallam SJ, Kyrpides NC, Stepanauskas 
R, Rubin EM, Hugenholtz P & Woyke T (2013) Insights into the phylogeny 
and coding potential of microbial dark matter. Nature 499(7459):431-437. 

 
Hugoni M, Taib N, Debroas D, Domaizon I, Dufournel J, Bronner G, Salter I, 

Agogue H, Mary I & Galand PE (2013) Structure of the rare archaeal 
biosphere and seasonal dynamics of active ecotypes in surface coastal 
waters. Proc Natl Acad Sci U S A 110(15):6004-6009. 

 
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 U S A 109(26):E1743-
1752. 

 



71 
 

 
 

Berdy J (2005) Bioactive microbial metabolites. A personal view. J Antibiot 
58(4):1-26. 

 
Williams DH, Stone MJ, Hauck PR & Rahman SK (1989) Why are secondary 

metabolites (natural products) biosynthesized? J Nat Prod 52(6):1189-
1208. 

 
Jarvis BB (1995) Secondary metabolites and their role in evolution. An Acad Bras 

Cienc 67 Suppl 3:329-345. 
 
Mincer TJ, Fenical W & Jensen PR (2005) Culture-dependent and culture-

independent diversity within the obligate marine actinomycete genus 
Salinispora. Appl Environ Microbiol 71(11):7019-7028. 

 
Jensen PR, Gontang E, Mafnas C, Mincer TJ & Fenical W (2005) Culturable 

marine actinomycete diversity from tropical Pacific Ocean sediments. 
Environ Microbiol 7(7):1039-1048. 

 
PR & Mafnas C (2006) Biogeography of the marine actinomycete Salinispora. 

Environ Microbiol 8(11):1881-1888. 
 
Jensen PR (2010) Linking species concepts to natural product discovery in the 

post-genomic era. J Ind Microbiol Biotechnol 37(3):219-224. 
 
Freel KC, Nam SJ, Fenical W & Jensen PR (2011) Evolution of secondary 

metabolite genes in three closely related marine actinomycete species. 
Appl Environ Microbiol 77(20):7261-7270. 

 
Ziemert N, Lechner A, Wietz M, Millan-Aguinaga N, Chavarria KL & Jensen PR 

(2014) Diversity and evolution of secondary metabolism in the marine 
actinomycete genus Salinispora. Proc Natl Acad Sci U S A. 

 
Maldonado LA, Fenical W, Jensen PR, Kauffman CA, Mincer TJ, Ward AC, Bull 

AT & Goodfellow M (2005) Salinispora arenicola gen. nov., sp. nov. and 
Salinispora tropica sp. nov., obligate marine actinomycetes belonging to 
the family Micromonosporaceae. Int J Syst Evol Microbiol 55(Pt 5):1759-
1766. 

 
Ahmed L, Jensen PR, Freel KC, Brown R, Jones AL, Kim BY & Goodfellow M 

(2013) Salinispora pacifica sp. nov., an actinomycete from marine 
sediments. Antonie Van Leeuwenhoek 103(5):1069-1078. 

 
Freel KC, Edlund A & Jensen PR (2012) Microdiversity and evidence for high 

dispersal rates in the marine actinomycete 'Salinispora pacifica'. Environ 
Microbiol 14(2):480-493. 



72 
 

 
 

 
Jensen PR, Williams PG, Oh DC, Zeigler L & Fenical W (2007) Species-specific 

secondary metabolite production in marine actinomycetes of the genus 
Salinispora. Appl Environ Microbiol 73(4):1146-1152. 

 
Penn K, Jenkins C, Nett M, Udwary DW, Gontang EA, McGlinchey RP, Foster B, 

Lapidus A, Podell S, Allen EE, Moore BS & Jensen PR (2009) Genomic 
islands link secondary metabolism to functional adaptation in marine 
Actinobacteria. ISME Journal 3(10):1193-1203. 

 
Freel KC, Millan-Aguinaga N & Jensen PR (2013) Multilocus sequence typing 

reveals evidence of homologous recombination linked to antibiotic 
resistance in the genus Salinispora. Appl Environ Microbiol 79(19):5997-
6005. 

 
Medema MH, Blin K, Cimermancic P, de Jager V, Zakraweski 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. Nucl Acids Res 39 
(suppl 2):339-346. 

 
Roberts AA, Schultz AW, Kersten RD, Dorrestein PC & Moore BS (2012) Iron 

acquisition in the marine actinomycete genus Salinispora is controlled by 
the desferrioxamine family of siderophores. FEMS Microbiol Lett 
335(2):95-103. 

 
Floss H & Yu T (2005) Rifamycin-mode of action, resistance, and biosynthesis. 

Chem Rev 105(2):621-632. 
 
Medema MH, Takano E & Breitling R (2013) Detecting sequence homology at 

the gene cluster level with MultiGeneBlast. Mol Biol Evol 30(5):1218-1223. 
 
Blunt J, Munro M & Laatsch H (2006) AntiMarin Database. University of 

Canterbury. 
 
Jensen PR, Williams PG, Oh DC, Zeigler L & Fenical W (2007) Species-specific 

secondary metabolite production in marine actinomycetes of the genus 
Salinispora. Appl Environ Microbiol 73(4):1146-1152. 

 
Kim TK, Hewavitharana AK, Shaw PN & Fuerst JA (2006) Discovery of a new 

source of rifamycin antibiotics in marine sponge actinobacteria by 
phylogenetic prediction. Appl Environ Microbiol 72(3):2118-2125. 

 
 
 



73 
 

 
 

 
Izumi H, Gauthier ME, Degnan BM, Ng YK, Hewavitharana AK, Shaw PN  & 

Fuerst JA (2010) Diversity of Mycobacterium species from marine 
sponges and their sensitivity to antagonism by sponge-derived rifamycin-
synthesizing actinobacterium in the genus Salinispora. FEMS Microbiol 
Lett 313(1):33-40. 

 
Mincer TJ, Jensen PR, Kauffman CA & Fenical W (2002) Widespread and 

persistent populations of a major new marine actinomycete taxon in ocean 
sediments. Appl Environ Microbiol 68(10):5005-5011. 

 
Gontang EA, Fenical W & Jensen PR (2007) Phylogenetic diversity of gram-

positive bacteria cultured from marine sediments. Appl Environ Microbiol 
73(10):3272-3282. 

 
Bibb M (1996) The regulation of antibiotic production in Streptomyces coelicolor 

A3 (2). Microbiology 142(6):1335-1344. 
 
Anderson MJ (2001) A new method for non‐parametric multivariate analysis of 

variance. Austral Ecol 26(1):32-46. 
 
Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin 

PR, O’Hara RB, Simpson GL, Solymos P, Henry M, Stevens H, Szoecs E. 
& Wagner H (2014) vegan: Community Ecology Package. in R package 
version 22-0 (http://CRAN.R-project.org/pakage=vegan). 

 
Welch BL (1947) The generalization of student's problem when several different 

population variances are involved. Biometrika:28-35. 
 
Ziemert N, Podell S, Penn K, Badger JH, Allen E & Jensen PR (2012) The 

natural product domain seeker NaPDoS: a phylogeny based bioinformatic 
tool to classify secondary metabolite gene diversity. PLoS One 
7(3):e34064. 

 
Rappe MS & Giovannoni SJ (2003) The uncultured microbial majority. Annu Rev 

Microbiol 57:369-394. 
 
Cordero OX & Polz MF (2014) Explaining microbial genomic diversity in light of 

evolutionary ecology. Nat Rev Microbiol. 
 
Fuhrman JA (2009) Microbial community structure and its functional implications. 

Nature 459(7244):193-199. 
 
Cohan F (2002) What are bacterial species? Annu Rev Microbiol 56:457-487. 
 



74 
 

 
 

Thompson JR, Pacocha S, Pharino C, Klepac-Ceraj V, Hunt DE, Benoit J, 
Sarma-Rupavtarm R, Distel DL & Polz M (2005) Genotypic diversity within 
a natural coastal bacterioplankton population. Science 307(5713):1311-
1313. 

 
Fraser C, Hanage WP & Spratt BG (2007) Recombination and the nature of 

bacterial speciation. Science 315(5811):476-480. 
 
Hellweger FL, van Sebille E & Fredrick ND (2014) Biogeographic patterns in 

ocean microbes emerge in a neutral agent-based model. Science 
345(6202):1346-1349. 

 
Neilands JB (1995) Siderophores - structure and function of microbial iron 

transport compounds. J Biol Chem 270(45):26723-26726. 
 
Pybus V, Loutit MW, Lamont IL & Tagg JR (1994) Growth-inhibition of the 

salmon pathogen Vibrio ordalii by a siderophore produced by Vibrio 
anguillarum strain Vl4355. J Fish Dis 17(4):311-324. 

 
Simões M, Simões LC, Pereira MO & Vieira MJ (2008) Antagonism between 

Bacillus cereus and Pseudomonas fluorescens in planktonic systems and 
in biofilms. Biofouling 24(5):339-349. 

 
Bellenger JP, Wichard T, Kustka AB & Kraepiel AML (2008) Uptake of 

molybdenum and vanadium by a nitrogen-fixing soil bacterium using 
siderophores. Nature Geosci 1(4):243-246. 

 
Rypien KL, Ward JR & Azam F (2010) Antagonistic interactions among coral-

associated bacteria. Environ Microbiol 12(1):28-39. 
 
Grossart HP, Schlingloff A, Bernhard M, Simon M & Brinkhoff T (2004) 

Antagonistic activity of bacteria isolated from organic aggregates of the 
German Wadden Sea. FEMS Microbiol Ecol 47(3):387-396. 

 
Vetsigian K, Jajoo R & Kishony R (2011) Structure and evolution of 

Streptomyces interaction networks in soil and in silico. PLoS biology 
9(10):e1001184. 

 
Kinkel LL, Schlatter DC, Xiao K & Baines AD (2013) Sympatric inhibition and 

niche differentiation suggest alternative coevolutionary trajectories among 
Streptomycetes. ISME J. 8(2): 249-56. 

 
 
 



75 
 

 
 

Gilbert JA, Steele JA, Caporaso JG, Steinbruck L, Reeder J, Temperton B, Huse 
S, McHardy AC, Knight R, Joint I, Somerfield P, Fuhrman JA & Field D. 
(2012) Defining seasonal marine microbial community dynamics. ISME J 
6(2):298-308. 

 
Chao L & Levin BR (1981) Structured habitats and the evolution of anticompetitor 

toxins in bacteria. Proc Natl Acad Sci U S A 78(10):6324-6328. 
 
Fenical W & Jensen PR (2006) Developing a new resource for drug discovery: 

marine actinomycete bacteria. Nat Chem Biol 2(12):666-673. 
 
Malfatti F, Samo TJ & Azam F (2010) High-resolution imaging of pelagic bacteria 

by Atomic Force Microscopy and implications for carbon cycling. ISME J 
4(3):427-439. 

 
Orphan VJ, House CH, Hinrichs KU, McKeegan KD & DeLong EF (2001) 

Methane-consuming archaea revealed by directly coupled isotopic and 
phylogenetic analysis. Science 293(5529):484-487. 

 
Valm AM, Welch JLM, Rieken CW, Hasegawa Y, Sogin ML, Oldenbourg R, 

Dewhirst FE & Borisy GG (2011) Systems-level analysis of microbial 
community organization through combinatorial labeling and spectral 
imaging. Proc Natl Acad Sci U S A 108(10):4152-4157. 

 
Jauri PV, Bakker MG, Salomon CE & Kinkel LL (2013) Subinhibitory antibiotic 

concentrations mediate nutrient use and competition among soil 
Streptomyces. PloS one 8(12):e81064. 

 
Coley PD, Bryant JP & Chapin III FS (1985) Resource availability and plant 

antiherbivore defense. Science 230(4728):895-899. 



 

76 

CHAPTER 3  

The role of inter-species interactions in Salinispora tropica secondary metabolite 

production 
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3.1 Abstract 

The genomics revolution and subsequent sequencing of several hundred 

actinomycete bacterial genomes has revealed the prevalence of so-called 

“orphan” gene clusters with no known molecular product. One hypothesis for the 

low or lack of expression in standard laboratory conditions is the absence of 

environmental cues, such as the presence of competitive bacterial species. Co-

culture interactions are one way to induce or up regulate production of these 

undetected secondary metabolites. In this study, we examined the effects of co-

culture on secondary metabolism in the marine actinomycete genus S. tropica. 

The results show that some small molecules and antibiotic activities are up 

regulated in co-culture. Some up regulation could be linked to nutrient depletion 

by the competitor strain as opposed to induction by a chemical signal. Other 

compounds increase only in the co-culture can be linked to the antibiotic effects 

of the extracts. One interaction with a Vibrio sp. showed differences in activity 

between mono- and co-culture extracts. MS/MS molecular networking provided 

candidate masses for ions seen only the co-culture experiments and not in the 

monoculture of either strain, although the antibiotic compound was not identified. 

This study provides insight into the complexities of co-culturing and secondary 

metabolite induction, which can vary among interactions and differ for each 

metabolite. 

3.2 Introduction 

Bacteria in the order Actinomycetales, commonly known as actinomycetes, 

produce the vast majority of known microbial bioactive small molecules (Newman 
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& Cragg, 2007). These compounds, also known as secondary metabolites 

because they are not required for growth, are often clinically relevant and include 

cytotoxins, immunosuppressants, and antibiotics (Bérdy, 2005; Newman & 

Cragg, 2007). However, their roles in the natural environment remain largely 

unknown (Wietz et al., 2013). Exceptions include siderophores, which sequester 

iron (Miethke, 2013), and quorum sensing molecules, which are involved in 

population-level gene expression (Miller & Bassler, 2001). In the case of 

antibiotics, it has been debated if they reach concentrations in nature that are 

sufficient to have a killing effect and may instead act as signaling molecules 

(Davies, 2006). Furthermore, genome mining has revealed that actinomycetes 

have the potential to produce many more compounds than are seen in laboratory 

cultures (Nett et al., 2009). There has therefore been growing interest in applying 

ecological concepts to induce compound production.  

One approach to more closely mimic environmental conditions is to 

establish microbial interactions similar to those that might occur in nature. Co-

culturing microorganisms to induce compound production has been used to great 

success (Pettit, 2009). Intra-kingdom examples include fungi (Bertrand et al., 

2013), phytoplankton (Briand et al., 2016; Paul et al., 2013; Paz-Yepes et al., 

2013), actinomycetes and other bacteria (Dashti et al., 2014; Onaka et al., 2011; 

Slattery et al., 2001; Trischman et al., 2004). Inter-kingdom co-cultures, such as 

growing fungi with bacteria, have proven especially fruitful for inducing novel 

compound production (Cueto et al., 2001; König et al., 2013; Moree et al., 2013; 

Oh et al., 2005, 2007; Park et al., 2009; Schroeckh et al., 2009; Zuck et al., 
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2011). Changes have been observed in secondary metabolite production as well 

as gene expression (König et al., 2013; Paz-Yepes et al., 2013). In some cases, 

physical contact is required for induction to occur (Onaka et al., 2011; Schroeckh 

et al., 2009) while in others a chemical signal alone is enough to induce changes 

in metabolite production (Briand et al., 2016). In most (but not all) of the 

aforementioned studies, the co-cultivation system had little ecological relevance. 

Co-cultured organisms were isolated from different environments and unlikely to 

interact in nature. It is therefore difficult to know how the findings apply to natural 

microbial communities 

Identifying ecologically relevant microbial interactions is challenging 

primarily due to a poor understanding of microbial community dynamics. Deep 

sequencing studies have shown that actinomycetes generally constitute a small 

fraction of the soil and sediment (Aravindraja et al., 2013; Gaidos et al., 2011; 

Gobet et al., 2012; Musat et al., 2006; Wang et al., 2012; Zinger et al., 2011). 

Furthermore, their ability to form spores and thereby remain dormant adds 

another element of complexity. It is unknown under what conditions cells remain 

as spores, or conversely, what triggers the induction of vegetative growth and 

secondary metabolite production. Nevertheless, simple ecological principles like 

competition for nutrients and physical contact can be replicated to a limited 

degree in the laboratory. 

In this study, we took advantage of an existing ecologically relevant data set 

on antagonistic interactions between the model marine actinomycete species 

Salinispora tropica and co-occurring bacterial isolates (Patin et al., 2016) to 
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investigate the effects of competitive interactions on the secondary metabolome 

of S. tropica. 

3.3 Methods 

3.3.1 Strain selection and initial co-culture experiments 

We chose a panel of twelve isolates that had previously been tested for 

sensitivity to S. tropica CNY-681 in a cross-streak assay (Patin et al., 2016), of 

which eight strains were inhibited and four were not (Table 3.1). One set of three 

plates was prepared for each test strain and one set of three plates was left as a 

CNY-681 monoculture. For all tests, CNY-681 was inoculated from a frozen 

glycerol stock into 50 ml A1 medium (10 g starch, 4 g yeast extract, 2 g peptone, 

22 g Instant Ocean, 1 L deionized water; hereafter “A1”) and allowed to grow at 

room temperature and shaking at 200 rpm for seven days. A1-agar plates (100 

mm x 100 mm) were inoculated with 50 µl liquid culture and spread in a vertical 

line down the middle of the plate using a sterile loop. Plates prepared for co-

cultures were incubated at room temperature for six days before cross-streaking 

the twelve challenge strains. These were cultured overnight (50 ml A1, inoculated 

from a glycerol cell stock) and inoculated perpendicular to the Salinispora culture 

using a sterile cotton swab. The same cultures were used to prepare three 

monoculture plates for each challenge strain.  
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Table 3.1 Strains used in the co-culture experiments and their corresponding 
accession numbers. 
 
Taxonomy GenBank Accession # 
Salinispora tropica CNY-681 KJ746658.1 
Vibrio sp. CUA-759 KJ732853.1 
Loktanella pyoseonensis CUA-786 KJ732874.1 
Streptomyces sp. CUA-789 KJ732877.1 
Rhodococcus sp. CUA-806 KJ732890.1 
Erythrobacter citreus CUA-812 KJ732894.1 
Alteromonas sp. CUA-818 KJ732900.1 
Psychrobacter sp. CUA-827  KJ732906.1 
Ruegeria lacuscaerulensis CUA-829 KJ732907.1 
Serinicoccus sp. CUA-874 KJ732931.1 
Micrococcus sp. CUA-879 KJ732935.1 
Paracoccus homiensis CUA-883 KJ732939.1 
Pseudoalteromonas sp. CUA-898 KJ732954.1 

 

3.3.2 Organic extracts and sensitivity testing 

Extracts from the S. tropica CNY-681 monoculture, challenge strain 

monocultures, and all co-cultures were generated to compare secondary 

metabolite profiles. For each co-culture, inhibition was defined as the absence of 

challenge strain growth within 5 mm of the CNY-681 colony. Agar from each co-

culture was extracted after either one or two days depending on the growth rate 

of the challenge strain, when growth was confluent, regardless of whether 

inhibition was observed. Approximately 50 ml of agar was extracted from each 

co-culture, corresponding to the approximate volume of the combined zones of 

inhibition from the triplicate plates. The same volume of agar was extracted from 

a corresponding area in monoculture S. tropica plates and from challenge strain 

monoculture plates, as measured by volume displacement. Agar was cut into 
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~0.5 cm2 pieces using a sterile scalpel and combined with approximately 100 ml 

EtOAc in an Erlenmeyer flask, then shaken at 200 rpm for 2 hours. The agar was 

collected by filtration and subjected to a second round of extraction (1 hour) 

using an equal volume of EtOAc. Extracts were dried using rotary evaporation, 

resuspended in ~4 ml EtOAc for transfer to a weighed 8-ml scintillation vial, re-

dried under N2 and weighed to determine the extract weight. 

For each challenge strain, regardless of whether inhibition was observed, 

S. tropica CNY-681 monoculture and co-culture extracts were tested for inhibition 

against the corresponding strain. Sensitivity testing was performed using a disc 

diffusion assay as follows: overnight cultures of each test strain were inoculated 

onto duplicate A1 agar plates using a sterile cotton swab and spread to create a 

lawn. These plates were allowed to air dry for ~30 minutes. Culture extracts and 

one pure compound (lomaiviticin C) were resuspended in MeOH at 5 and 1 

mg/ml, respectively. For each solution, 10 µl was applied to a sterile paper disc 

and the solvent allowed to evaporate for ~15 minutes. A solvent control disc was 

similarly prepared. Each disc was placed onto the lawn using sterile tweezers. An 

antibiotic disc (5 µg ciprofloxacin; BD, Sparks, MD) was used as a positive 

control. 

3.3.3 Time course experiments  

Two time course experiments were conducted to look for differences in 

compound levels over time in S. tropica CNY-681 monocultures. In both 

experiments, monocultures of CNY-681 grown on A1 plates as described above 
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were prepared and extracted over a period of days following initial inoculation. 

The first experiment (Time Course 1) was performed in parallel with the co-

culture (cross-streaking) and challenge strain monoculture experiments. S. 

tropica CNY-681 monocultures were extracted at days 7, 9, 10, 13, 14, 15, 16, 

17, 20, 21, 22, 23, 27, and 29, with day 7 corresponding to the time when the 

challenge strains were added to the plates. The second time-course experiment 

was optimized for the most informative time frame and included three replicate 

plates at each time point. In this case, extractions were performed on days: 4, 7, 

8, 10, 12, 14, and 16. For each extraction, agar from triplicate plates was 

combined and extracted as described above. The extracts were analyzed using 

HPLC and MS/MS molecular networking (see below). 

3.3.4 Vibrio sp. interaction 

The co-cultivation of strain CUA-759 (Vibrio sp.) and S. tropica CNY-681 

was scaled up to investigate the potential presence of an inductive signal 

produced by CUA-759. Monoculture and co-culture agar media plates were 

prepared as described above, with duplicate sets of three plates for each 

condition. In addition to monoculture and co-culture conditions, one duplicate set 

of plates was also tested for induction using a cell-free supernatant from CUA-

759. As before, S. tropica CNY-681 was grown for six days on A1 agar plates. 

On Day 6, one set of plates was cross-streaked from an overnight culture of 

Vibrio sp. CUA-759 as described previously. Cell-free supernatant was prepared 

from the same culture by centrifuging 4 x 1 ml culture at 10000 rpm for 3 
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minutes, then passing the supernatant through a 0.2 µm syringe filter (Whatman). 

From this supernatant, 200 µl was applied to each of three monoculture CNY-681 

plates, using a pipet to distribute the liquid evenly adjacent to the colony growth. 

As before, cultures were allowed to grow for one day so a zone of inhibition could 

be observed and no growth of CUA-759 observed in the plates treated with cell-

free supernatant. Each set of plates was double-extracted with EtOAc and each 

extract tested in a disc-diffusion assay as previously described. Disc-diffusion 

zones of inhibition for each extract (monocultures, co-cultures, and S. tropica 

CNY-681 monocultures treated with CUA-759 cell-free supernatant) were 

measured and compared using a student’s t-test to determine if observed 

differences in zones were significant.  

One set of plates was also extracted using one round of 1:1 MeOH:DCM 

as follows: after shaking for 2 hours, solvent was removed using rotary 

evaporation. Approximately 10 g Amberlite® XAD-7 resin (Sigma), which had 

been washed with MeOH and rinsed three times in in DI H2O, was added to the 

remaining water in the extract and shaken for one hour. The resin was filtered 

into cheesecloth, and the resin-cheesecloth combination added to a flask with 

~100 ml MeOH. This was shaken for one hour and the MeOH collected by 

filtration and dried using rotary evaporation. The dried extracts were 

resuspended in MeOH, transferred to a weighed scintillation vial, and dried under 

N2.  
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3.3.5 HPLC analysis 

All extracts were resuspended in MeOH at 4 mg/ml and run on an Agilent 

1100 HPLC equipped with both UV and evaporative light scattering (ELSD) 

(Shimadzu) detectors. For each sample, 15 µl was injected onto a C18 Kinetex 

column (Phenomenex) with a flow rate of 0.7 ml/min under the following LC run 

conditions: 1–2 min: 10% MeCN (0.1% TFA) in H2O (0.1% TFA), 2–13 min: 10–

100% MeCN (0.1 % TFA), 13–15 min: 100 % MeCN (0.1 % TFA). Both UV and 

ELSD data were analyzed using the program ChemStation (Agilent). UV profiles 

for each peak were compared to an in-house library for possible identification. 

ELSD peaks were matched to corresponding UV peaks, and the peak areas 

were integrated to compare relative compound abundance.  

Analogs of lomaiviticin, the dimeric diazobenzofluorene glycosides with 

cytotoxic activity (He et al., 2001; Kersten et al., 2013; Woo et al., 2012), were 

putatively identified by the comparing retention time and UV spectrum with that of 

the standard lomaiviticin C, and confirmed with tandem mass spectrometry (see 

below). Compounds were identified by comparison with data from authentic 

standards when possible. 

To compare changes in compound production among time course and co-

culture samples, the difference in ELSD peak area and the maximum value seen 

in the time course was divided by the starting value (day 7 of the time course) to 

determine the proportional increase. Values were log-transformed because of the 

large spread of the data. For peak area decreases, values were first converted to 

their absolute values, log-transformed, and then re-converted to a negative 
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value. The circular bar graph and heat map were generated using IPython 

(Oliphant 2007) and the Seaborn (https://stanford.edu/~mwaskom/software/ 

seaborn/index.html) and Bokeh (http://www.bokeh.pydata.org) Python 

visualization libraries. 

Line graphs comparing lomaiviticin and sioxanthin time course ELSD peak 

areas with co-culture values were constructed using data from Time Course 2. 

The mean values and standard deviations for each set of triplicate monoculture 

samples were graphed and the co-culture values added as points on day 7 using 

the IPython visualization library Bokeh (http://www.bokeh.pydata.org). 

3.3.6 LC-MS analysis and MS/MS molecular networking 

All extracts were subjected to chromatographic separation using an 

Agilent 1290 Infinity UPLC system (Agilent). Separations were achieved using a 

flow rate of 0.5 ml/min with a 1.7 µm C18 (50 x 2.1 mm) Kinetex UHPLC column 

(Phenomenex) held at 30oC. Mobile phase gradient was 0-0.5 min 5% B, 0.5-8 

min 5-100% B, 8-11 min 100% B, 11-11.5 min 100-5% B, 11.5-12 min 5% B, 

where solvent A is water with 0.1% formic acid (v/v) and solvent B is acetonitrile 

with 0.1% formic acid (v/v). Metabolite detection was performed on a MicrOTOF 

Q II high-resolution mass spectrometer (Bruker) equipped with an ESI source in 

positive mode with mass range 100-2000 m/z. Before running, the instrument 

was externally calibrated to 1.0 ppm mass accuracy with ESI-L Low 

Concentration Tuning Mix (Agilent). During the run, hexakis (1H,1H,2H-

difluoroethoxy)phosphazene (Synquest Laboratories), m/z 622.029509, was 
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used as an internal calibrant. Instrument parameters were as follows: nebulizer 

gas (N2) pressure, 2 bar; Capillary voltage, 4500 V; ion source temperature, 200o 

C; dry gas 9 L/min; spectra rate, 2 Hz. MS/MS fragmentation of the 5 most 

abundant ions per spectrum was performed with adaptive collision energy and 

acquisition time based on precursor ion properties. With total cycle time of 3 

seconds, ions were actively excluded from reselection after 3 spectra and 

released after 20 seconds. An exclusion list was used to prevent sampling of the 

lock mass. All UPLC-MS analyses were controlled by Hystar and Otof Control 

software packages (Bruker Daltonics). 

 High-resolution MS/MS data were used to generate molecular networks. 

Networks were created for Time Course 1 and co-culture survey samples, and 

for the CUA-759 triplicate co-culture experiment. Raw data files were converted 

to mzXML format and run through the Global Natural Products Social molecular 

networking database (GNPS) (Wang et al. 2016), which also provided the 

following automated description of networking parameters: “A molecular network 

was created using the online workflow at GNPS. The data was filtered by 

removing all MS/MS peaks within +/- 17 Da of the precursor m/z. MS/MS spectra 

were window filtered by choosing only the top 6 peaks in the +/- 50 Da window 

throughout the spectrum. The data was then clustered with MS-Cluster with a 

parent mass tolerance of 2.0 Da and a MS/MS fragment ion tolerance of 0.5 Da 

to create consensus spectra. Further, consensus spectra that contained less 

than 2 spectra were discarded. A network was then created where edges were 

filtered to have a cosine score above 0.7 and more than 6 matched peaks. 
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Further edges between two nodes were kept in the network if and only if each of 

the nodes appeared in each other's respective top 10 most similar nodes. The 

spectra in the network were then searched against GNPS's spectral libraries. The 

library spectra were filtered in the same manner as the input data. All matches 

kept between network spectra and library spectra were required to have a score 

above 0.7 and at least 6 matched peaks.” Networks were visualized using 

Cytoscape (Cline et al. 2007). 

3.4 Results 

3.4.1 Co-culture survey: inhibition and sensitivity 
 

The co-culture survey showed that eight of the 12 strains were inhibited 

when grown with S. tropica CNY-681 (Table 3.2). However, only three of these 

strains were sensitive to organic extracts generated from S. tropica CNY-681, 

suggesting that most of the inhibitory activities detected are not associated with 

lipophilic secondary metabolites. In all three cases, extracts of both the 

monocultures and co-cultures were active, indicating that the activities were not 

induced in response to the interaction. In one case (Vibrio sp. CUA-759) the co-

culture extract created a larger zone of inhibition than the monoculture extract. 

None of the strains were sensitive to lomaiviticin C at 5 mg/ml (Table 3.2).  

3.4.2 Co-culture survey: up regulation 

Known S. tropica compounds lomaiviticin (Fig. 3.1) and sioxanthin (Fig. 

3.2) were identified in all extracts at varying levels and further examined for 

quantitative differences between mono- and co-culture extracts using ELSD data 
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(Fig. 3.3). It was not possible to differentiate between analogs of the lomaiviticin 

family, which includes lomaiviticins A-E (He et al., 2001; Woo et al., 2012), from 

the UV data; however, high-resolution MS/MS data confirmed the presence of 

lomaiviticin C in all mono- and co-culture extracts (Fig. 3.1). While lomaiviticin C 

was not active in the disc diffusion assay when tested at 5 mg/ml, it was up 

regulated in six of the twelve competition experiments (Table 3.2), including all 

three that generated active extracts. Similarly, the carotenoid pigment sioxanthin 

was also up regulated in these same six interactions (Table 3.2). Two of the 

strains that were inhibited in the cross streaking assays yet were not sensitive to 

the Salinispora extracts induced the up regulation of both the lomaiviticins and 

sioxanthin while a third strain (CUA-883) also induced the up regulation of both 

compounds yet was not sensitive in the cross streaking assay (Table 3.2). 
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Table 3.2  Results of the co-culture survey. Each strain was tested for sensitivity 
to S. tropica CNY-681 in the cross-streak assay (X-S) and extracts from the S. 
tropica CNY-681 monoculture (M), co-culture interactions (C), and pure 
lomaiviticin C (L). In the case of Vibrio sp. CUA-759, the co-culture extract 
produced a larger zone of inhibition than the monoculture extract (*). Extracts 
were also analyzed for higher levels of known compounds and two consistently 
up regulated compounds were lomaiviticin (Lom) and sioxanthin (Siox). Red color 
indicates either a positive result for inhibition or compound induction. 
 

 
Inhibition Induction 

Taxonomy X-S M  C L Lom Siox 
Vibrio sp. CUA-759      *       
Loktanella pyoseonensis CUA-786             
Streptomyces sp. CUA-789             
Rhodococcus sp. CUA-806             
Erythrobacter citreus CUA-812             
Alteromonas sp. CUA-818             
Psychrobacter sp. CUA-827              
Ruegeria lacuscaerulensis CUA-829             
Serinicoccus sp. CUA-874             
Micrococcus sp. CUA-879             
Paracoccus homiensis CUA-883             
Pseudoalteromonas sp. CUA-898             
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A. 

 
B. 

 
 
Figure 3.1 Identification of lomaiviticin C in the CNY-681 culture extract. A. 
HPLC spectrum at 450 nm and matching UV traces for sample peak and 
lomaiviticin standard. B. Mirror plot of high-resolution MS/MS fragmentation data 
for the peak seen in the CNY-681 extract (top, black) and the lomaiviticin C 
standard (bottom, green). 
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Figure 3.2  HPLC spectrum at 450 nm and UV trace for sioxanthin, matching that 
described in the literature (Richter et al. 2014).  
 

 
Figure 3.3 ELSD trace of CNY-681 monoculture (blue) and CNY-681 - CUA-786 
co-culture interaction (red) extracts. Peaks corresponding to known compounds 
lomaiviticin and sioxanthin are labeled. 
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3.4.3 Time course experiment 

HPLC data from the co-culture experiments were compared to Time 

Course 1 monoculture extracts using both UV and ELSD detector data. No peaks 

were observed in the co-culture samples that were absent in both the S. tropica 

CNY-681 and challenge strain monoculture extracts. Compound levels in co-

culture extracts were then compared to Time Course 1 monoculture extracts. In 

total, there were twenty distinct peaks seen in the S. tropica CNY-681 

monoculture and at least one co-culture, but not in any of the challenge strain 

monocultures. The time course results showed that six peaks increased in the 

monoculture over time (Fig. 3.4). In comparison, all but two peaks increased in 

the co-cultures. One of the two peaks that increased in the greatest number of 

interactions (7) but not in the time course was identified as the carotenoid 

sioxanthin (Fig. 3.2, Fig. 3.4). Sioxanthin showed the most consistent response 

to co-cultivation, while unidentified peaks at 11.7, 11.9, and 13.1 minutes showed 

the highest fold-increase in production (Fig. 3.5). In >30% of the co-cultures that 

resulted in increased metabolite production, similar levels of production were 

observed over time in the monoculture. Examples of this result include peaks at 

4.3, 4.4, and 4.9 minutes. There were three peaks (at 5.3, 7.6, and 12.7 minutes) 

that decreased over time in the monoculture, while only one peak ever 

decreased in one co-culture (6.8 min, CUA-812) and the decrease was smaller 

compared to the decreases observed in the time course (Fig. 3.5). 
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Figure 3.4 Up regulation results for the monoculture time course and co-culture 
survey. Each wedge of the circle represents one peak in the HPLC traces, 
labeled by retention time (min). The gray peaks increased over time in the 
monoculture while the orange peaks did not. The blue bars represent the number 
of co-culture interactions in which an increase in peak area was observed.  
 

 

 

 

 

 

 

Time course increase 

Yes 

No 

No. interactions with 
observed increase 



95 
 

 
 

 
Figure 3.5 Heat map of log-transformed ELSD peak integration results 
comparing the monoculture time course experiment to each co-culture. Each row 
corresponds to a peak in the HPLC trace. The “CNY-681” column shows the 
maximum peak area seen at any time during the S. tropica monoculture time 
course study. Colors correspond to the fold change in peak area.  
 

A closer comparison for the two identified S. tropica metabolites, 

lomaiviticin and sioxanthin, showed two different patterns of up regulation. In the 

case of lomaiviticin, levels continued to increase in the monoculture after day 7, 

when the co-cultures were extracted. The highest amount was observed at day 

10, when levels approached or exceeded those seen in several co-cultures (Fig. 

3.6). In contrast, sioxanthin levels remained similar throughout the monoculture 

time course, while levels observed in the co-cultures were an order of magnitude 

higher than the monoculture (Fig. 3.7). In two co-cultures (CUA-759 and CUA-
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786) levels exceeded 30,000 mAU*s, compared to the ~1,000 mAU*s observed 

in the monoculture (Fig. 3.7). 

   
 
Figure 3.6 Comparison of lomaiviticin production in co-cultures relative to the S. 
tropica CNY-681 monoculture time course. The x-axis corresponds to the day the 
sample was extracted. The red line shows relative lomaiviticin production at each 
time point in the monoculture. The blue circles at day seven show the relative 
lomaiviticin yields for each of the five co-cultures listed in the legend. Error bars 
represent the standard deviations of the biological replicates. 
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Figure 3.7 Comparison of sioxanthin production in co-cultures relative to the S. 
tropica CNY-681 monoculture time course. The x-axis corresponds to the day the 
sample was extracted. The red line shows relative lomaiviticin production at each 
time point in the monoculture. The blue circles at day seven show the relative 
lomaiviticin yields for each of the five co-cultures listed in the legend. Error bars 
represent the standard deviations of the biological replicates. 

3.4.4 MS/MS networking of co-culture and time course samples 

MS/MS molecular networking provides a rapid method to identify known 

compounds (de-replicate) and visualize differences in the chemistries associated 

with crude microbial extracts. An analysis of the time course and co-culture 
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samples clearly revealed the presence of lomaiviticin and lymphostin analogs in 

some extracts. Lomaiviticin C was present in all time course samples and most 

co-cultures, while lomaiviticin D and an unidentified analog was identified only at 

day 12 and onward and lomaiviticin E only seen at days 14 and 16 (Fig. 3.7). The 

lymphostin pyrroloquinone alkaloids are potent immunosuppressants, many of 

which are produced by S. tropica (Miyanaga et al., 2011). Neolymphostins A and 

D were identified along with an unidentified analog, with neolymphostin D seen in 

most monoculture time points and several co-cultures and neolymphostin A seen 

only at day 15 and onwards (Fig. 3.8). The unidentified analog was seen at day 

14 and onwards. 
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Figure 3.8 Two molecular families from the MS/MS molecular network generated 
from all Time Course 1 and corresponding co-culture interaction extracts. Nodes 
are labeled with parent ion mass, compound identity if known, and in which 
monoculture and interactions they were observed. Purple nodes were seen in at 
least one co-culture interaction while blue nodes were seen only in monocultures. 
A. Three of the four nodes matched known lomaiviticin analogs in the GNPS 
database while the fourth likely represents a related and yet to be identified 
lomaiviticin analog. B. Two of the three nodes matched known lymphostin 
analogs in the GNPS database while the third likely represents a related and yet 
to be identified lymphostin analog. 
 

Additionally, there were two molecular families (clusters of nodes) seen 

exclusively in co-culture extracts (Fig. 3.9). The nodes in cluster 1 were 

associated largely with two co-culture interactions, those with Paracoccus 

homiensis CUA-883 and Psychrobacter sp. CUA-827. The cluster 2 nodes were 

observed almost entirely when S. tropica CNY-681 was co-cultured with 

Lomaiviticin E 
D15 and D16 
No co-cultures 

Lomaiviticin C 
Most days 
Most co-cultures 

Unknown 
D14-onward 
No co-cultures 

Lomaiviticin D 
D14-onward  
CUA-833 co-culture 

Neolymphostin D 
Most days, most co-cultures Unknown 

D7-onward  
Three co-cultures: 
Rhodococcus sp. CUA-806, 
Alteromonas sp. CUA-818, 
Pseudoalteromonas sp. CUA-898 

Neolymphostin A 
Day 15-onward  
Rhodococcus sp. CUA-806 co-culture 

A. 

B. 



100 
 

 
 

Pseudoalteromonas sp. CUA-898 (Table 3.3). Efforts are currently underway to 

isolate and identify these compounds.  

 

Figure 3.9 Two molecular families from the MS/MS molecular network generated 
from all Time Course 1 and corresponding co-culture interaction extracts. The 
red color of the nodes indicates they were only observed in co-culture extracts. 
Each node is labeled with its m/z value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cluster 1 

Cluster 2 
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Table 3.3 Parent ions seen in each of the two clusters containing nodes 
associated only with co-culture extracts. For each m/z value, the corresponding 
co-culture sample(s) are listed as well as the maximum precursor ion intensity 
value, which provides a relative abundance value for each ion. 
 

Cluster  m/z Co-culture samples 
Max. precursor 

intensity 
1 409.344 CUA-883, CUA-827 95008 
1 423.359 CUA-883, CUA-827 214968 
1 465.407 CUA-883, CUA-827 90540 
1 381.314 CUA-883, CUA-827 134796 
1 437.377 CUA-883, CUA-827 817368 
1 323.785 CUA-883, CUA-827 108980 
1 271.159 CUA-883 68236 
1 270.222 CUA-883, CUA-827 522944 
1 269.138 CUA-827, CUA-759, CUA-789 60804 
1 491.458 CUA-827, CUA-786 49776 
1 479.394 CUA-883 62712 
1 453.37 CUA-883, CUA-827 129024 
1 403.262 CUA-827 434016 
2 400.303 CUA-898 391348 
2 399.295 CUA-898 442096 
2 378.288 CUA-898, CUA-827 52824 
2 428.3 CUA-898 2175610 
2 429.308 CUA-898, CUA-806 1558650 
2 415.29 CUA-898 1052790 
2 414.283 CUA-898 302116 
2 413.324 CUA-898 163136 
2 385.279 CUA-898 113900 
2 442.315 CUA-898 525632 

 
 

3.4.5 Vibrio sp. co-culture 

Results from the co-culture survey showed a greater zone of inhibition 

produced by the co-culture extract as compared to the monoculture extract for 

Vibrio sp. CUA-752 (Table 3.2). Repeating the experiments in triplicate confirmed 

these results, with significantly greater antibiotic activity in the co-culture extract 
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as compared to the S. tropica CNY-681 monoculture (p=0.008) (Fig. 3.10, 3.11). 

A smaller increase in activity was also seen in extracts treated with a cell-free 

supernatant, although those effects were not significant (p=0.09) (Fig 3.10, 3.11).  

 

Figure 3.10  Disc-diffusion assay showing zones of inhibition from extracts of S. 
tropica CNY-681 monoculture, CNY-681 co-cultured with CUA-759, and CNY-
681 monoculture with CUA-759 cell-free supernatant added. In this case the 
monoculture and cell-free supernatant treatment extracts showed similar levels of 
inhibition while the co-culture zone was noticeably larger. 
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Figure 3.11  Results of monoculture, co-culture, and cell-free supernatant extract 
sensitivity tests (n=4) for Vibrio sp. CUA-759. Mono = monoculture, ZOI = co-
culture zone of inhibition, Sup = CNY-681 + CUA-759 cell-free supernatant. 
 
 

HPLC data from the CUA-759 co-culture experiment showed no peaks 

that were unique to the co-culture. However, the MS/MS molecular network 

produced two molecular families containing nodes that were seen exclusively in 

the co-culture and supernatant addition treatments (Fig. 3.12). 

Av
er

ag
e 

ZO
I r

ad
iu

s 
si

ze
 (c

m
) 

Extract 



104 
 

 
 

 
Figure 3.12  Two molecular families from the MS/MS molecular network created 
from the triplicate CUA-759 co-culture experiment. These molecular families 
contain nodes seen only in the co-culture interaction, as well as nodes seen in 
both the co-cultures and the cell-free supernatant treatments.  
 

The MeOH:DCM extraction of CNY-681 - CUA-759 co-cultures and cell-

free supernatant addition to CNY-681 plates yielded generally less informative 

results; for instance, lomaiviticin was not identified in any of the samples. 

However, the siderophore desferrioxamine E was identified in the co-culture and 

cell-free supernatant treatment (Fig. 3.13). In the molecular network, it clustered 

with two other unidentified nodes also seen only in the two treatment conditions. 
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Figure 3.13  Molecular family from the MS/MS molecular network created from 
the CUA-759 co-culture experiment extracted with MeOH:DCM. One of the 
nodes was identified as the siderophore desferrioxamine E.  

 

3.5 Discussion 

There has been increased interest in the natural products community in 

using co-culture as a means of inducing novel compound production, or 

increasing the yield of known compounds (Bertrand et al., 2014; Rutledge & 

Challis, 2015; Scherlach & Hertweck, 2009). Proponents draw on a growing body 

of research showing that adding biotic competitors or antagonists to standard 

culture conditions can alter the secondary metabolome of producers (Briand et 

al., 2016; Dashti et al., 2014; Onaka et al., 2011; Paul et al., 2013; Paz-Yepes et 

al., 2013; Trischman et al., 2004). However, little is known about the specific 
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interaction dynamics that lead to induction, or how it relates to simple concepts 

like nutrient depletion. In this study, we examined whether secondary metabolite 

production in S. tropica can be induced in co-culture. We further examined if 

induction was linked to nutrient depletion by determining if induced levels of 

production were achieved in monoculture over time.   

S. tropica produces several bioactive secondary metabolites, including the 

potent anticancer compound salinosporamide A. However, of the compounds 

isolated to date from this species, none have potent antibiotic activity. 

Furthermore, recent genomic analyses have shown that ten out of eighteen 

biosynthetic gene clusters in the S. tropica genome have no known product (data 

not shown). Combined with prior evidence that this species has the capacity to 

inhibit co-occurring bacteria (Patin et al., 2016), it was a prime candidate to study 

co-culturing as a means of inducing secondary metabolite production. 

The survey of environmental isolates showed that only three out of the eight 

strains that were inhibited in the cross-streak assays were sensitive to culture 

extracts (Table 3.2). This suggests that five of the strains were inhibited by 

nutrient depletion, or by compounds that were not extracted with the solvents 

used. A comparison of mono- and co-culture extracts revealed that many 

interactions contained higher levels of two known S. tropica compounds, the 

cytotoxic glycoside lomaiviticin and the carotenoid pigment sioxanthin, which 

gives Salinispora spp. its characteristic orange color. Both compounds were up 

regulated in several interactions, including one in which the test strain was not 

inhibited by a live culture (Table 3.2). Notably, lomaiviticin levels increased over 
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time in the monoculture, peaking around 10 days after plate inoculation (Fig. 3.6). 

The maximum levels seen in the monoculture approached those seen in co-

cultures, and in some cases exceeded them. This suggests that the apparent 

induction may not be linked to any specific signals received by the Salinispora 

strain but instead by an increase in the rate at which nutrients are depleted from 

the media. Thus, co-culturing may in effect speed up the growth cycle of the 

strain by increasing the rate at which available sources of carbon, nitrogen, 

phosphorous, and micronutrients are removed. The absence of antibiotic activity 

by lomaiviticin also supports the idea that increased production is a general 

stress response to nutrient depletion or other changes to the medium conditions 

produced by co-cultures. However, this pattern was not seen for sioxanthin, 

which was present in several co-cultures at concentrations an order of magnitude 

higher than those of the monoculture (Fig. 3.7). This is compelling evidence for 

up regulation of the carotenoid pigment only in the presence of other bacteria.  

Results from the time course experiments revealed a complex response in 

the secondary metabolome with respect to time. Six of the twenty distinct peaks 

in the HPLC trace increased with time in the monoculture, which matches what is 

known about actinomycete growth cycles and secondary metabolite production 

(van Wezel & McDowall, 2011; Zhu et al., 2014). All of these peaks also 

increased in at least one co-culture (Fig. 3.4), suggesting that chemical signaling 

or complex biotic interactions are not the cause of induction in many co-culture 

studies. Assuming nutrient or trace element depletion is responsible for higher 

compound production in many cases, then different growth rates and 
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micronutrient requirements among the co-culture test panel may also explain the 

varied results in up regulation. Interestingly, in the cases of lymphostin and 

lomaiviticin, different analogs were produced later in the time course (Fig. 3.7 

and 3.8), which may also contribute to the increase in peak areas seen in the 

HPLC and ELSD traces.  

We were interested in determining the source of antibiotic activity seen in 

three cases. Lomaiviticin C was eliminated as a candidate since it was inactive in 

all of the sensitivity tests. The carotenoid sioxanthin was among the compounds 

that did not increase with time, but did show the most dramatic increase in the 

co-cultures (Fig. 3.3, 3.4). Although carotenoids are generally thought of as 

protective antioxidant compounds, there is precedence in the literature for 

pigments with antimicrobial activity, including carotenoids like the 

Staphylococcus aureus carotenoid staphyloxanthin (Baron & Rowe, 1981; Liu et 

al., 2005; Liu & Nizet, 2009). Unfortunately, sioxanthin was not available for 

sensitivity testing, so we were unable to confirm the presence or absence of 

antibiotic activity for this compound. Experiments testing for inhibition by albino 

strains of S. tropica would support the hypothesis that sioxanthin has antibiotic 

properties. However, there were several other unidentified peaks seen in the 

HPLC trace, most of which had uninformative UV traces. Attempts were made at 

bioassay-guided fractionation of a large-scale CNY-681 fermentation to identify 

the antibiotic agent, but activity was lost through the fractionation process (data 

not shown). Further isolation work is necessary to determine which peak out of 



109 
 

 
 

the complex crude extract corresponds to the compound or compounds 

responsible for the observed antibiotic activity. 

The difference in activity between mono- and co-culture extracts against 

Vibrio sp. CUA-759 provided an opportunity to more closely examine the 

possibility of up regulation, as well as a potential inductive signal produced by the 

Vibrio sp. Adding a cell-free supernatant from the Vibrio sp. liquid culture 

produced extracts that were, on average, more active than monoculture extracts, 

although the results were not significant (Fig. 3.10, 3.11). If CUA-759 produces a 

chemical cue that induces the same up regulation response as a live co-culture, 

it may only do so on solid media rather than liquid. Future experiments in liquid 

culture using two-chambered setup separated by a membrane could determine 

the nature of the signal, assuming a similar up regulation response is observed in 

liquid culture. MS/MS molecular networking produced two clusters with candidate 

masses for ions unique to the co-culture extracts (Fig. 3.12). None of the parent 

masses were similar to known Salinispora metabolites, making them interesting 

candidates to reproduce and identify in future studies. 

As an aside, the MeOH:DCM extract yielded an additional piece of 

information not provided by the EtOAc extracts. The siderophore desferrioxamine 

E, which S. tropica is known to produce (Roberts et al., 2012), was identified only 

in the CUA-759 co-culture and cell-free supernatant treatment extracts (Fig. 

3.13). It is unlikely to be responsible for the antibiotic activity because the 

monoculture extracts also inhibited CUA-759; however, its production appears to 

be produced due to a chemical signal present in the Vibrio sp. culture, not to 
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nutrient depletion. This result also highlights the fact that different extraction 

techniques can yield different compounds and a range of extraction methods 

may therefore be necessary to determine the identity of the antibiotic.  

In conclusion, this study showed that co-culturing S. tropica with 

ecologically relevant bacteria leads to up regulation of certain compounds. 

However, many of the observed increases are likely due to nutrient depletion 

rather than a chemical signal from the challenge strain. Furthermore, the results 

varied widely among the test panel of strains, proving there is no “one-size-fits-

all” chemical response by S. tropica to microbial challengers. Deep amplicon 

sequencing has uncovered incredible diversity at the community level (Eloe-

Fadrosh et al., 2016), and genome sequencing has shown strain-specific 

secondary metabolism diversity within actinomycete species (Ziemert et al., 

2014). The observed variability in up regulation adds another layer to this 

diversity by showing that a single strain can respond to biotic competitors in 

many different ways that are specific to the competitor as well as the secondary 

metabolite. This strain-level plasticity provides further opportunities for secondary 

metabolite discovery and a deeper understanding of the function of known 

metabolites.  
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Effects of actinomycete secondary metabolites on sediment microbial 

communities 
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4.1 Abstract 

Marine sediments harbor bacteria that produce antibiotics and other 

bioactive secondary metabolites. However, little is known about how these 

compounds affect microbial community structure. Moreover, sediment microbial 

diversity remains poorly studied relative to other marine biomes such as 

seawater. In this study, we used next-generation amplicon sequencing to assess 

native microbial community composition in shallow tropical marine sediments. 

The results revealed complex communities comprised of largely uncultured taxa, 

with considerable spatial heterogeneity and known antibiotic producers 

comprising only a small fraction of the total diversity. Organic extracts from 

cultured strains of the sediment dwelling actinomycete genus Salinispora were 

then used in mesocosm studies to address how secondary metabolites shape 

sediment community composition. We identified several taxa of predatory 

bacteria that were consistently depleted in the extract treated sediment 

communities suggesting they may be the targets of allelopathic interactions. We 

tested cultured representatives from these taxa for sensitivity to the extracts and 

found general agreement with the culture-independent results. Conversely, 

several taxa were enriched in the extract-treated mesocosms suggesting that 

some taxa benefit from the interactions. The results provide the first evidence 

that bacterial secondary metabolites have complex and significant effects on 

sediment bacterial communities. 
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4.2 Introduction 

Ocean sediments represent one of Earth’s largest biomes, yet we know 

relatively little about microbial diversity and function in these habitats. While 

extensive sequence data has been obtained from the Global Ocean Survey 

(Venter et al. 2004, Rusch et al. 2007), Tara Oceans (Sunagawa et al. 2015), 

and the International Census of Marine Microbes (ICoMM) (Amaral-Zettler et al. 

2010), these efforts have been heavily biased in favor of water column samples. 

By comparison, marine sediments remain poorly studied in terms of microbial 

taxonomic and functional diversity (Zinger et al. 2011). Ocean sediments harbor 

microbial cell counts that can exceed that of seawater by three orders of 

magnitude (Llobet-Brossa et al. 1998, Musat et al. 2006, Sander and Kalff 1993, 

Boer et al. 2009, Findlay, King, and Watling 1989), with diversity estimates 

consistently among the highest of all studied environments (Torsvik, Øvreås, and 

Thingstad 2002, Lozupone and Knight 2007). These communities include 

members of phyla Planctomycetales, Firmicutes, and Verrucomicrobiales (Musat 

et al. 2006, Boer et al. 2009, Boehm, Yamahara, and Sassoubre 2014), which 

are at most minor components of seawater communities. Microbial diversity in 

marine sediments has been shown to vary with environmental parameters such 

as seasonality (Boer et al. 2009) and anthropogenic contamination (Sun et al. 

2013, Kostka et al. 2011, Newton et al. 2013), however the main drivers of 

community composition remain largely unknown (Boer et al. 2009, Newton et al. 

2013). The structured nature of sediments provides opportunities for 

microenvironments in which bacteria interact and compete using mechanisms 
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such as the production of allelopathic secondary metabolites. While such 

competitive interactions have been addressed with marine bacteria (Long and 

Azam 2001, Patin et al. 2016), it remains unknown how competitive interactions 

structure sediment bacterial communities. 

The competitive strategies employed by bacteria range from rapid growth 

and mineral chelation to the production of allelopathic secondary metabolites 

(Hibbing et al. 2010, Abrudan et al. 2015, Kinkel et al. 2013). In a few well-

studied examples, such as the production of antibiotics by symbionts to protect 

their host from pathogens (Gil-Turnes, Hay, and Fenical 1989, Oh et al. 2009), 

the ecological functions of antagonistic compounds are known. Similarly, 

allelopathic bacteria in suppressive soils and the plant rhizosphere play important 

roles in plant survival and health (Barazani and Friedman 1999, Mendes et al. 

2011). In the marine environment, bacterial antagonism is widely recognized to 

occur and thought to be more frequent among particle- and surface-associated 

than free-living bacteria (Long and Azam 2001, Burgess et al. 1999, Wietz et al. 

2013). Antibiotic production in seawater is known to be more prevalent among 

taxa like the Gammaproteobacteria (Long and Azam 2001, Burgess et al. 1999, 

Rypien, Ward, and Azam 2010) and can define ecologically distinct populations 

(Cordero et al. 2012). However, the role of antibiotics in competition remains 

poorly understood (Hibbing et al. 2010, Cordero et al. 2012, Vaz Jauri et al. 

2013), with even less known about how these compounds structure microbial 

communities.  
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Bacteria in the order Actinomycetales constitute a minor component of 

sediment communities (Zinger et al. 2011, Musat et al. 2006, Gaidos, Rusch, and 

Ilardo 2011, Gobet et al. 2012, Wang et al. 2012, Aravindraja et al. 2013, Duncan 

et al. 2014, Mincer, Fenical, and Jensen 2005), yet decades of culturing efforts 

have shown that they persist in most well sampled sediments (Basilio et al. 2003, 

Dalisay et al. 2013, Jensen et al. 2005, Cross 1989). These bacteria are well-

known for secondary metabolite production (Bérdy 2005) and their mycelial 

growth form creates the potential for the formation of large networks (Krsek et al. 

2000) that have yet to be spatially characterized. Antibiotic production in 

actinomycetes has been linked to nutrient sensing and morphological 

differentiation (Rigali et al. 2008) and their biosynthetic potential is much larger 

than lab observations suggest (Doroghazi and Metcalf 2013, Ziemert et al. 2014). 

While the natural cues that trigger the production of most secondary metabolites 

remain unknown, many of these compounds are potent antibiotics and thus have 

the potential to affect members of the community with which they interact.  

The marine actinomycete genus Salinispora provides a useful model to 

address the ecological roles of bacterial secondary metabolites. It is comprised of 

three named species, S. arenicola, S. tropica, and S. pacifica (Maldonado et al. 

2005, Ahmed et al. 2013), which are well-delineated despite sharing 99% 16S 

rRNA gene sequence identity (Freel, Millan-Aguinaga, and Jensen 2013). 

Notably, it is a rich source of secondary metabolites (Jensen, Moore, and Fenical 

2015) which have proven to be key phenotypic (Jensen et al. 2007) and 

genotypic (Ziemert et al. 2014) features that differentiate the species. Secondary 
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metabolism also distinguishes the competitive strategies employed by S. 

arenicola and S. tropica; in particular, the production of rifamycin antibiotics by S. 

arenicola contributes to its broad inhibitory capacity as compared to the faster-

growing S. tropica (Patin et al. 2015). With ~10% of the genome of S. arenicola 

devoted to secondary metabolism (Ziemert et al. 2014, Penn et al. 2009) and the 

potent bioactivity of its natural products, this species was an obvious choice to 

explore the effects of secondary metabolites on the sediment microbial 

community.  

In this study we tested the hypothesis that secondary metabolites from 

marine sediment-dwelling bacteria affect microbial community composition. The 

first goal was to assess microbial community composition in shallow tropical 

sediments using next-generation sequencing technology. We then tested for 

shifts in this baseline community following exposure to S. arenicola secondary 

metabolites in a series of mesocosm experiments. Finally, we used cultured 

strains to corroborate the culture independent findings that certain taxa were 

consistently depleted in the treated mesocosms. 

4.3 Methods 

4.3.1 Sediment collection 

Six sediment samples (upper 1-2 cm layer) from within a 1-m2 area were 

collected by hand in sterile Whirl-Pak bags (Nasco) in August 2014 from a reef 

flat off Viti Levu, Fiji (Votua Reef; 18°13.049'S, 177°42.968'E) and transported to 
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a nearby field station. Five samples (S1-S5) were immediately frozen at -20°C. 

The sixth sample (S6) was used to establish the mesocosm experiments. 

4.3.2 Sediment processing and DNA extraction 

Samples S1-S5 were transported on dry ice back to the Scripps Institution 

of Oceanography, were they were kept frozen until DNA was extracted using a 

combined chemical and physical lysis protocol as previously described (52). 

Briefly, ca. 1 g wet sediment was combined with 10% SDS and sodium 

phosphate buffer in a tube containing ceramic beads and subjected to vigorous 

bead beating using a Fast-Prep instrument. The supernatant was combined with 

sodium acetate (pH 5.3) before undergoing a phenol:chloroform:isoamylalcohol 

(25:24:1) partition. The aqueous layer was column-purified twice using spin 

columns (Qiagen) and the final product re-suspended in 100 µl TE buffer (pH 8).  

4.3.3 Library preparation and sequencing 

DNA samples were diluted to 4 ng/µl and used as the template for 16S 

rRNA gene amplification with the following primers: B341F – 

CCTACGGGNGGCWGCAG, B785R - GACTACHVGGGTATCTAATCC  

(Klindworth et al. 2013) modified with Ion Torrent adaptor sequences and 

barcodes specific to the individual sample. An initial PCR was performed in 

quadruple 25 µl reactions with the following components: 13.3 µl mQ H2O, 2.5 µl 

10X HiFi Buffer, 1 µl dNTPs (4 mM), 0.8 µl BSA, 0.8 µl MgSO4 (50 mM), 1.25 µl 

B341F, 1.25 µl B785R, 0.1 µl Platinum Taq Hi-Fi (Invitrogen), 4 µl DNA. 

Thermocycling conditions were 94°C for 1 min, followed by either 16, 20, 24, or 



124 
 

 
 

30 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 1 min, followed by final 

extension at 68°C for 1 min. Each reaction was run on a 0.9% agarose gel and 

the minimum cycle number necessary for sufficient amplification was visually 

assessed. A subsequent PCR was run in triplicate for each sample using the 

predetermined minimum cycle number under the conditions previously described. 

The replicate PCR products were combined and purified on a 0.9% agarose gel 

with a gel extraction kit according to the manufacturer’s instructions (Qiagen). 

Sets of six samples were combined in equal concentration for multiplexed Ion 

Torrent sequencing.  

The Ion PGM™ Hi-Q OT2 kit (Thermo Fisher Scientific) was used for 

sample preparation with the Ion OneTouchTM 2 System with a modified 

thermoprofile that included extended cycling parameters for longer extension 

times and an increased denaturation temperature. Sequencing was performed 

using an Ion Torrent Personal Genome Machine with the Ion PGM™ Hi-Q 

Sequencing Kit (Thermo Fisher Scientific), according to standard protocol, on a 

318v2 sequencing chip (Thermo Fisher Scientific). Sequence data for each 

sample were retained if at least 100,000 reads were generated (Table 4.1). All 

sequence data from this study were submitted to the NCBI Sequence Read 

Archive (SRA) under BioSample Accession number SAMN0540821. 
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Table 4.1. Samples analyzed for community diversity and their corresponding 
time point (for mesocosm samples), replicate number, and number of reads 
generated. Sample names indicate the extract source for mesocosm samples, 
either CNY-679 (‘679’), CNS-820 (‘820’), or media (‘M’). S1 through S5 are native 
sediments. 
 

Sample Time point Replicate # sequences 
679.0.1 T0 1 367508 
679.0.2 T0 2 121261 
679.0.3 T0 3 207877 
679.0.4 T0 4 111008 
679.0.5 T0 5 206314 
679.3.1 T3 1 138545 
679.3.2 T3 2 172530 
679.3.3 T3 3 107687 
679.3.4 T3 4 189169 
820.0.1 T0 1 183789 
820.0.2 T0 2 198727 
820.0.3 T0 3 338532 
820.0.4 T0 4 319958 
820.3.1 T3 1 416886 
820.3.2 T3 2 203271 
820.3.3 T3 3 823814 
M.0.1 T0 1 185386 
M.0.2 T0 2 126170 
M.0.3 T0 3 369873 
M.0.4 T0 4 278819 
M.0.5 T0 5 130719 
M.3.1 T3 1 200643 
M.3.2 T3 2 115583 
M.3.3 T3 3 185831 
M.3.4 T3 4 138238 
M.3.5 T3 5 378272 

S1 n/a 1 149846 
S2 n/a 2 131488 
S3 n/a 3 127897 
S4 n/a 4 114819 
S5 n/a 5 107714 
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4.3.4 Sequence data processing 

Raw sequence data was de-multiplexed and quality filtered using the 

Quantitative Insights Into Microbial Ecology (QIIME) software (Caporaso et al. 

2010). Reads were filtered under the following parameters: average QC score of 

28, no homopolymers longer than 6 bases, and no primer mismatches. 

Sequences were clustered into OTUs at 99% identity using uclust and taxa 

assigned using PyNast (Caporaso et al. 2010) with the most current Silva 

database (Quast et al. 2013). The resulting OTUs were analyzed for alpha and 

beta diversity using QIIME. All Principal Coordinates Analysis (PCoA) plots were 

generated using the unweighted Unifrac metric in EMPeror (Vazquez-Baeza et 

al. 2013).  

4.3.5 Mesocosm experimental setup 

S. arenicola strains isolated from the Mexican Caribbean (CNY-679) and 

Fiji (CNS-820) (NCBI SRA numbers SRP054153 and SRP054138, respectively) 

were selected to generate organic extracts for the mesocosm studies. Each 

strain was cultured in 1 L autoclaved A1M1 medium (5 g starch, 2 g yeast 

extract, 2 g peptone, 22 g Instant Ocean, 1 L deionized water; hereafter “A1M1”). 

Strains were inoculated from frozen cultures into 25 mL A1M1, scaled up to 1 L, 

and extracted using 1 L ethyl acetate after 10 days of growth at room 

temperature with shaking at 200 rpm. The organic phase was separated and 

concentrated to dryness under vacuum using rotary evaporation. An un-

inoculated A1M1 medium control extract was similarly prepared. Culture and 
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media control extracts were re-suspended in methanol, filtered (0.2 µm 

Whatman) and added to 20 mL scintillation vials that were first autoclaved for 30 

min and then UV-sterilized for 10 minutes to degrade residual DNA. The amount 

of extract added was equivalent to that obtained from 20 mL of culture or un-

inoculated media (Table S2). The solvent was evaporated under N2 and the vials 

capped and transported to the experimental site. 

Within 1 h of collection, approximately 3 g of sediment sample S6 and 3 mL 

sterile-filtered (0.2 µm) seawater were added to vials that contained either 

treatment (Salinispora culture extract) or A1M1 media control extracts. Final 

extract concentrations for each vial were between 0.25 and 0.3 mg/mL for the S. 

arenicola treatments and 0.1 mg/mL for the media controls (Table 4.2). Vials 

were loosely capped to ensure gas exchange and incubated at room temperature 

(~25°C). 

Table 4.2. Organic extract yields and final concentrations in the mesocosm 
experiments. The quantity of extract added to each mesocosm vial was 
equivalent to that obtained from 20 mL of culture or culture media. 
 

Sample 
Volume 

(L) 
Extract 

mass (mg) 
20-ml equivalent 

mass (mg) 

Mesocosm 
concentration 

(mg/mL) 
S. arenicola CNY-679 1 92 1.84 0.307 
S. arenicola CNS-820 1 77 1.54 0.257 
Sterile media 1 32 0.64 0.107 

 

4.3.6 Mesocosm sample processing and data analysis 

Five replicate treatment mesocosms containing extracts from each of the 

two Salinispora species and five media extract controls were frozen (-20°C) 

immediately following the addition of the sediment and seawater to the vials (0 h; 
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‘T0’), and again after 6 h, 24 h, 72 h, and 5 days (‘T1-T4’). All mesocosm 

samples were processed as described above for the native sediment samples 

including processing using QIIME.  

To characterize differences in community composition between treatments 

and controls, the LDA Effect Size (LEfSe) algorithm was used (Segata et al. 

2011) (https://huttenhower.sph.harvard.edu/galaxy/root). The results from the five 

replicate native (untreated) sediment samples (S1-S5) were combined to assess 

microbial diversity at the sampling site. 

The mesocosm samples were classified as either ‘control’ or ‘Arenicola,’ 

and a subgrouping within ‘Arenicola’ as either ‘CNY-679’ or ‘CNS-820’ to 

designate the appropriate strain. Mesocosm communities were considered 

significantly affected by the treatments (either enriched or inhibited) if the alpha 

value for either the factorial Kruskal-Wallis test (class level) or the pairwise 

Wilcoxon test (subclass level) was ≤0.05 The threshold on the logarithmic LDA 

score for discriminative features was 2.0. The strategy for multi-class analysis 

was all-against-all. The LEfSe results were visualized using GraPhlAn (Asnicar et 

al. 2015). Box plots for each significantly affected taxon were generated using 

IPython and the Python visualization library Seaborn (http://stanford.edu/ 

~mwaskom/software/seaborn/).  

A Mann-Whitney U-test was performed to test for significant differences in 

the cyanobacterial components of the mesocosm T0 communities and the native 

sediments. Cyanobacteria community percentages from all mesocosm T0 

samples were grouped together and compared to all native sediment samples 
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using the SciPy stats library in IPython (Oliphant 2007). The same test was used 

to determine difference in alpha-diversity measurements as represented by the 

number of OTUs observed in the S. arenicola treatment mesocosms and the 

media control mesocosms. 

4.3.7 Bacterial sensitivity assays 

Ten bacterial strains were selected to test for sensitivity to S. arenicola 

culture extracts based on their relationship to taxa that were significantly affected 

in the mesocosm studies. Eight of these strains were isolated from tropical 

sediments as part of a previous study (Patin et al. 2015) and grown on A1 agar 

media (10 g starch, 4 g yeast extract, 2 g peptone, 22 g Instant Ocean, 16 g 

agar, 1 L deionized water; hereafter “A1”). Myxococcus xanthus DK1622 

(GenBank Accession Number CP000113) was kindly provided by Prof. Rolf 

Mueller (Saarland University) and grown on CTT agar (Bretscher and Kaiser 

1978) and Saprospira grandis (ATCC® 23124™) was purchased from the ATCC 

and grown on RL1 agar (2 g yeast extract, 3 g peptone, 0.5 g KNO3, 1 mL Trace 

Elements (H3BO3 2.85 g, MnCl2*4H2O 1.8 g, FeSO4 1.36 g, sodium tartrate 1.77 

g, CuCl2*2H2O 26.9 mg, ZnCl2 20.8 mg, CoCl2*6H2O 40.4 mg, Na2MoO4*2H2O, 

25.2 mg, DI H2O 1 L), 5 mL vitamin B12, 16 g agar, 1 L filtered seawater; pH 7).  

 All of the above strains were tested for sensitivity to extracts of S. 

arenicola strains CNY-679 and CNS-820 generated as previously described. The 

extracts were tested at 1 and 10 mg/mL in methanol by applying 10 µL to paper 

discs, allowing the solvent to evaporate, and placing the discs onto petri plates 
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containing agar seeded with the test strains. These plates were prepared using 

50 mL A1 containing 0.8% agar, which was cooled to 65°C before adding 5 mL 

overnight culture of the test strain. All tests were performed in triplicate and 

included solvent only and ciprofloxacin (5 µg) (Fisher Scientific) controls. Results 

were checked for 1-4 days depending on the growth rate of the strain and activity 

reported as the diameters of zones of clearing around each disc. 

4.3.8 MS/MS molecular networking 

Extracts were dissolved in MeOH at a final concentration of 1.0 mg/mL and 

injected onto an Agilent 6530 Accurate-Mass Q-TOF spectrometer coupled to an 

Agilent 1260 LC system. The gradient LC conditions were 1–5 min (10% MeCN 

in H2O), 5–26 min (10–100% MeCN), 26–30 min (100% MeCN) all run with 0.1 % 

TFA on a Phenomenex Kinetex C18 reversed-phase HPLC column (2.6 mm, 100 

× 4.6 mm). The divert valve was set to waste for the first 5 min. Q-TOF MS 

settings were as follows: positive ion mode mass range 300–2500 m/z, MS scan 

rate 1/s, MS/MS scan rate 5/s, fixed collision energy 20 eV; source gas 

temperature 300°C, gas flow 11 L/min, nebulizer 45 psig, scan source 

parameters: VCap 3000, fragmentor 100, skimmer1 65, octopoleRFPeak 750. 

The MS was auto-tuned using Agilent tuning solution in positive mode before 

each measurement. LC (DAD) data were analyzed with ChemStation software 

(Agilent) and MS data were analyzed with MassHunter software (Agilent). High-

resolution MS/MS data were used to generate molecular networks. The Global 

Natural Products Social molecular networking database (GNPS) (Wang et al. 
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2016) dereplication tool was used to identify known compounds with a cosine 

value cutoff of 0.6 and to format MS/MS data for network visualization in 

Cytoscape (Cline et al. 2007). Network nodes with parent ions matching known 

compounds in the database are listed in Table 4.3. 

Table 4.3. Ions in the S. arenicola culture extracts with matches to known 
compounds in the GNPS database. The table was generated by GNPS using 
MS/MS data from the three extracts used in the mesocosm experiments and 
edited for clarity. 
 

Extract LibraryID # of spectra Parent mass 
CNY-679, CNS-820 Staurosporine 8 483.203 
CNY-679, CNS-820 Staurosporine 12 467.203 
CNS-820 Staurosporine 3 439.176 
CNY-679 Rifamycin W 3 706.283 
CNY-679, CNS-820 Rifamycin W 6 662.258 
CNY-679, CNS-820 Saliniketal A 9 408.236 
CNY-679 Saliniketal B 3 364.209 

 

4.4 Results 

4.4.1 Sediment communities 
 

Five replicate sediment samples were collected from a 1m2 sand patch at a 

depth of 1 m on a reef slope area off Viti Levu, Fiji. Bacterial diversity was 

assessed using next generation 16S rRNA amplicon sequencing and found to be 

consistently high, ranging from 12,400 to 13,600 OTUs at 99% sequence identity 

with no sign of saturation in the rarefaction curves (Fig. 4.1). The phylum level 

diversity in four of the five samples (S2-S5) was highly consistent while sample 

S1 was enriched in Firmicutes (6.9% compared to under 0.5% on average for 

S2-S5) and reduced in Cyanobacteria (6.2% compared to on average 27%) 
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relative to the other samples (Fig 4.1). Sample S1 also had more 

Verrucomicrobia (5.1% compared to 1.6%). On average for all samples, 

approximately 40% of the bacterial community was comprised of Proteobacteria, 

with Gamma- and Alphaproteobacteria representing the largest subphyla (data 

not shown). Other well-represented phyla included Cyanobacteria (22.8%), 

Planctomycetes (11.0%), Bacteroidetes (6.3%), and Actinobacteria (5.6%). The 

archaeal phylum Euryarchaeota was also detected in all samples, ranging from 

0.1 to 0.3%. These results are comparable to those from similar studies on 

coastal sandy sediments (Musat et al. 2006, Gobet et al. 2012). The genus 

Salinispora was detected in all five sediment samples at abundances between 

0.0008% and 0.036% of the total community. Salinispora species could not be 

resolved using the region of the 16S gene sequenced. Between 2.2% and 3.8% 

of the reads in each sample could not be classified at the domain level using the 

Silva database (http://www.arb-silva.de) (Quast et al. 2013).  
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Figure 4.1 Sediment microbial diversity in five replicate samples (S1-S5). (a) 
Rarefaction curves measuring the number of observed OTUs clustered at 99% 
sequence identity with respect to sequencing depth. (b) Community composition 
at the phylum level. 
 

4.4.2 Mesocosm diversity 

We first compared the results from the sediment diversity analyses 

described above to the time point 0 (“T0”) mesocosms (frozen immediately after 

inoculation) to test for the effects of sample handling. The mesocosm samples 
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consisted of five T0 media controls and nine T0 Salinispora treatments (one 

CNS-820 T0 sample was lost) (Table 4.1) all generated using sediment sample 

S6. Community composition at the phylum level was generally comparable 

between the treated and control T0 mesocosm samples (Fig. 4.2). When 

compared to the native sediments (S1-S5) however, the relative contribution of 

cyanobacteria in the mesocosms was reduced (Mann-Whitney U-test; p=0.001), 

suggesting that sample handling had the greatest impact on photosynthetic 

prokaryotes. The exception was native sample S1, which as previously noted 

was enriched in Firmicutes and depleted of cyanobacteria relative to the other 

four native sediments. At the phylum level, the starting mesocosm communities 

were representative of the communities seen in the native samples.  

 

Figure 4.2 Phylum level taxonomic composition of the time zero (T0) mesocosm 
samples and the native sediments (‘M’: media control mesocosms, ‘679’: CNY-
679 treatment mesocosms, ‘820’: CNS-820 treatment mesocosms, S1-S5: native 
sediments). 
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4.4.3 Mesocosm time course 

Our next goal for the mesocosm study was to compare the effects of 

organic extracts from two S. arenicola strains (CNY-679 and CNS-820) on 

sediment microbial communities. Because the time frame of any potential effects 

was not known, we performed a preliminary time series from 0h – 5 days on one 

of the media controls. Results from beta diversity analyses performed using the 

QIIME pipeline (Caporaso et al. 2010) suggested that while the S. arenicola 

treatment community began changing at the first time point, the media extract 

control community remained relatively stable until time point 3 (72 hours) (“T3”), 

after which there was a large shift (Fig. 4.3). We therefore chose to compare the 

effects of Salinispora extracts and media controls at T3 for both strains. The 

results were analyzed individually to test for differences between stains and 

collectively to determine trends associated with the species. Four of the samples 

were dropped due to insufficient numbers of high-quality reads resulting in the 

analysis of 26 treatment and control mesocosm experiments (Table 4.1). 
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Figure 4.3 Three-dimensional Principal Components Analysis of community 
composition of five mesocosm time points from CNY-679 treatments and media 
controls. Time points were taken at T0 (0 h), T1 (6 h), T2 (24 h), T3 (72 h), and 
T4 (3 days). 

4.4.4 Effects of extracts 

 A comparison of the S. arenicola T3 treatment mesocosms with the T3 

media controls revealed no significant difference in average alpha diversity 

measurements (Fig. 4.4; Mann-Whitney U test p=0.46), although the rarefaction 

curves did not plateau when rarefied to 90,000 reads. However, the media 

control mesocosms showed greater similarity to each other than to the T3 S. 

arenicola treatments (Fig. 4.4) despite considerable differences among the 

treatments. Proteobacteria represented the most abundant phylum in all 

samples, comprising on average 61.1% of the sequence reads (Fig. 4.4). The 

PC2	(11.72%)		

PC3	(10.86%)		

PC1	(19.22%)		

679-TP0	
679-TP1	
679-TP2	
679-TP3	
679-TP4	
Media-TP0	
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Media-TP2	
Media-TP3	
Media-TP4	
	

Figure	S1:	Three-dimensional	Principal	Components	Analysis	of	community	composiGon	of	five	mesocosm	Gme	
points	from	CNY-679	treatments	and	media	controls.	Time	points	were	taken	at	T0	(0	h),	T1	(6	h),	T2	(24	h),	T3	(72	
h),	and	T4	(3	days).	
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phylum Planctomycetes was the second-most abundant with 10% on average. 

We then used the Linear Discriminant Analysis Effect Size (LEfSe) algorithm 

(Segata et al. 2011) to determine which taxa were differentially distributed 

between the media controls and treated mesocosms. This algorithm identifies 

differentially abundant taxa between sample conditions, or ‘classes,’ by 

emphasizing both statistical significance and biological relevance. We identified 

several taxa reduced in the S. arenicola treatments, including the phyla 

Firmicutes and Gracilibacteria (Fig. 4.5, Fig. 4.7). Upon closer examination, most 

of the inhibition observed at the phylum level could be linked to specific genera or 

families.  These included the genus Alteromonas within the 

Gammaproteobacteria and the genera Erythrobacter, Ruegeria, and Shimia 

within the Alphaproteobacteria (Fig. 4.6). They also included predatory bacteria 

related to the genera Enhygromyxa (family Myxococcales) (Iizuka et al. 2003), 

Saprospira, and Bacteriovorax (Fig. 4.6), although only the CNS-820 extract had 

a significant effect on Enhygromyxa spp. Several other taxa showed a similar 

difference in sensitivity to the two S. arenicola strain extracts, with more taxa 

affected by CNS-820 than CNY-679. There were also taxa that were enriched in 

the treated mesocosms compared to the media controls. These included the 

phyla Chloroflexi and Latescibacteria, as well as several clades within the 

Planctomycetes and Acidobacteria (Fig. 4.5, Fig. 4.7). 
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Figure 4.4 Alpha and beta diversity plots for T3 mesocosm samples. (a) 
Rarefaction curves showing average observed OTUs for S. arenicola treatments 
and media controls with respect to sequencing depth. (b) Three-dimensional 
Principal Components Analysis plot of treatment and control sample community 
composition. (c) Bar plots of sample taxonomic composition at the phylum level 
(‘M’: media controls, ‘679’: CNY-679 treatments, ‘820’: CNS-820 treatments). 
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Figure 2: Alpha and beta diversity plots for T3 

mesocosm samples. (a) Rarefaction curves showing

average observed OTUs for S. arenicola treatments 

and media controls with respect to sequencing depth.

(b) Three-dimensional Principal Components 

Analysis plot of treatment and control sample 

community composition. (c) Bar plots of sample 

taxonomic composition at the phylum level (‘M’: 

media controls, ‘679’: CNY-679 treatments, ‘820’: 

CNS-820 treatments). 
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Figure 4.5 Phylogenetic representation of family level differences between T3 
treatment and control mesocosm communities. Blue and green nodes indicate 
clades that were depleted in the S. arenicola treatments or media controls, 
respectively. Clades are shaded when they are also annotated with the taxon 
name. Unaffected clades that were annotated for taxonomic reference are 
shaded red. For example, the phylum Bacteroidetes was not significantly 
depleted in either condition and so its background is shaded red; however, the 
family Bacteroidia within this phylum was significantly depleted in the S. arenicola 
treatments, and so the nodes and corresponding shading for this family is blue. 
 
 
 
 
 

Taxa	depleted	
S.	arenicola	treatment	
Media	control	

Reference	taxa	
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Figure 4.6 Box plots showing relative abundances of genera depleted in the S. 
arenicola treatment mesocosms. Values have been normalized and log-
transformed. Boxes show the quartiles of the data set and whiskers extend to 
show the rest of the distribution, except for outliers represented by blue 
diamonds. (a) Alteromonas spp., (b) Erythrobacter spp., (c) Ruegeria spp., (d) 
Shimia spp., (e) Bacteriovorax spp., (f) Enhygromyxa spp., (g) Saprospira spp. 
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Figure 4.7 Box plots of relative abundances of three phyla that were significantly 
enriched or depleted in the S. arenicola treatment mesocosms. (a) Phylum 
Chloroflexi, (b) Phylum Firmicutes, (c) Phylum Gracilibacteria. 
 

4.4.5 S. arenicola extract sensitivity assays 

We hypothesized that changes in mesocosm community composition could 

be used to predict taxa that are sensitive to S. arenicola secondary metabolites. 
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Figure S3: Box plots of relative abundances of three phyla that were 
significantly enriched or depleted in the S. arenicola treatment 
mesocosms. (a) Phylum Chloroflexi, (b) Phylum Firmicutes, (c) Phylum 
Gracilibacteria.
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To test this hypothesis in culture-based assays, we selected 10 strains 

representing bacteria that were either depleted or unchanged in relative 

abundance in the S. arenicola treatment mesocosms (Table 4.4). When tested 

for sensitivity to S. arenicola extracts, five out of eight strains were inhibited by 

extracts from both S. arenicola strains at a concentration of 1 mg/mL, while 

another two were only sensitive to the CNS-820 extract at this concentration 

(Table 4.4). The same seven out of eight strains were also sensitive to both 

extracts at the higher concentration of 10 mg/mL. The predatory M. xanthus 

strain, our closest cultured relative to the genus Enhygromyxa, was inhibited by 

the CNS-820 extract at 1 mg/mL and the CNY-679 extract at 10 mg/mL (Table 

4.4). The results were mixed for the two representatives of taxa that were 

unaffected in the mesocosms, with Vibrio spp. CUA-833 completely resistant to 

the extracts while Labrenzia spp. CUA-809 was sensitive to both extracts at 1 

mg/mL. 
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Table 4.4. Ten strains that were tested for sensitivity to S. arenicola CNY-679 
and S. arenicola CNS-820 culture extracts. Seven strains were chosen as 
representatives of taxa that were inhibited in the mesocosms while two strains 
represented taxa that were unchanged in relative abundance between the 
treatment and control mesocosms. Extracts were tested at two concentrations, 1 
mg/mL and 10 mg/mL. All strains that were sensitive to CNY-679 extracts were 
sensitive at both concentrations, while several strains were sensitive to only the 
higher concentration of the CNS-820 extract. M: Mesocosm effect. 

 

 
CNS-820 Extract Sensitivity CNY-679 Extract Sensitivity 

Test Strain M 1 mg/ml 10 mg/ml M 1 mg/ml 10 mg/ml 

Ruegeria spp. CUA-829 Y Y Y Y Y Y 

Erythrobacter spp.CUA-862 Y Y Y Y N Y 

Erythrobacter spp. CUA-812 Y N N Y N N 

Alteromonas spp. CUA-818 Y Y Y Y Y Y 

Alteromonas spp. CUA-848 Y Y Y Y Y Y 

Shimia spp. CUA-847 Y Y Y Y Y Y 

Myxococcus xanthus Y Y Y N N Y 

Saprospira grandis Y Y Y Y N Y 

Labrenzia spp. CUA-809 N Y Y N Y Y 

Vibrio spp. CUA-759 N N N N N N 
 

4.4.6 Organic extracts 

MS/MS based analyses visualized as molecular networks (Wang et al. 

2016) led to the identification of known metabolites including rifamycins, 

saliniketals, and staurosporine in the extracts of both CNY-679 and CNS-820 

(Fig. 4.8; Table 4.3). All of these compounds have been previously reported from 

S. arenicola (Jensen, Moore, and Fenical 2015) and all three metabolite groups 

contained strain-specific analogs. Out of 119 bacterial metabolite nodes, 55 were 

present in the extracts of both S. arenicola strains, while 24 were unique to S. 

arenicola CNS-679 and 40 were unique to S. arenicola CNS-820. There were 

two clusters with five or more nodes that were exclusively seen in the S. 



144 
 

 
 

arenicola extracts but could not be matched to known compounds. From these 

clusters, eight nodes were unique to the CNS-820 extract while only three were 

unique to CNY-679, and the remaining nodes were seen in both extracts. 

Additionally, there were eight clusters containing between two and four nodes 

that were not observed in the medium and had no known compound matches. 

Among the known compounds identified, rifamycins possess antibiotic activity 

targeting RNA polymerase (Umezawa et al. 1968), while the staurosporines are 

cytotoxic inhibitors of protein kinase (Rüegg and Gillian 1989).    
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Figure 4.8 MS/MS molecular network of the three organic extracts used in the 
mesocosm experiments: media control, S. arenicola CNS-830, and S. arenicola 
CNY-679. Each node represents an ion that fragmented to produce MS/MS data. 
Closely related nodes (cosine value 0.6) are connected by an edge. Black nodes 
denote ions that were seen in the media extract, including those that were also 
present in either one or both of the other extracts. Red nodes were seen only in 
S. arenicola CNY-679 culture, blue nodes only in the S. arenicola CNS-820 
culture, and purple nodes in both S. arenicola cultures but not in the media. 
Clusters with nodes that matched known compounds are circled and the 
following shapes used to designate compounds: triangles – rifamycin analogs, 
squares – saliniketal analogs, diamonds – staurosporine analogs. 
 
4.5 Discussion 

The first aim of the study was to gain a better understanding of the 

microbial communities in near-shore marine sediments. Although high-

throughput sequencing technology has allowed for exploration of many different 
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environments, relatively few studies have addressed microbial communities in 

tropical sediments. This lack of attention is surprising given that these 

environments adjoin important coastal habitats, including coral reefs, seagrass 

beds, and mangrove forests. Moreover, shallow sediments are known to harbor 

several bacterial taxa enriched in natural product biosynthetic gene clusters, with 

hundreds of actinomycete strains including Streptomyces spp. and Salinispora 

spp. isolated over the last few decades (Jensen et al. 2005).  

We analyzed five replicate sediment samples from a Fijian shallow reef 

habitat to generate a baseline data set for this near-shore environment. Because 

next-generation sequencing data is subject to biases and platform-specific errors 

(Clooney et al. 2016), we applied rigorous quality control at every step of sample 

preparation, sequencing, and data analysis. Environmental DNA was 

groundtruthed and subjected to the minimum number of PCR amplification cycles 

to minimize PCR errors. We used the most up-to-date Ion Torrent chip and Hi-Q 

Sequencing kit, which feature significant quality improvements over previous 

chips and chemistries (Zhang et al. 2015). We further adopted extremely strict 

sequence quality filters, including an average Q-score of 28. We sequenced to a 

minimum depth of 100,000 reads and clustered OTUs at 99% 16S rRNA 

sequence identity to maximize the resolution of our data. Alpha diversity results 

confirmed that this level of resolution is necessary and, in fact, insufficient for a 

comprehensive portrayal of the community, as observed OTUs did not reach 

saturation (Fig. 4.1). Replication within a small area showed fine-scale 

heterogeneity in the sediment with four of the five samples being extremely 
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similar while the fifth was more similar to the starting conditions for the 

mesocosm experiments (Fig. 4.2). The fact that this sample was enriched in a 

phylum that includes spore-forming bacteria and contained fewer cyanobacterial 

sequences suggests it may have originated from deeper below the sediment 

surface. These results reflect the complexity of marine sediments and the 

challenges associated with replicate sampling. Furthermore, a recent study on 

the fidelity of common community sequencing primer sets demonstrated that our 

primers likely did not capture large components of the sediment diversity (Eloe-

Fadrosh et al. 2016). Notably, up to 3.8% of the reads in each sample could not 

be classified at the phylum level, suggesting that these sediments harbor major 

groups of bacteria that have yet to be classified. 

One notable finding was the prevalence of largely uncultured taxa, including 

the phyla Verrucomicrobia, Acidobacteria, and Planctomycetes. Verrucomicrobia 

are nearly ubiquitous in soil (Bergmann et al. 2011) and include free-living and 

symbiotic representatives, as well facultative anaerobes and methanotrophs (Pol 

et al. 2007, Yoon et al. 2007). In the marine environment, they are found in the 

water column as well as sediments (Yoon et al. 2007, Yoon et al. 2008, Freitas et 

al. 2012) and different lineages appear to have different habitat preferences 

(Freitas et al. 2012). Likewise, Acidobacteria are found in high abundances in 

soils, sediments, and deep-sea marine environments but have few cultured 

representatives and play unknown roles in these ecosystems (Barns, Takala, and 

Kuske 1999, Bryant et al. 2007, Quaiser et al. 2003, Quaiser et al. 2008, Ward et 

al. 2009). The phylum Planctomycetes composed up to 13.3% of the sediment 
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sample community and is thought to play important roles in carbon, nitrogen, and 

sulfur cycling, particularly the lineage responsible for anaerobic ammonia 

oxidation (Woebken et al. 2007, Kuypers et al. 2005). Planctomycetes have also 

been studied for their unique morphological features like internal 

compartmentalization (Lindsay et al. 2001, Fuerst 2005, Fuerst and Sagulenko 

2011). Additionally, the persistence of the Euryarchaeota across all five 

replicates is evidence for potential new functions for this least-understood 

domain of life. Conversely, the extreme rarity of actinomycetes is surprising given 

the relative ease with which they can be cultured from these types of sediments 

(Mincer, Fenical, and Jensen 2005, Krsek et al. 2000). We detected extremely 

low numbers of the genera Streptomyces and Salinispora, including three 

sediment samples that had no Streptomyces sequences. These results may be 

an indication of sediment heterogeneity or simply a reflection of high diversity, 

with rare taxa going undetected at sequencing depths of 100,000 reads.  

The ultimate goal of this study was to address the effects of bacterial 

secondary metabolites on community structure. While the ecological functions of 

bacterial secondary metabolites are, in general, poorly understood, even less is 

known about how these compounds may help structure bacterial communities. In 

this case, we selected the sediment inhabiting marine actinomycete S. arenicola 

because it is a rich source of secondary metabolites and has been shown to 

employ interference competition as a competitive strategy (Patin et al. 2015). 

Although this species may be a rare member of the bacterial community, its 

mycelial growth form and ability to secrete biologically active secondary 
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metabolites suggests it could have a major impact on localized communities and 

thereby contribute to sediment microbial heterogeneity.  

The mesocosm experiments were designed to simulate natural conditions 

while retaining the ability for replication and the control of experimental variables. 

Nevertheless, taking sediment from an open system like the near-shore 

environment and establishing mesocosms unavoidably altered community 

composition, as was observed by the depletion of cyanobacteria relative to the 

native sediments. Additionally, it is unknown whether the compound 

concentrations in the treated mesocosms were ecologically relevant. There has 

been much debate on the natural function of compounds like antibiotics (Davies 

2006, Bernier and Surette 2013, Fajardo and Martinez 2008), with evidence 

suggesting that sub-lethal concentrations can act as signaling molecules rather 

than chemical weapons (Vaz Jauri et al. 2013, Goh et al. 2002, Hoffman et al. 

2005, Linares et al. 2006, Shen et al. 2008). Despite these caveats, we found 

consistent effects on the microbial communities under treatment conditions and 

used these to generate testable hypotheses about the targeted taxa. 

The observation that several taxa were significantly depleted in the treated 

mesocosms provides evidence that microbial secondary metabolites can affect 

sediment microbial communities. The chemical repertoire of S. arenicola is large 

and includes the rifamycins (Jensen, Moore, and Fenical 2015), a group of 

ansamycin antibiotics with activity against Gram-positive bacteria (Floss and Yu 

2005). Rifamycin production has been shown to play a role in the competitive 

strategy of S. arenicola, in contrast to the closely related species S. tropica, 
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which produces no known antibiotics (Patin et al. 2015). While many other S. 

arenicola compounds have documented bioactivity, their ecological functions 

remain unknown. Nevertheless, it is unsurprising that many taxa appeared to be 

consistently inhibited by the secondary metabolites present in the treatment 

mesocosms. More challenging to explain is the prevalence of taxa that were 

significantly enriched in the S. arenicola treatments, including the phyla 

Chloroflexi and Latescibacteria (Fig. 4.5, Fig. 4.7). Ecological cascades resulting 

from the inhibition of certain taxa, like predatory bacteria, could result in the 

enrichment of the bacteria on which they prey. Another possible explanation for 

the clades enriched in the treated mesocosms is that when strains occupying 

certain niches are inhibited, their competitors can bloom. Teasing apart such 

fine-scale interactions was beyond the scope of this study; nevertheless, it is 

clear that complex ecological dynamics were at play in these mesocosms. 

Notably, many of the inhibitory effects were more pronounced in the 

mesocosms treated with extracts from CNS-820 as opposed to CNY-679. The 

extract molecular network showed nodes unique to both S. arenicola strains (Fig. 

4.8), which is not surprising given the genetic diversity associated with secondary 

metabolism in this species (Ziemert et al. 2014). However, almost twice as many 

nodes were unique to CNS-820, suggesting the chemical repertoire of this strain 

may exceed that of CNY-679 and contribute to its apparent greater inhibitory 

capacity. The discrepancy between the activities of the two strains may also have 

biased the overall LDA Effect Size analysis, which addressed the differences in 
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taxa between the control mesocosms and the combined S. arenicola treatments 

(Fig. 4.5).    

Although most of the significantly affected taxa are uncultured, we identified 

several with cultured representatives that showed a response to treatment 

conditions. These included two genera of predatory bacteria, Bacteriovorax and 

Saprospira, as well as the genus Enhygromyxa, which is closely related to the 

predatory genus Myxococcus. Bacteriovorax spp. are found in animal gut and 

marine environments; until recently, they were thought to prey exclusively on 

Gram-negative bacteria, but new evidence suggests they may be capable of 

preying on Gram-positive bacteria (Iebba et al. 2014). Saprospira spp. are 

filamentous, gliding bacteria in the phylum Bacteroidetes that have been isolated 

from marine and freshwater environments. They use direct contact to trap their 

prey, which include Gram-negative bacteria as well as cyanobacteria (95) and 

microeukaryotes  like diatoms (Furusawa et al. 2003). Members of the 

deltaproteobacterial genus Myxococcus have been isolated from marine and 

terrestrial environments and are characterized by their complex social behavior 

(Reichenbach 1999). They have been shown to prey on taxonomically diverse 

strains, including the actinomycete Streptomyces coelicolor, whereupon M. 

xanthus induced higher production of the antibiotic actinorhodin and triggered 

aerial mycelium production (Pérez et al. 2011). Precedence therefore exists for 

chemical defense by actinomycetes in response to bacterial predation. Combined 

with our data showing inhibition of three predatory taxa in the S. arenicola 
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treatment mesocosms, we were strongly motivated to include predatory strains in 

our extract sensitivity assays.   

The culture-based sensitivity tests were generally consistent with the results 

predicted by the mesocosm data, with seven out of eight strains showing 

sensitivity to at least one of the two S. arenicola strain extracts (Table 4.4). More 

strains were sensitive to the lower extract concentration of CNS-820, supporting 

the trend seen in the mesocosm results. Coupled with the differences seen in the 

organic extracts based on MS/MS, it is likely that the two strains of S. arenicola 

vary in their production of inhibitory compounds. Alternatively, antimicrobial 

compounds like rifamycins may be produced in higher concentration by CNS-820 

relative to CNY-679. Given their different isolation locations (CNY-679 Mexico, 

CNS-820 Fiji) it is likely that the secondary metabolome of each strain has 

evolved independently to gain the highest competitive advantage in the location-

specific community. Although rifamycins and saliniketals were seen in extracts of 

both strains, there were several clusters in the network that contained nodes with 

unidentified parent masses. Combined with the apparent difference in inhibitory 

activity, S. arenicola CNS-820 warrants further chemical study for potential new 

antimicrobial compounds.  

In conclusion, we found that marine actinomycete secondary metabolites 

had consistent effects on the microbial community structure of their native 

habitat. These results provide evidence for intense competition regulated by rare 

members of the community, including microbial predator-prey dynamics. The 

massive levels of diversity seen in these sediments and the dominance of 
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uncultivated taxa underscore the need for further study of bioactive metabolites 

as influential factors of community composition.  
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5.1  

 The ubiquity of microbes in environments ranging from the deep sea to the 

human body underscores the need to understand how bacteria interact, 

compete, and evolve. Chemical ecology is just one component of the ecosystem 

dynamics that occur in nature, but it is an important one. Allelopathy, predation, 

and pathogenicity are a few examples of processes that are mediated by small 

molecules (Hay, 2009; Wietz et al., 2013), and there are undoubtedly many more 

that remain to be discovered. Actinomycetes have many characteristics ideal for 

the study of microbial chemical ecology; they are easily cultured, found in a 

diverse range of habitats, and known to produce a wide array of bioactive 

secondary metabolites (Bérdy, 2005; Cross, 1989; Krsek et al., 2000). In this 

thesis, the marine actinomycete genus Salinispora was used as a model 

organism for exploring the chemical ecology of shallow marine sediments. These 

sediments constitute an underexplored habitat covering much of the easily 

accessible marine environment. They harbor microorganisms at the base of a 

food web encompassing environmentally sensitive habitats like coral reefs, 

seagrass meadows, and mangrove forests. The chemical ecology of these 

systems therefore has far-reaching implications for environmental biology. 

The studies presented here took advantage of recent technological 

advances that provide opportunities to ask questions that were previously 

considered inaccessible. The first of these is the expanded access to DNA 

sequence information. The precipitous drop in DNA sequencing costs allows full 

bacterial genomes to be sequenced at a rate and magnitude that provides 
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unprecedented information about population biology, rates of evolution, 

horizontal gene transfer, and secondary metabolism of microbes (Ju et al., 2015; 

Woodhouse et al., 2013; Ziemert et al., 2014). In addition to genome sequencing, 

the ability to deeply sequence at the community level, using both 16S rRNA gene 

amplicons and shotgun metagenomics, is providing unprecedented information 

about community diversity. Even the term “diversity” has taken on new meanings 

as we rethink the species concept in bacteria. Chapter 2 of this dissertation 

explores how two closely related and co-occurring bacterial lineages occupy 

different ecological niches. Genome sequence data provided important 

information on the differences in secondary metabolism and iron acquisition 

between S. tropica and S. arenicola, bolstering the conclusion that the two 

species were ecologically distinct. Evidence for such fine-scale differentiation is 

growing (Patin et al., 2016; Yawata et al., 2014) and spurring the re-evaluation of 

deep sequencing analysis methods to more accurately quantify the levels of 

diversity seen in microbial communities (Gohl et al., 2016; Lundberg et al., 2013; 

Tikhonov et al., 2015). A deeper understanding of microbial diversity is crucial if 

we are to understand how natural products shape community composition.  

In Chapter 4, I attempted to address the community-level response to 

microbial secondary metabolites using a mesocosm experimental design. The 

results show that small molecules can affect bacterial communities from the 

phylum level to the genus and species levels; the ability to resolve fine-scale 

diversity is therefore a critical component of such community-wide analyses. 

These experiments also highlighted large gaps in our knowledge of secondary 
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metabolites in nature. For example, the concentrations at which these 

compounds occur in nature remain largely unknown. Culture extracts generated 

in the lab likely contain artificially high levels of bioactive compounds compared 

to what exists in natural samples. However, such high amounts of compound 

may be necessary in experiments to replicate effects that may only occur at the 

microscale in natural sediments. The unknown spatial and temporal scales at 

which secondary metabolites act in microbial communities provide challenges for 

experimental design as well as an opportunity for important research addressing 

these unknown factors.  

The specificity of community shifts at the genus and species levels in 

response to exposure to microbial extracts also provides opportunities to develop 

and test specific hypotheses about the targets of allelopathic agents. Until very 

recently, assays of microbial interactions almost exclusively targeted clinical 

isolates and non-ecologically relevant bacteria. Culture-independent studies can 

provide candidates for laboratory assays that might otherwise have been 

overlooked. In Chapter 4, I was able to use the results from a culture 

independent survey to design laboratory assays using relevant, cultured isolates. 

This type of holistic approach has become possible thanks to unprecedented 

access to environmental sequence data; however, it also reinforces the 

importance of cultivation. The development and maintenance of culture 

collections remains a vital component to verifying hypotheses that can be 

generated using culture-independent data.     
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Indeed, the intricacies of specific microbial interactions will continue to rely 

on culture-based assays for the foreseeable future. Antagonistic effects of 

secondary metabolites were shown in Chapters 2 and 3 to be highly specific to 

species and even strains. The factors that regulate this type of specificity require 

studies on the growth and metabolic responses of bacteria that can currently only 

be measured in the lab. Improvements in cultivating taxa previously considered 

“unculturable” provide additional opportunities to take advantage of 

environmental data sets (Pham & Kim, 2012; Stevenson et al., 2004), although 

many dominant taxa remain uncultivated or have only a few strains represented 

in culture (Prakash et al., 2013). Chapter 4 showed that extremely rare taxa like 

Salinispora spp. can have important impacts on microbial communities. It 

remains to be fully understood how taxa that are abundant in marine sediments, 

such as the phyla Planctomycetes and Verrucomicrobia, shape their 

communities; advances in cultivation would open up new avenues of research on 

these bacteria and many others that may shape ecosystems in important ways. 

Cultivation also remains the most practical method to discover new 

secondary metabolites and produce them at the scale necessary for drug 

development. The global crisis of antibiotic resistance is hindered by, among 

other things, the lack of large-scale private sector efforts to discover new natural 

products (Fernandes, 2006; von Nussbaum et al., 2006). This largely occurred 

because it became increasingly difficult and expensive to avoid the re-discovery 

of known compounds, and because the profit margins for developing antibiotics 

are much lower than for many other types of drugs. Using experimental 
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approaches that incorporate ecosystem dynamics, such as co-culturing with 

environmentally relevant bacteria, may lead to the acceleration of natural product 

discovery. Genomic data suggests we have yet to isolate the vast majority of 

potential bioactive compounds from bacteria. If even a small minority of these 

can be used in the clinic, they will provide major advances for medicine and 

public health. 

The field of chemical ecology today is at a turning point. Decades of work on 

natural product isolation have revealed an immense repertoire of bioactive small 

molecules produced by microbes and higher life forms. The discovery of these 

compounds has improved modern medicine and enriched our understanding of 

chemical diversity in the environment. With respect to the roles these compounds 

play in the evolution and ecology of their producers, however, we have barely 

scratched the surface. Technological advances in the past decade have opened 

up new avenues of research, from genomics and metagenomics to 

metabolomics. Deep sequencing and single cell genomics have provided 

unprecedented views of rare and as-yet uncultured microbial life (Eloe-Fadrosh 

et al., 2016; Macaulay & Voet, 2014). Techniques like imaging mass 

spectrometry allow secondary metabolites to be detected in minimally treated 

biological samples at concentrations orders of magnitude lower than was 

previously thought possible (Esquenazi et al., 2009; Takáts et al., 2004; 

Wiseman et al., 2008; Yang et al., 2009), opening up new views of chemical 

interactions. Perhaps most importantly, the right questions are being formulated 

and experiments designed with the ecology of natural systems in mind rather 
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than just drug discovery. These approaches are guiding us towards a new 

understanding of microbes in the environment, and by extension, of our own role 

as humans on an Earth dominated by microorganisms. It remains to be seen how 

our shifting viewpoint will change approaches to environmental stewardship and 

human health. 
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