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   Natural products chemistry is the pursuit of bioactive small molecules from living 

organisms.  These can be classified as primary metabolites if they are essential to survival, and 

secondary metabolites if they are accessory, playing a role in communication, defense, 

recruitment, etc..  Natural products have made a significant contribution to society – of 1,881 

FDA-approved drugs from 1981 to 2019, 4% were pure natural products, 19% were natural 

products derived, and 3% were synthetic drugs with a natural products pharmacophore targeting 

a wide range of diseases and infections (Newman & Cragg, 2020).  Pharmacophores are 

structural components of drugs that are responsible for the observed biological activity.  Natural 

products often contain unique pharmacophores that exhibit potent bioactivity, thereby serving as 

inspiration for synthetic chemists to manufacture exciting new drug leads. 

 Bacteria are ubiquitous in the environment.  Marine bacteria are a prolific source of 

chemically diverse natural products due to the high biodiversity and competition in the marine 

environment.  In 2018, 240 new marine natural products were reported in the literature from 

bacteria (Carroll et al., 2020).  It is hypothesized that secondary metabolites offer an advantage 

to the producer, however, the roles that natural products play in their environment are not as well 

characterized. These pursuits are classified as chemical ecology.  Throughout my thesis, I aim to 
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identify the bacteria present from these environments and begin to understand the ecological role 

small molecules play in their environment.   

 Staphylococcus aureus is notorious for causing chronic infections and resisting 

therapeutic treatment by forming biofilms.  Biofilms are extracellular polymeric substance (EPS) 

matrices containing bacteria that attach to biotic and abiotic surfaces.  The EPS matrix provides a 

refuge and anchorage to a surface, allowing biofilm inhabitants to be shielded from full strength 

of therapeutic treatments leading to resistance.  Variovorax paradoxus is a gram-negative 

bacteria that also produces biofilms.  It has been previously reported that V. paradoxus inhibits  

S. aureus biofilm formation.  Preliminary data suggests V. paradoxus produces a small molecule 

that has biofilm inhibition activity. My work focuses on characterizing a GLP and another 

secondary metabolite produced by V. paradoxus that inhibits S. aureus biofilms through both 

molecular biology and natural products chemistry.   

 Caulerpa spp. is a macroalgae native to tropical and subtropical oceans.  Due to global 

warming, the temperature of oceans continues to rise, allowing Caulerpa spp. to inhabit higher 

latitudes.  It has been hypothesized that successful invasion occurs by outcompeting native 

organisms via exerting adverse effects on the surrounding environment.  The secondary 

metabolites of this algae are well characterized however their ecological role is hardly 

characterized.  We hypothesize that Caulerpa spp. could be chemically mediating its surface 

microbiome by recruiting a higher percentage of Vibrio spp..  Vibrio spp. are known pathogens 

to humans and marine organisms by causing infections and forming biofilms.  My goal was to 

identify a panel of culturable Caulerpa spp. surface-associated bacteria through molecular and 

microbiology methods.   
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 Microalgae are an exciting alternative source of biofuels.  However, microalgae are 

grown in open algal ponds which are susceptible to crashing causing the total loss of an algal 

crop.  Pond crashes are caused by a number of factors, one of which is contamination by 

unwanted pests such as protozoans and fungi.  Previous studies focused on the use of bacterial 

communities as a built-in biocontrol to inhibit pests from causing algal pond crashes.  

Preliminary data demonstrated the addition of a bacterial community protected the microalgae  

Microchloropsis salina from grazing by the marine rotifer Brachionus plicatilis (Fisher et al., 

2019).  My work focuses on analyzing the composition of the protective bacterial community 

added to the microalgae that have been size filtered to observe bacterial association with algae, 

rotifers, or free-floating.  M. salina cultures in the presence and absence of B. plicatilis were 

analyzed for the identification of protective bacterial species that were algae-, rotifer-associated, 

or free-floating.  This work has been submitted to the journal Algal Research and is under review 

(Fisher et al., 2022). 

 Bacteria play a significant role in their environment.  The identification of bacterial 

species and the role their suite of small molecules play is crucial to fully characterizing the 

observed interactions.  My thesis surveys several means of bacterial community analysis through 

identification and small molecule characterization. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Natural Products Chemistry 

 Natural products chemistry is the pursuit of biologically active small molecules that are 

found from natural sources.  Natural products are classified as primary metabolites if they are 

essential for growth and reproduction, and as secondary metabolites if they are not necessary for 

survival but play a role in communication, defense, recruitment, etc..  Secondary metabolites 

often display unique pharmacophores, contain multiple stereocenters, and are often complex 

structures (Harvey et al., 2015).  Pharmacophores are structural features in a compound that are 

often responsible for the observed biological activity.  Natural products studies have been 

historically focused terrestrial organisms, particularly plants, due to easy accessibility and human 

use as herbal remedies (Romano et al., 2017).  Natural products derived from the marine 

environment are somewhat less developed due to accessibility and to the presumption that the 

marine environment contained the same chemistry as the terrestrial environment (Penesyan et al., 

2010).  With the introduction of scuba diving and techniques in the 1970s, there was a rapid 

improvement and explosion of studies from the marine environment (Dias et al., 2012).   

A classic example of natural products in drug discovery is penicillin.  Penicillin was 

discovered by Alexander Fleming in 1928 when he observed Penicillium rubens mold growing 

on an agar plate that inhibited bacterial growth.  He extracted the mold and named the active 

component penicillin but was unable to isolate and purify the compound (Fleming, 1980).  It was 

not until 1939 that Howard Florey and his colleagues successfully purified penicillin (Gaynes, 

2017).  In 1945, the structure of penicillin was established via X-ray crystallography by Dorothy 

Hodgkin at Oxford University (“Discovery and Development of Penicillin,” n.d.).  Natural 
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products have made a significant contribution to human health.  From 1981 to 2019 1,881 drugs 

have been FDA-approved targeting a wide range of diseases and infections in which 4% were 

pure natural products, 19% were natural products derived, and 3% were synthetic drugs with a 

natural products pharmacophore (Newman & Cragg 2020).  The twentieth century was a turning 

point for the isolation and elucidation of natural products in regard to techniques and new 

sources (e.g., marine environment, bacteria, etc.).  The advancement of computers and 

subsequently automated instrumentation has caused natural products chemistry to also advance 

(Xu et al., 2011).  Natural products provide useful lead compounds with unique structural 

diversity and potent bioactivity for drug discovery.  

1.2 Marine Bacteria as a Natural Products Source 

 In 2018, bacterial sources accounted for 240 of new marine natural products reported in 

the literature (Carroll et al., 2020).  Despite continuous discoveries, marine organisms and 

sediment remain a prolific source for novel natural products (Jain & Tailor, 2020).  The 

implementation of scuba diving techniques allowed scientists to discover new source organisms, 

the compounds they produce, and to understand the interactions between organisms and the 

environment (Russo et al., 2011; Pawlik et al., 2013).  Historically, there has been a focus on 

macro-organisms, such as algae, sponges, ascidians, tunicates and bryozoans (Dias et al., 2012).  

Macro-organisms are physically bigger and visually eye-catching, garnering attention to natural 

products scientists to study their metabolites.  Natural products from macro-organisms are 

typically present at very low concentrations, requiring large biomass.  For example, 

Lissodendoryx sp. is a rare, deep water sponge that produces halichondrin B, a macrolide with 

anticancer properties (Munro et al., 1999; Hirata & Uemura, 1986).  Halichondrin B could not be 

distributed commercially through collections of the marine sponge.  Various trials to transplant 
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the marine sponge to laboratories to grow and extract halichondrin B were successful at small 

scales, but for clinical trials an annual production of at least 5,000 tons of the marine sponge 

were necessary which is not practical (Munro et al., 1999).   

 Compared to macro-organisms, bacteria offer the alternative that they can be cultured in 

the laboratory at a large scale, thus increasing the amount of a natural product that can be 

obtained from one organism.  For instance, actinomycetes are bacteria that have been reported to 

dedicate two-thirds of their genome to secondary metabolite biosynthesis (Udwary et al., 2007).  

Actinomycetes have produced various antibiotics that are still in use today (e.g., streptomycin, 

erythromycin, neomycin, and tetracyclines) (De Simeis & Serra, 2021).  Due to the high 

biodiversity and competition in marine environments, the isolated bacteria often produce novel 

bioactive natural products that are not commonly seen in terrestrial bacteria (Jain & Tailor, 

2020).   

 While natural products are widely identified for the purpose of drug discovery, their 

original function within their ecosystem are often not as well known (Schmidt et al., 2019).  

Many natural products are isolated based on their activity for therapeutic purposes and their 

ecological role is rarely considered.  Environmental pressures have caused bacteria to produce 

chemically diverse natural products with bioactivity that are useful for drug discovery.   

1.3 Role of Natural Products in Bacterial Communication 

 There are many theories and hypotheses of the ecological roles natural products play in 

their environment, such as quorum sensing, competition or defense, attraction of other 

organisms, and synchronized specialized metabolism with other organisms (Daniel-Ivad et al., 

2018; Petersen et al., 2020).  Natural products can play a role as signaling molecules for 

communication between organisms.  These secondary metabolites can be used in inter- or intra-
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species communication (Daniel-Ivad et al., 2018).  The identification of the specific role(s) 

natural products play in their environment is often overlooked in drug discovery efforts.   

Bacteria often coexist in symbiotic relationships.  Marine macro-organisms recruit and 

maintain their bacterial community on its surface or immediate surroundings through signaling 

molecules.  Bacteria in turn produce small molecules for defense or may serve to scavenge 

metabolites for the host.  The high specificity of bacterial communities associated with marine 

organisms emphasizes this close, chemically driven relationship (Penesyan et al., 2010).  Often, 

marine macro-organisms produce compounds that act as chemical cues for the recruitment of 

bacteria to its surface or in close proximity to its benefit (Hay, 2009; Puglisi et al., 2014).  This 

close relationship may give both organisms an advantage for survival.  For example, the 

cyanobacteria Trichodesmium forms blooms (overgrowths) in nutrient-deficient oceans and it is 

hypothesized that this is due to the bacterial community it recruits for primary metabolites 

(Capone et al., 1997; M. Lee et al., 2017).  Due to the dependency on the bacterial community 

for primary metabolites, the genome of Trichodesmium is hypothesized to be reduced based on 

the Black Queen Hypothesis (M. Lee et al., 2017).  The Black Queen Hypothesis explains that if 

the production of a metabolite energetically costs too much to the host organism, it will recruit 

bacteria for production, and in turn the hose organism loses the gene that was used to produce the 

metabolite (Morris et al., 2012).  This is an ongoing project I worked on to identify the bacteria 

based on the 16S rRNA gene and primary metabolites produced by these bacteria to survive.   

My thesis attempts to understand microbial interactions by identifying and analyzing 

bacterial communities and the natural products chemistry involved.  In chapter 2, the 

characterization of a small molecule produced by V. paradoxus EPS was done through LC-

MS/MS.  Fractions of V. paradoxus EPS are being tested for their S. aureus biofilm inhibition 



23 

activity to identify the bioactive molecule.  Surface-associated bacteria from the macroalgae 

Caulerpa spp. were identified to characterize the community that may be affected by chemical 

mediation in chapter 3.  Protective bacterial communities added to ponds of the microalgae M. 

salina were analyzed according to their size association in chapter 4 to identify specific genera 

that protect M. salina from grazing by rotifers.  Understanding the role a natural product plays in 

its environment is critical to understanding environmental pressures that could lead to ecological 

based drug discovery.   
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CHAPTER 2: CHARACTERIZATION OF A SMALL MOLECULE PRODUCED BY 

VARIOVORAX PARADOXUS EPS 

 

2.1 Background 

2.1.1 Biofilms 

 The aim of this study is to characterize a GLP that has a molecular weight (MW) of 1,007 

Da produced by a V. paradoxus strain and a second compound that was previously shown to 

inhibit S. aureus biofilm formation when grown together in co-culture (Gomez, 2022).  The goal 

of this project is to characterize this second compound with biofilm inhibition activity via natural 

products chemistry and genome mining.   

 Biofilms are composed of bacteria encased by extracellular polymeric substance (EPS) 

matrices that attach to surfaces.  Biofilms can either consist of a single or multiple microbial 

species, with the ability to adhere to a variety of biotic and abiotic surfaces (O’Toole et al., 

2000).  EPS matrices are composed of proteins, glycoproteins, glycolipids, and extracellular 

DNA (Flemming et al., 2007).  Microbes in biofilms are protected from the host defense and 

antimicrobial compounds because the EPS matrix is resistant to phagocytes and diminishes 

antibiotic exposure, thereby delivering sublethal antibiotic doses leading to resistant microbes to 

survive and flourish (Otto, 2018).  The development of biofilms is believed to occur in stages: 1) 

initial attachment to a surface, 2) colonization, 3) maturation of the biofilm, and 4) dispersion of 

cells (Tolker-Nielsen, 2015; Sharma et al., 2019).   

 Biofilms have been described as a fortress because biofilms enable microorganisms to 

survive in hostile environments such as starvation and desiccation, allowing them to persist and 

continue to cause diseases (Roy et al., 2018).  Biofilm infections are a major cause of repeated 
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nosocomial infections, it has been estimated that biofilm cells can be up to 10,000 times more 

resistant to antibiotics than planktonic cells (Davies, 2003; Rabin et al., 2015).  Biofilm-related 

infections respond to treatment in the beginning but frequently relapse, which may be due to 

multi-organism biofilm formation (Del Pozo, 2018).   

 Staphylococcus aureus is a Gram-positive bacteria that is commonly found on the skin 

but is also an opportunistic pathogen with the ability to form robust biofilms (Schilcher & 

Horswill, 2020).  S. aureus is notorious for causing chronic infections and resisting therapeutic 

treatment via biofilm formation on implanted medical devices (Moormeier & Bayles, 2017). 

Strains resistant to frontline treatments, such as methicillin resistant S. aureus and multi-drug 

resistant S. aureus infections, are of concern because of their resistance to known treatments.   

 Research to treat biofilm-related infections is an ongoing struggle because biofilms have 

exhibited resistance to many therapeutic treatments as previously discussed.  Current strategies 

to inhibit biofilms aim at the various stages of biofilm formation.  At the initial attachment stage, 

biochemical (antimicrobial agents), physicochemical (coated surfaces), and biological (probiotic 

bacteria) approaches are in development (Yang et al., 2012).  At the colonization and maturation 

stage, several strategies disrupt the EPS matrix enzymatically and chemically exposing resident 

biofilm cells via anti-biofilm agents and phages (Yang et al., 2012).  Small molecules that exhibit 

anti-biofilm activity against various bacteria have been isolated from natural sources and made 

synthetically may provide a new strategy to combat biofilms (Roy et al., 2018; Yan et al., 2020).  

For example, lytic antimicrobial peptides were found to have biofilm inhibition activity against 

several bacterial biofilms that were isolated from natural sources and synthetically made (Yan et 

al., 2020).  V. paradoxus forms poor biofilms and can be used as a new source for a small 

molecule with biofilm inhibition activity.   
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2.1.2 Variovorax paradoxus  

 Variovorax paradoxus is an aerobic Gram-negative bacteria that is found commonly in 

soil that contains aliphatic polycarbonates, arsenite, heavy metal ions, trichloroethylene, 

polychlorinated biphenyls, and sulfolane (Satola et al., 2013).  V. paradoxus belongs to a group 

called plant growth-promoting rhizobacteria that can degrade hazardous contaminants (Han et 

al., 2011).  Despite its ability to break down many compounds, its ability to produce metabolites 

and their function is not as well-characterized.  V. paradoxus strains can produce compounds 

such as N-acyl-D-amino acid amidohydrolase, D-amidase, and α-methylserine aldolase, yet their 

role within the bacteria is not known (Satola et al., 2013).   

 Additionally, V. paradoxus has previously been investigated to discover novel natural 

products through both natural products chemistry and genome mining.  It was analyzed to predict 

natural products from BGCs through a web-based tool called Genomes-to-Natural Products 

platform (Johnston et al., 2015).  In this paper, the authors used their platform to predict 

metabolites from the bacteria through the NRPS/PKS gene cluster and then isolated novel 

nonribosomal peptides from two strains of V. paradoxus, strain S110 and strain P4B.  A study 

done by Kurth et al. describes the identification of lipopeptide siderophores through genome 

mining of Variovorax boronicumulans (Kurth et al., 2016).  Robertson et al. isolated and 

characterized the amphiphilic lipopeptide siderophore imaqobactin from Variovorax sp. 

RKJM285 through natural products chemistry (Robertson et al., 2018).   

 Like many other microorganisms, V. paradoxus is found in biofilms.  V. paradoxus strain 

EPS (VP EPS) inhibited S. aureus biofilm formation when grown together in co-culture (Gomez, 

2022).  Furthermore, the filtered supernatants of the mono-culture V. paradoxus and in co-culture 

with S. aureus resulted in biofilm inhibition, suggesting this could be due to a small molecule 
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produced by V. paradoxus.  The filtered supernatants were added to centrifugal filters with a 

molecular weight cut off of 10,000 Da and both supernatants (remained in the filter and passed 

through the filter) were tested for their biofilm inhibition activity.  It was found that the 

supernatant that passed through the filter (MW less than 10,000 Da) caused biofilm inhibition, 

indicating the molecule was less than 10,000 Da.  Upon further analysis, the MW of a 

glycolipopeptide was determined to be 1,007 Da.   

2.1.3 Glycolipopeptides 

 Glycolipopeptides (GLPs) are small molecules that consist of a sugar (glyco), lipid (lipo) 

and peptide component.  GLPs are a class of amphiphilic biosurfactants due to the hydrophobic 

(lipid) and hydrophilic (sugar and polar amino acids) components of the molecule.  

Biosurfactants reduce surface and interfacial tension to allow external nutrients to be taken in 

(Banat et al., 2014).  Dalbavancin and telavancin are GLPs that are FDA-approved drugs for the 

treatment of complicated skin and skin structure infections in adults have also shown to inhibit S. 

aureus biofilms (Meeker et al., 2016).  Figure 1 shows the structures of dalbavancin and 

telavancin.  Both drugs are semisynthetic derivatives of vancomycin (Figure 1, highlighted in 

yellow) (Malabarba & Goldstein, 2005; Damodaran & Madhan, 2011).  Vancomycin, a 

glycopeptide, was chemically modified to include a lipid chain and some side chains were 

substituted to produce dalbavancin and telavancin, which may be responsible for an increase in 

its antimicrobial potency (Malabarba & Goldstein, 2005; Das et al., 2017).   
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Figure 1. Structures of dalbavancin and telavancin.  Both compounds are semisynthetic GLP 

derivatives of vancomycin.  The vancomycin core is highlighted in yellow.   

 

2.1.4 Natural Products Workflow  

 The traditional approach to natural products chemistry is via bioassay-guided 

fractionation where a single isolated compound is pursued for the observed bioactivity (Atanasov 

et al., 2021; Wolfender et al., 2019).  This workflow can be time-consuming and the isolation of 

a single bioactive compound is limited to the types of assays available and the amount of 

material required for each round of testing.  Biological samples, either collected from the 

environment or cultured in the laboratory, are extracted using solvents of varying polarities.  The 

product of the extraction step is called the crude extract and is rarely tested for bioactivity due to 

its complexity, as they can contain thousands of compounds.  Crude extracts are usually either 

partitioned or fractionated to simplify the number of compounds.  Liquid-liquid partitioning is 

commonly used to separate compounds by polarity.  Polar compounds include salts, sugars, 

nucleic acids, whereas nonpolar compounds include lipids.  Fractionation occurs via solid-phase 

extraction (SPE) or column chromatography with a variety of stationary phases, with Silica or 

C18 as the most common (Sarker et al., 2005).  While fractionation will simplify the number of 



29 

compounds, multiple rounds of fractionation and bioactivity testing are necessary to isolate a 

single compound.  Once an extract is fractionated, analytical techniques such as high-

performance liquid chromatography (HPLC) can used to analyze and isolate compounds.  The 

final amount of a pure natural product obtained from an organism is usually very low, 

approximately 0.01 to 0.1 mg.   

 The loss of bioactivity and failure to isolate a bioactive compound through bioassay-

guided fractionation is a major issue.  Some reasons for this are the degradation of the bioactive 

compounds during purification, loss of material during fractionation, and the observed 

bioactivity may be due to the synergistic effects from the interaction of multiple compounds 

(Nothias et al., 2018).  To resolve this, dereplication strategies were developed.  Dereplication 

strategies allow natural products scientists to analyze less material faster, allowing for the 

detection of known compounds utilizing mass spectrometry data.  For LC/MS, the mass injected 

is usually 0.001 mg, which is equivalent to 10 µL of a 0.1 mg/mL solution.  Web-based tools for 

dereplication were created which allow scientists to upload their data and search m/z values and 

MS/MS fragmentation patterns compared to databases for known compounds.  Web-based tools 

and natural product specific databases (e.g., MarinLit, Antibase, and the Dictionary of Natural 

Products) have helped natural products scientists dereplicate their data and to prioritize new 

compounds early in the natural products workflow (Nothias et al., 2018; Wolfender et al., 2019; 

Atanasov et al., 2021).   

 Natural product chemistry relies on many analytical techniques and instruments to 

isolate, purify, and identify a compound.  If a fraction from a crude extract displays bioactivity, 

the first step is to look for known compounds based on the bioactivity data or the producing 

organism (if known, in the case of algae, cyanobacteria, etc.) using LC/MS.  If no known 
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compound is found, the active fraction is further separated using HPLC.  The structure of a pure 

compound can then be elucidated.  Mass spectrometry (MS) is an analytical technique that is 

heavily used in natural products chemistry to dereplicate (discussed above), analyze unknown 

samples, quantify a known analyte, and start determining the compound by structural features 

(Throck Watson & David Sparkman 2007).  Compounds analyzed via mass spectrometry are 

detected as ions and the mass-to-charge ratio (m/z) is obtained by dividing the mass of the ion by 

the charge of the ion.  The m/z value is then used to determine the molecular weight and 

structural features.  The accurate molecular weight can be determined, and ultimately the 

molecular formula, via mass spectrometry because it uses exact masses of the most abundant 

isotopes of the elements present.  The combination of chromatography and mass spectrometry 

(e.g., LC/MS) is often used to separate complex fractions for the deconvolution of mass spectra 

(Wolfender et al., 2019).  Additionally, tandem mass spectrometry (MS/MS) can provide 

detailed structural information by means of fragmentation patterns of molecules.  Each 

fragmentation pattern of a molecule is analogous to fingerprints that can then be used to piece the 

structure together.   

2.1.5 Genome Mining 

 Bacteria have been a prolific source of natural products for decades and have been a 

source of many therapeutic agents (Hug et al., 2020).  Genome mining has become popular for 

drug discovery because genetic information allowed scientists to predict natural products based 

on DNA alone (Ziemert et al., 2016).  Genome mining searches for biosynthetic gene clusters 

(BGCs) which encode for proteins that produce compounds or derivatives (Machado et al., 

2017).  A BGC is a group of two or more genes within one region that encodes for a biosynthetic 

pathway for the production of a metabolite (Medema et al., 2015).  Bacteria produce metabolites, 
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at varying abundances, for intra- and extracellular signaling in response to changes in their 

environment (Camilli & Bassler, 2006).  Compounds are predicted based on the assembly line of 

organized enzymes.  The order of these enzymes dictates the sequence substrates are combined 

or modified, yielding an overall structure (Fischbach & Walsh, 2006).   

 The two most easily characterized BGCs are nonribosomal peptide synthetases (NRPS) 

and polyketide synthetases (PKS) (Boddy, 2014).  The domains in NRPS and PKS are well-

characterized.  Their functions can be predicted with certainty because they are highly conserved 

which is observed in the similarity of amino acid sequences, despite the diversity of secondary 

metabolites produced (Boddy, 2014; Ziemert et al., 2016; Scherlach & Hertweck, 2021).  NRPS 

are multimodular proteins that incorporate certain amino acids into the growing peptide 

(McErlean et al., 2019).  The web-based platform antiSMASH (antibiotics and Secondary 

Metabolite Analysis SHell) is a widely used tool for mining, annotation, and analysis of 

microbial genomes for secondary metabolites (Blin et al., 2021).  Within antiSMASH, BGCs are 

matched, the cluster type is identified, and the predicted compound from the BGC is displayed 

based on the proteins in the BGC.  While the domain proteins in BGCs are conserved, the 

secondary metabolites they produce vary greatly due to substrate specificity.   

 Another database used for the prediction of natural products is MIBiG (Minimum 

Information about a Biosynthetic Gene Cluster) Data Standard and Repository.  The MIBiG 

database allows users to adjust parameters, such as publications involving gene cluster 

characterization, genomic loci, chemical compounds from the encoded biosynthetic pathway 

(Medema et al., 2015).  MIBiG is a fundamental reference database for BGCs with known 

functions and is used for comparative analyses within antiSMASH because it contains a 

standardized requirement of BGC annotations and gene cluster-associated metadata (Kautsar et 
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al., 2020; Medema et al., 2015).  The combined use of antiSMASH and MIBiG with bioassay-

guided fractionation can be useful for the discovery of novel compounds (Trivella & de Felicio, 

2018).   

2.2 Materials and Methods 

2.2.1 Bacterial Strains and Culture Conditions 

 Paul Orwin collection strains of V. paradoxus strain EPS (VP EPS), V. paradoxus strain 

Δ4519 (KmR) (VP Mut 35), S. aureus strain AH1710=S. aureus RN4220 + pCM29 CmR 

(PsarA_RBSsod_SGFP) were used in this study.  Mono-cultures of VP EPS, VP Mut 35 and S. 

aureus were obtained following overnight growth at 30°C and shaking at 200 RPM.  Co-cultures 

of VP EPS + S. aureus (V+S) and VP Mut 35 + S. aureus (35+S) were obtained following the 

biofilm assay for 48 h at room temperature as described in Gomez 2022.  The cultures were 

centrifuged, the supernatant was saved, and the cell pellet was discarded.  The supernatant was 

then syringe filtered (0.22 μm) to remove bacterial cells before downstream assays and analysis.   

2.2.2 Extraction and Fractionation 

 Filtered (0.22 μm) 5 mL mono-cultures of VP EPS, VP Mut 35 and S. aureus, co-cultures 

of V+S and 35+S, and a YE media blank were extracted using 35 mL of a 2:1 CHCl3:MeOH 

solvent mixture.  The crude extracts were concentrated in vacuo and weighed at 10 mg/mL in 

LC/MS MeOH prior to LC/MS analysis.   
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 VP EPS, VP Mut 35, V+S, and 35+S crude extracts then were fractionated using Silica (5 

g) Solid Phase Extraction (SPE) using 100% EtOAc, 75:25 EtOAc:MeOH, 50:50 EtOAc:MeOH, 

25:75 EtOAc:MeOH, and 100% MeOH resulting in 5 fractions per culture (Figure 2).  20 mL of 

each fraction was eluted.  The fractions were concentrated in vacuo, weighed, and resuspended 

in DMSO at 10 mg/mL for testing for biofilm inhibition.    
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Figure 1. Fractionation trees of crude extracts of the two mono-cultures and two co-cultures.  

The 0.22 μm filtered media was extracted using a 2:1 CHCl3:MeOH solvent mixture and 

concentrated in vacuo to obtain a crude extract (crude).  The crude extracts were then 

fractionated using Si (5 g) SPE column resulting in 20 mL per fraction eluted according to the 

tree above.   
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2.2.3 LC-MS/MS Data Analysis 

Samples were analyzed using GNPS LC-MS Dashboard (Petras et al., 2022) for both 

MS1 and MS/MS data.  The extracted ion chromatogram (XIC) tool was used to search for 

[M+H]+ 1,008 due to the previous knowledge of the MW of the molecule.  MS1 data was 

analyzed based on the retention time from the XIC at [M+H]+ 1,008 and applied to the TIC to 

analyze the mass spectra.  MS/MS spectral data for [M+H]+ 1,008 was analyzed based on the 

retention time of the MS/MS acquisition.   

2.2.4 Biofilm Inhibition Assay 

 Mono-culture of S. aureus was grown overnight in yeast extract (5 g/L) broth (YE) with 

chloramphenicol 0.03 g/L at 30℃, shaking at 200 RPM.  The cell density was then measured 

using a Genesys 30 Visible Spectrophotometer (Thermo Scientific), with OD595 = 1.  In a 

centrifuge tube, 1 mL of the culture was centrifuged, the supernatant was discarded, and the cells 

were washed in YE broth twice.  The cells were then resuspended in 500 μL of YE and then 

diluted 1:100 in YE for a final volume of 50 mL resulting in OD595 = 0.01.  To each well of a 12-

well plate, 500 μL of diluted S. aureus culture was added.  A total of 20 fractions were tested, 

along with unextracted mono- and co-culture media of VP EPS, VP Mut 35, V+S and 35+S as a 

positive control, DMSO as a vehicle control, and YE broth as a negative control.  In the 

designated well, 5 μL or 10 μL of the fraction or control was mixed with diluted S. aureus 

culture to deliver 0.2 mg/mL of the compound.  The plates were incubated for 24 h at room 

temperature at a slant using a 10-mL serological pipette to easily detect the biofilm.   

 After 24 h, the media was removed by placing the plate at the opposite angle.  This 

ensured the biofilm was not disturbed when removing the culture fluid from the wells.  The wells 

were rinsed twice with 1 mL of DI water to remove planktonic cells.  Then 1 mL of 1% crystal 
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violet was then added to each well and left to sit for 15 minutes.  After 15 minutes, the wells 

were washed with DI water to remove the crystal violet and left to dry for 15 minutes before 

observing the biofilm.   

2.3 Results and Discussion 

2.3.1 Extraction and LC-MS/MS on Crude Extracts 

 Filtered (0.22 μm) cultures of VP EPS, VP Mut 35 and S. aureus mono-cultures, V+S 

and 35+S co-cultures, and YE media blank were extracted using 35 mL of a 2:1 CHCl3:MeOH 

solvent mixture for each sample.  These solvents were chosen to maximize the yield of the 

suspected GLP present in VP EPS and V+S based on the hydrophobic functional groups of the 

molecule.  The crude extracts were concentrated in vacuo and weighed at 10 mg/mL in LC/MS 

MeOH.  They were then analyzed via LC-MS/MS to determine if the GLP was present in VP 

EPS and V+S only.  Figure 3 compares the MS1 mass spectral data based on the XIC of [M+H]+ 

1,008 of all crude extracts.  Only VP EPS and V+S extracts show [M+H]+ 1,008 with significant 

intensity, indicating this molecule is only present in these two extracts.  The retention times of 

VP EPS and V+S extracts were similar at around 9.8 minutes, indicating the molecules eluted at 

similar solvent polarity may be the same.  The other extracts had retention times past 11 minutes, 

indicating that they are likely not the same molecule as the molecule that eluted at 9.8 minutes.  

VP Mut 35 is a surfactant defective strain in which it does not produce the biosurfactant; thus, it 

is logical that VP Mut 35 and 35+S extracts showed no peaks at m/z 1,008 with significant 

intensity as it does not have the capability to produce the surfactant (GLP).   

 MS/MS data was also collected and analyzed.  VP EPS and V+S extracts had MS/MS 

acquisitions while the other extracts did not, indicating the GLP is significantly present in these 

two extracts.  The MS/MS mass spectral data provides information on how a molecule 
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fragments, providing additional structural information.  The unique fragmentation patterns of 

each molecule allows for the differentiation between molecules of the same mass.  In Figure 4, 

the preliminary matches for m/z values are shown above the m/z loss.  In both MS/MS mass 

spectra of VP EPS and V+S, the same mass losses were observed, indicating the same molecule 

is present in both extracts.  The [M+H]+ ion was observed to be m/z 1,007.66 for both extracts.  

The MW of the molecule is 1,007 Da but the protonated molecule has a m/z value of 1,007.66 

which may be due to negative mass defect, which can cause the slight difference between the 

integer mass (1,007 Da) and the exact mass of a molecule (seen in the mass spectral data) (Sleno, 

2012; Pleil & Isaacs, 2016).  Noting the intensity of both spectra, VP EPS has a maximum 

intensity of 1,000 and V+S has a maximum intensity of 3,500 suggesting that the GLP 

production may be increased in the co-culture.  The loss of two 146 m/z units could represent the 

residue mass of L-fucose.  Fucose is a deoxy hexose that lacks a hydroxyl group on the carbon in 

the 6th position of the ring.  Additionally, VP EPS encodes for a protein called VARPA_1431 

which is predicted to be an alpha fucosidase, suggesting that fucose may be the sugar present in 

the molecule (Gomez, 2022).  The loss of 117 m/z units could represent the amino acid valine 

and the loss of 87 m/z units could represent the residue mass of the amino acid serine.  Various 

studies have found that D-amino acids have the ability to inhibit biofilms (Kolodkin-Gal et al., 

2010; Hochbaum et al., 2011; Ramón-Peréz et al., 2014), indicating that the amino acids in the 

GLP may have a D-configuration and may play a role in biofilm inhibition.   
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Figure 3. Mass spectra comparison of crude extracts.  Retention times were chosen based on the 

highest peak on the EIC searching for [M+H]+ 1,008.  Only VP EPS and V+S show significant 

intensity of [M+H]+ 1,008 at similar retention times of 9.8 minutes.  All other extracts had 

retention times past 11 minutes and no significant peaks of [M+H]+ 1,008.   
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Figure 4. MS/MS spectra of VP EPS and V+S crude extracts.  The m/z was specified at m/z 

1,008 for MS/MS acquisition.  MS/MS acquisition was around 9.8-9.9 minutes for both extracts.  

The same mass losses were observed in both extracts.  Loss of 146 represents the residue mass of 

L-fucose.  Loss of 117 represents the amino acid valine.  Loss of 87 represents the residue mass 

of the amino acid serine.   
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2.3.2 GLP Production by V. paradoxus 

 A 2019 patent describes a GLP from V. paradoxus strain RKNM-096, NB-RLP1006 

(Kerr et al., 2019).  Based on the similar m/z values, the GLP in this study is likely elementally 

and structurally similar to the GLP in the patent (Figure 5).  The sugar groups are likely attached 

to the lipid chain through a glycosidic bond and the amino acids are likely attached covalently to 

the other side of the lipid chain.  In the patent the sugar groups identified were rhamnose, 

however our data suggests that the sugar groups are likely L-fucose (Figure 4).  However, the 

two sugars have the same mass of 164 Da and residue mass of 146 Da.  To determine which 

sugar is incorporated, NMR of the molecule is needed.  The patent reports the [M+H]+ ion at m/z 

1,007.6628, and our MS/MS [M+H]+ ion at m/z 1,007.664 (Figure 4).  Based on the structure 

given in the patent, its molecular formula is C51H94N2O17.  The molecular formula of the GLP in 

this study is hypothesized to be C51H95N2O17.  The patent then continues to describe synthesis 

and semi-synthesis of structurally similar GLPs and the cytotoxicity of the molecule.   

 The extraction method described in the patent was different from what was done in this 

study.  In the patent, V. paradoxus RKNM-096 was grown in ISP2 media at 30℃ for five days.  

After five days, the cells were removed by centrifugation and the supernatant was mixed with 

kerosene, vortexed, and incubated overnight at room temperature.  The mixture was then 

extracted twice using 10 mL of EtOAc.  The EtOAc extract was then partitioned with water to 

remove polar media components.  The extracts were separated using a UHPLC and analyzed 

using a high-resolution mass spectrometer utilizing electrospray ionization.  In this study, 0.22 

μm filtered cultures were extracted using a 2:1 CH3Cl:MeOH solvent mixture.  The extracts were 

then separated using a UHPLC and analyzed by trapped ion mobility spectrometry coupled with 

time-of-flight mass spectrometry.  Despite the different extraction and analysis methods, a GLP 
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was detected in both the patent and in this study.  The structure of the GLP in the patent was 

determined via MS and NMR.   

 

 

Figure 5. Structure of NB-RLP1006, a GLP from V. paradoxus RKNM-096.   

 

 Additionally, the patent provided genetic information of the bacteria.  The amino acid 

sequence of the NRPS in the patent and this study were aligned using Clustal Omega (Figure 6) 

(Maderia et al., 2022).  While many of the amino acids align as designated by an asterisk (*), 

there are many places where they do not align.  A colon (:) represents amino acids that have 

strongly similar properties, a period (.) represents amino acids with weakly similar properties, 

and a blank space represents two different amino acids (Madhusoodanan, n.d.).  The differences 

in amino acids indicates the protein may recruit different substrates into the 2-amino acid 

peptide.   
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Figure 6. Amino acid sequence alignment of V. paradoxus EPS and V. paradoxus RKNM-096.  

Symbols below both sequences represent similarity in amino acid character.  An asterisk (*) 

represents the same amino acid in both sequences, a colon (:) represents amino acids with 

strongly similar properties, and a period (.) represents amino acids with weakly similar 

properties.  A blank space represents two different amino acids.  This figure shows the first 540 

amino acids of both sequences.   

 

2.3.3 Fractionation and Biofilm Inhibition Assay 

 Consequently, the partially characterized GLP is not responsible for the biofilm inhibition 

activity.  VP Mut 35 and 35+S crude extracts were included in fractionation because biofilm 

inhibition was observed in by VP Mut 35 (Gomez, 2022).  VP EPS, VP Mut 35, V+S, and 35+S 

crude extracts were fractionated using Silica (5 g) SPE resulting in five fractions per culture 

(Figure 2).  Biofilm inhibition was observed in the four cultures, thus they were selected for 
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fractionation.  Through bioassay-guided fractionation, the bioactive molecule responsible for 

biofilm inhibition can be identified.   

 Fractions were concentrated at 10 mg/mL in DMSO for testing for biofilm inhibition.  To 

approximate the concentration of the compound VP EPS produced, the natural concentration was 

calculated by dividing the mass of the fraction (1 mg) and the total volume extracted (5 mL).  

This resulted in a concentration of 0.2 mg/mL required to be added to each well, which is 

equivalent to 20 μL of the 10 mg/mL solution.  The final concentration of DMSO was 0.1%.  

This volume was not selected because the DMSO tolerance of VP EPS and S. aureus is not 

known.  Instead, 5 or 10 μL were used to observe the DMSO tolerance and to examine if biofilm 

inhibition occurs at a lower amount.   

 Based on the results from the biofilm inhibition assay, the fractions that caused biofilm 

inhibition will then be separated further using HPLC.  These subfractions will then be retested 

for biofilm inhibition, ideally leading to the isolation of the bioactive compound.  Once the 

bioactive compound has been isolated, the structure will be elucidated via NMR and MS.   

2.3.4 Genome Mining using antiSMASH 

 antiSMASH was used to search for natural products encoded in DNA by analyzing the 

genome from VP EPS (Figure 7) (Blin et al., 2021).  Eight BGCs were identified within the VP 

EPS genome that were further classified into the type of BGC (e.g., NRPS, PKS).  Figure 7 gives 

the well-characterized natural product of the most similar BGC (MIBiG database), the natural 

products class, and the percent similarity of the BGC are given.  Region 8 was selected for 

further analysis because VP Mut 35 was shown to be in this region.  The eighth BGC contains an 

NRPS cluster type and the most similar known cluster produces bacillibactin, which is a 
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nonribosomal peptide, with a 15% similarity.  The similarity is too low to be a definitive match 

and a more detailed comparative analysis of the eighth BGC to the MIBiG database was done.   

 The core biosynthetic gene within the eighth BGC is a NRPS, Varpa 4519 (Figure 8).  

Varpa 4519 consists of two modules that encode for a 2-amino acid peptide.  The condensation 

domain (C) is located at the N-terminus and catalyzes amide bond formation, the adenylation 

domain (A) plays a role in peptide biosynthesis by catalyzing a two-step reaction, and the 

peptidyl carrier protein domain (PCP) is used to carry substrates and peptide intermediates 

between domains (B. Miller & Gulick, 2016).  The terminal reductase domain is abbreviated as 

TD, will cleave the peptide from the enzyme (Figure 8).  In the MS/MS data, a loss of 87 m/z 

units was observed which could represent the residue mass of serine.  Based on homology with 

other domains, the second amino acid was predicted to be one of the following: glycine, alanine, 

valine, leucine, isoleucine, α-aminobutyric acid, isovaline.  From the MS/MS data valine was 

hypothesized, but from the patent leucinol was determined to be the second amino acid.  Valine, 

leucinol and isovaline all have a mass of 117 Da, suggesting the possibility of these three amino 

acids could be produced by VP EPS.  Furthermore, there are other genes in the BGC that 

produce compounds that may be incorporated into the GLP.  For instance, there is a 

glycosyltransferase and rhamnosyltransferase to the left of Varpa 4519, indicating the sugar in 

the GLP may not be fucose.  To determine the rest of the structure, NMR of the compound is 

required.   
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Figure 7. antiSMASH of V. paradoxus EPS.  There are eight BGC regions identified in V. 

paradoxus EPS.  Each BGC region is further classified into cluster types, labeled next to the 

region.  The well-characterized natural product with the most similar BGC compared to the 

MIBiG database, the class of natural product, and the percent similarity are displayed on the 

right.  The eighth BGC was selected for further analysis to attempt to identify the GLP due to the 

surfactant gene present in the eighth BGC.  This figure was obtained from the antiSMASH 

website (Blin et al., 2021).   

 

 
Figure 8. antiSMASH results of eighth BGC cluster from VP EPS.  The core biosynthetic gene 

in the BGC is identified as a NRPS, Varpa 4519.  Varpa 4519 is an amino acid adenylation 

domain protein that produces a 2-amino acid peptide.  This figure was obtained from the 

antiSMASH website (Blin et al., 2021).   
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 The gene Varpa 4519 was searched against the MIBiG database to see if any known 

natural products have similar BGCs (Medema et al., 2015).  Table 1 displays the top ten results 

obtained from the search.  The top result has a % ID of 48% and % Coverage of 84.3%, 

indicating the gene sequence similarity between the BGCs are relatively low despite the high 

coverage between them.  The Expect value (E-value) which represents the number of hits that are 

expected when searching the database and decreases exponentially as the score of the match 

increases.  Interestingly, the top ten results all have an E-value of 0.0, indicating the match is 

significant.  However, identical short alignments have high E-values because the algorithm takes 

the length of the query sequence into account (“U.S. National Library of Medicine,” n.d.).  

Therefore, despite an E-value of 0.0, the short alignments may occur in the database by pure 

chance.  

 

Table 1 

MIBiG Hits of Varpa 4519 

 
Note. Table 1 only represents the top ten results.   
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2.4 Summary 

 A GLP was partially characterized in both VP EPS and V+S crude extracts through LC-

MS/MS.  A 2019 patent describing a GLP produced by V. paradoxus RKNM-096 provides hints 

toward the structure of the GLP produced by VP EPS.  The patent provides strong implications 

of very similar structures that the LC-MS/MS data alone cannot prove any differentiations, 

despite the patent not exactly matching the genetic data from this study.  Fractions of the crude 

extracts are being tested in a biofilm inhibition assay to identify bioactive fraction(s) for further 

separation and isolation of the bioactive molecule.  The eighth BGC of VP EPS was analyzed 

through antiSMASH to assist in the characterization of the GLP and the MIBiG database to 

observe compounds from similar BGCs.   
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CHAPTER 3: IDENTIFICATION OF CULTURABLE CAULERPA SPP.  

SURFACE-ASSOCIATED BACTERIA 

 

3.1 Background 

3.1.1 Caulerpa spp. 

 The macroalgae genus Caulerpa are native to tropical and subtropical oceans (Mehra et 

al., 2019).  Caulerpa spp. are common in residential in aquariums due to their aesthetics and easy 

propagation (Walters et al., 2006).  Due to global warming, the temperature of oceans continues 

to rise at higher latitudes, allowing Caulerpa spp. to inhabit non-native environments (Walters et 

al., 2006; Montefalcone et al., 2015).  Historically, it has been hypothesized to be an invasive 

species, dominating non-native regions by reproducing rapidly and colonizing available surfaces, 

outcompeting native organisms (Rizzo et al., 2016).  In addition to this, the invader threatens 

native organisms by exerting adverse effects on the surrounding environment and the associated 

microbial communities, and negatively impacting native fish growth and population dynamics as 

a result of its invasiveness (Pierucci et al., 2019).  Paul & Fenical discuss the various secondary 

metabolites produced by Caulerpa spp. that have significant toxicities to surrounding organisms 

hypothesized to be chemical defenses (Paul & Fenical, 1986).   

 Secondary metabolites produced by Caulerpa spp. are mostly composed of linear or 

monocyclic terpenes with aldehyde and characteristic enol-acetate functional groups (Mehra et 

al., 2019).  Figure 9 shows some of the known secondary metabolites produced by Caulerpa 

spp., with these keystone enol-acetate functional groups highlighted in blue.  Known secondary 

metabolites produced by Caulerpa spp. have been isolated following human-centric biological 

activities, such as cytotoxicity, antimicrobial, antiviral, and antifungal activities (Mehra et al., 
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2019; Rushdi et al., 2020).  Caulerpa spp. produce these secondary metabolites in the context of 

their surroundings, indicating they have a significant ecological role that remains unexplored.   

 

 

Figure 9. Known abundant secondary metabolites produced by Caulerpa spp..  The 

characteristic enol-acetate functional groups are highlighted in blue.   

 

 Previous studies indicate that macroalgal extracts regulate the settlement and colonization 

of bacteria on its surface (Goecke et al., 2010; Sneed and Pohnert, 2011; Salaün et al., 2012).  To 

understand the spread and invasion in non-native environments, the chemical cues for the 

recruitment of bacteria to its surface needs to be studied (Aires et al., 2015; Arnaud-Haond et al., 

2017).  It is suggested that Caulerpa spp. produces secondary metabolites that are crucial in the 

formation of its bacterial community (Dobretsov et al., 2006).  We propose that macroalgal-

bacterial interactions are chemically mediated.  Secondary metabolites produced by these 

macroalgae are hypothesized to be responsible for the regulation of settlement of surface-
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associated bacteria (Steinberg et al., 2002; Puglisi et al., 2014).  The aim of this study was to 

identify the culturable surface-settled bacteria through identification of the 16S rRNA gene to 

understand the chemical mediation of Caulerpa spp..  A total of 35 bacterial strains isolated from 

the surface of Caulerpa spp. collected from the Florida Keys were profiled.   

3.1.2 Vibrio spp. and Vibriosis 

 Vibrio spp. are Gram-negative bacteria that are commonly found in the marine 

environment.  Vibrio spp. are known pathogens to both humans and marine organisms that can 

cause infections that can develop into fatal diseases (Thompson et al., 2004; Stocker & Seymour, 

2012; Vezzulli et al., 2013).  The most common infection is cholera caused by Vibrio cholerae 

(Baker-Austin et al., 2018).  However, vibriosis, caused by non-cholerae Vibrio spp., can occur 

by wound exposure in seawater or consumption of contaminated raw or undercooked seafood 

(Baker-Austin et al., 2018).  Rising temperatures in the oceans due to global warming favors the 

dispersal of Vibrio spp. and increased infections, with 320,000 cases predicted per year by 2030 

(Baker-Austin et al., 2018; Sheahan et al., 2022).   

 Vibrio spp. are of interest to this project because they may play a role in protecting 

Caulerpa spp. due this pathogenicity (Rizzo et al., 2016).  Some Vibrio spp. have been identified 

to be associated with algal surfaces through culture-dependent methods (Franco et al., 2020).  

Our hypothesis is that Caulerpa spp. recruits a higher percentage of Vibrio spp. to its surface.  

The ratio of Gram-positive to Gram-negative bacteria on the surface of algae compared to the 

surrounding seawater has been found to be distinct which may be due to the algal metabolites 

(Steinberg et al., 2002).   
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3.1.3 Bacterial Identification 

 The process of identifying isolated environmental bacterial strains includes the following 

steps: 1) genomic DNA extraction, 2) amplification of the 16S rRNA gene, 3) cleanup, 4) 

sequencing, and 5) curation of sequencing data for identification.  The 16S rRNA gene is used 

for bacterial identification because: 1) the 16S rRNA gene is present in all bacteria, 2) the 

function of the gene is consistent and changes in the sequence is indicative of million years of 

evolution, and 3) the size of the gene (1,500 bp) is large enough for statistical purposes for 

sequence divergence (Patel, 2001).  This 1,500 bp region is considered a fingerprint for the 

identification of bacterial strains.  The 16S rRNA gene is used for identification because it has a 

highly conserved region that all bacteria encode for (Fukuda et al., 2016).  The 16S rRNA region 

consists of ten regions, one conserved region and nine hypervariable regions which differentiates 

bacterial genus and sometimes species due to the sequence divergence in the hypervariable 

regions (Figure 10) (Van de Peer et al., 1996; Chakravorty et al., 2007).  Primers are used to 

attach to the highly conserved regions, targeting the hypervariable regions for amplification 

(Figure 10).   
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Figure 10. 16S rRNA gene.  This region consists of ten regions, one conserved region and nine 

hypervariable regions which can differentiate bacterial genus and sometimes species.  The 

primers used to attach to the 16S rRNA gene are considered universal primers because they 

target highly conserved regions, displayed on the bottom.   

 

 Polymerase chain reaction (PCR) is an established method to amplify a specific region of 

DNA.  The three steps in PCR are: 1) denaturation, 2) annealing, and 3) elongation.  These three 

steps are repeated approximately 30 cycles, to allow for sufficient amplification.  One PCR cycle 

will double the targeted sequence, and after 30 cycles the targeted sequence is sufficiently 

amplified by a factor of millions.  Each step requires its own temperature; denaturation requires 

95℃, annealing temperature is primer dependent, and elongation requires 72℃ programmed in a 

thermal cycler.  In the denaturation step, the high temperature will cause the double-stranded 

DNA to unwind into single-stranded DNA, exposing the nucleotides.  The annealing step 

involves the attachment of primers to their complementary bp to the single-stranded DNA, and 
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the elongation step attaches free-floating dNTPs to the DNA template via DNA polymerase 

forming double-stranded DNA.  PCR products are then evaluated through gel electrophoresis, 

comparing the length of amplified DNA to a DNA ladder of known bp lengths.   

 Once the desired PCR product length is obtained, free-floating dNTPs, primers, 

polymerase and salts are removed.  Cleaned PCR product is subjected to Sanger sequencing.  

Sanger sequencing involves the use of one primer and the addition of fluorescent ddNTPs 

(Sanger et al., 1977).  ddNTPs lack the 3’-OH group which is found in dNTPs allowing the next 

nucleotide to form a bond; the lack of the 3’-OH group in ddNTPs prevents nucleotides from 

being added to the chain.  Based on the different fluorescence of each ddNTP, the sequence of 

the 16S rRNA gene can be visualized on chromatograms and the sequence can be determined.  

The decoded sequence is then uploaded onto BLAST to search against the NCBI database to 

identify the bacterial strain.   

3.1.4 Agar Typing of Marine Bacteria 

 Historically, the identification of bacterial strains can also be done based on growth or 

morphology on agar.  A1 agar is used to grow and isolate marine bacterial strains because it is a 

high nutrient marine agar.  Thiosulfate-Citrate-Bile Salts-Sucrose (TCBS) agar can be used for 

the identification of Vibrio spp..  TCBS agar is a selective media for the identification of Vibrio 

spp. due to the alkaline pH, high salt content, and addition of thymol and bromophenol blue 

which allows for differentiation between sucrose-using species (Letchumanan et al., 2014).  

Vibrio spp. that use sucrose form yellow colonies and those that do not form green colonies, 

narrowing down the species of Vibrio spp. (Thompson et al., 2004).  MacConkey agar (MC) is a 

differential and selective media that inhibits the growth of Gram-positive bacteria, allowing 

Gram-negative bacteria (e.g., Vibrio spp.) to grow.  Gram-positive bacteria are inhibited due to 
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the crystal violet and bile salts in MC agar (Jung & Hoilat 2021).  Most Vibrio spp. are able to 

grow on MC agar due to their ability to ferment lactose (Brennan-Krohn et al., 2016).  Growth 

on TCBS and MC agar allows for the morphological identification of Vibrio spp..  

3.2 Materials and Methods 

3.2.1 Bacterial Isolation 

 Bacterial strains were isolated from diversity plates of the surface-associated bacteria of 

Caulerpa spp. collected from the Florida Keys.  Isolated bacterial strains were chosen for 

uniqueness based on their morphological appearance on A1 agar.  Each isolated bacterial strain 

was given a name using the scheme ‘C_##’ in which C represents Caulerpa spp., the underscore 

represents the specific Caulerpa species the bacteria was isolated from, and ## is the number 

assigned to the isolate.  Isolates were then plated on TCBS agar plates to identify if they were 

Vibrio spp..  Isolates were grown in A1 liquid media and then cryo-preserved (final 

concentration 30% glycerol) for storage at -80℃ until further analysis.   

3.2.2 DNA Extraction 

 Isolated bacterial strains are grown on A1 agar plates from -80℃ stocks to confirm their 

purity.  A single colony from a pure plate was inoculated in 2 x 4 mL of A1 media broth.  A 

media only tube with no bacteria was also prepared to ensure the A1 media was not 

contaminated after overnight growth.  The tubes are then put in a New Brunswick™ Excella® 

E24 Incubator Shaker Series (Eppendorf) at 180 RPM at 30℃ for 12-18 h.  The growth of each 

tube was evaluated by visual inspection of turbidity of the culture before DNA extraction.  The 

bacterial culture was pipetted 1 mL at a time into a centrifuge tube, centrifuged for 4 minutes at 

13,000-16,000 xg using a Centrifuge 5420 (Eppendorf), and the supernatant was discarded.  This 

step was repeated for each bacterial strain.   
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 DNA extraction was performed using the Wizard® Genomic DNA Purification Kit, 

following the Gram-Negative Bacteria Protocol with a few adjustments.  Longer centrifugation 

times were used at the protein precipitation, DNA precipitation and rehydration steps (4 

minutes), and the final volume for DNA rehydration was decreased to 50-100 µL.  The DNA 

concentration is checked using a NanoDrop™ 2000 Spectrophotometer and NanoDrop™ One 

Microvolume UV-Vis Spectrophotometer (Thermo Scientific).  DNA extracts that had 

concentrations above 70 ng/µL and a 260/280 value above 1.7 were stored at -20℃ until further 

analysis.  Extracted DNA below this concentration were discarded and the process was repeated.   

3.2.3 PCR 

 PCR was performed using a T100™ Thermal Cycler (Bio-Rad) and a Mastercycler® 

Personal (Eppendorf).  Different primers were used to target different genes, specified in Table 

1.  For a final volume of 50 µL per reaction, 1 µL of extracted genomic DNA, 0.5 µL of FC27, 

0.5 µL of RC1492, 0.5 µL of dNTPs, 10 µL of 5X Phusion HF Buffer (ThermoFisher), 0.5 µL of 

Phusion DNA Polymerase (ThermoFisher), and 37 µL of molecular-grade water were added to 

one PCR tube.  For a negative control, molecular-grade water was used in replace of extracted 

genomic DNA.  Thermal cycling steps were: 1) initial denaturing for 45 seconds at 95℃, 2) 30 

seconds at 95℃, 3) annealing for 30 seconds at 55℃, 4) elongation for 45 seconds at 72℃, 5) 

steps 2-4 repeated for 30 cycles, and 6) final elongation for 5 minutes at 72℃.   

The length of PCR product was confirmed using gel electrophoresis with a 1% agarose 

gel, 1 µL of PCR sample with 5 µL of loading dye were loaded it into each well and compared to 

a 1 kb DNA ladder (GoldBio).  Gel electrophoresis was run using a Mini-Sub Cell GT 

Horizontal Electrophoresis System and PowerPac Basic Power Supply (Bio-Rad).  Gel 
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electrophoresis was run at 120V for 35 minutes.  Gel imaging was done using a ChemiDoc 

XRS+ Imaging System (Bio-Rad) and analyzed through Image Lab™ Software (Figure 12).   

 PCR products of the correct bp size when compared to the ladder were then cleaned up 

using GeneJET PCR Purification Kit (Thermo Scientific) following the manufacturer’s protocol 

with a few adjustments.  In the first step, a 2:1 ratio was used for binding buffer to PCR mixture 

rather than a 1:1 ratio and the final volume for elution was 25-50 µL compared to 50-100 µL.  

The concentration of cleaned PCR was measured using a NanoDrop™  One/OneC Microvolume 

UV-Vis Spectrophotometer (Thermo Scientific).  The required concentration of cleaned PCR 

product was 40-60 ng/µL for sequencing.   

 

Table 2 

PCR primers to target specific genes 

 

 

3.2.4 Sequencing and Identification 

 Sequencing was performed through Eurofins Genomics (Louisville, KY) on cleaned PCR 

products by mixing 4 µL of either forward or reverse primer (5 pmol/µL) and 8 µL of the 

cleaned PCR product into a sequencing tube.  Both forward and reverse sequences were 

obtained.   

 Forward and reverse sequences were analyzed through SnapGene Viewer for the quality 

of the sequence (Figure 14).  The reverse complement of the reverse sequence was obtained for 

alignment purposes using SnapGene Viewer.  The forward and reverse sequences were aligned 
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via Clustal Omega tool in EMBL-EBI (Maderia et al., 2022).  Once the aligned sequences are 

obtained, the sequence is input into Nucleotide BLAST (Altschul et al., 1990) to search against 

the NCBI database for the identification of the bacterial species.  A neighbor-joining 

phylogenetic tree was obtained through Clustal Omega in EMBL-EBI (Maderia et al., 2022).   

3.2.3 Agar Recipe 

 A1 agar was prepared by adding 10 g agar, 5 g starch, 2 g yeast, and 1 g peptone into a 1-

L media bottle.  In a flask, 600 mL of milli-Q was mixed with 15 g Instant Ocean and vacuum-

filtered.  The filtered salt water was then added to the 1-L media bottle and autoclaved for 30 

minutes.  Once the autoclave was done and the media bottle was cool enough to touch but still 

warm, the agar was poured into sterile Petri dishes in a Purifier Logic+ Class II, Type A2 

Biosafety Cabinet (Labconco).  TCBS agar (BD Difco™) was prepared based on the 

manufacturer’s protocol.  MC agar (ThermoFisher) was prepared based on the manufacturer’s 

protocol with the addition of Instant Ocean (20 g/L).   

3.3 Results and Discussion 

3.3.1 Identified Bacterial Strains 

 The goal of this study was to identify the isolated, culturable bacterial strains that settled 

on the surface of Caulerpa spp. to understand the chemical mediation in the recruitment of 

certain bacteria.  Out of 35 bacterial strains isolated from Caulerpa spp., 12 bacterial strains were 

identified via sequencing the 16S rRNA gene.  The sequences of the identified bacterial strains 

were aligned and a neighbor-joining phylogenetic tree was obtained via Clustal Omega (Figure 

11) (Madeira et al., 2022).  A neighbor-joining tree is created by grouping similar (neighboring) 

sequences to minimize the total branch length, resulting in a minimum-evolution tree (Saitou & 

Nei, 1987).  The phylogenetic tree was used to observe the diversity and types of bacteria 
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identified that were isolated from the surface of Caulerpa spp..  Bacterial strains labeled in red 

grew on TCBS agar plates, indicating that they are Vibrio spp. contrary to their 16S rRNA 

sequence identification.  Bacterial strains labeled in black have shown no growth on TCBS agar 

plates, indicating they are not Vibrio spp..  Identification of environmental bacterial strains was 

proved to be quite challenging with many adjustments made in optimize each step.   

 

 

Figure 11. Phylogenetic tree of identified bacterial strains.  For this study, a phylogenetic tree 

was used to distinguish different bacterial strains to observe the types of bacteria present.  Code 

names of the bacterial strains are labeled as ‘C_##’.  Bacterial strains in red indicate growth on 

TCBS agar plates and the bacterial strains should be Vibrio spp.  Bacterial strains in black 

indicate no growth on TCBS agar plates.   

 

3.3.2 PCR Troubleshooting 

 The amplification of the 16S rRNA gene resulted in a 1,500 bp segment that can be 

viewed in a PCR gel.  Figure 12 displays PCR gels in which the left gel was a successful PCR 

run and the right gel was an unsuccessful PCR run.  The samples were compared to a 1 kb DNA 

ladder that was loaded into the first lane of the gel.  A successful PCR run is indicated by a 

single bright, clear band at 1,500 bp (Figure 12, left gel).  An unsuccessful PCR run is indicated 
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by no bands at 1,500 bp (Figure 12, right gel).  All of the samples tested ran through the gel 

resulting in faint lines at the bottom of the gel, past the smallest band in the ladder.  If the PCR 

run was unsuccessful, the PCR protocol and the quality of the DNA are re-evaluated.   

 

 

Figure 12. PCR gel for the amplification of the 16S rRNA gene.  Left image indicates PCR 

worked and the PCR products are of the correct bp length (1,500 bp indicated in red).  Right 

image indicates PCR did not work, indicated by the bands running to the bottom of the gel, past 

the smallest band in the ladder.   

 

 The PCR protocol and reagent ratios were adjusted various times in effort to optimize the 

PCR step in bacterial identification.  For example, the annealing temperature was modified 

between 50-55℃ to find the optimum temperature for the primers.  The annealing temperature 

was initially determined to be 55℃ because it is 5℃ below the melting temperature of the 

primers.   

 The next speculation in effort to optimize PCR was to test the quality of the genomic 

DNA by running a genomic DNA gel (Figure 13).  This process was similar to running a PCR 
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gel with the change of 5 µL of genomic DNA rather than 5 µL of PCR mixture with the same gel 

electrophoresis parameters.  If the quality of the genomic DNA is good, the band would be 

visualized near the top of the gel due to its large bp size.  However, if the genomic DNA has 

degraded, the band will run through the gel and past the smallest bp size compared to the ladder 

(Figure 13, red circle).  If the genomic DNA degraded, then DNA extraction of that bacterial 

strain must be performed again.  Re-evaluation of the DNA extraction step included the use of 

different liquid media for the optimal growth of these environmental bacterial strains.  Each 

environmental bacterial strain may have unique media requirements.   

 

 

Figure 13. Genomic DNA gel was used as quality control of the DNA extraction step to ensure 

the genomic DNA did not degrade for future steps.  Genomic DNA should show a band 

relatively high in the gel due to its high molecular weight.  The band circled in red indicates 

genomic DNA that has degraded because it passed through the gel farther than the smallest band 

in the ladder.   

 



61 

 The degradation of genomic DNA in this study was likely due to the repeated freezing 

and thawing of the genomic DNA.  Genomic DNA samples were found to degrade with an 

increase in freeze/thaw cycles and were directly related to the size of the DNA, i.e., the larger the 

DNA the more susceptible it was to degradation (Shao et al., 2012).  In solution (e.g., water or 

buffer) DNA is a random coil, and when it freezes and thaws, ice crystals form causing tension 

leading to DNA breakage (Shao et al., 2012; Matange et al., 2021).  With repeated freezing and 

thawing, the integrity of the DNA decreased exponentially (Matange et al., 2021).  To solve this 

problem, aliquots of the genomic DNA extract should be made in order to keep the majority of 

extracted genomic DNA frozen until needed for PCR.   

 Another major issue in this process was the loss of PCR product after PCR cleanup was 

performed.  The progress of each bacterial strain is listed in Table 2, with the progress of the 

DNA on the far right column.  One reason may be that the volume of PCR mixture added to the 

column is too little and very little purified PCR product elutes off.  In the manufacturer’s 

protocol, up to 800 µL of the PCR mixture and Binding Buffer are added to the column.  

However, the maximum volume used for one bacterial strain was 405 µL (triplicate of one 

bacterial strain) that was added to the column.  Most of the time, only a single or duplicate of a 

bacterial strain was used for PCR and, if successful, PCR cleanup.  In most cases, the use of 

triplicates for PCR and PCR cleanup did result in high enough DNA concentrations for 

sequencing.  Some purified PCR products had a DNA concentration right below the DNA 

concentration requirement for sequencing.  In this case, double the amount of purified PCR 

products was added to the sequencing tube.  This often resulted in low quality sequencing results 

(Figure 14, bottom), but some resulted in high quality sequencing results (Figure 14, top).   
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Table 3 

Progress of Identification of 35 Isolated Bacterial Strains from the Surface of Caulerpa spp. 
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3.3.3 Sequencing and Identification 

 Sequencing of the bacterial strains included the combination of the forward and reverse 

sequence.  The sequencing results are viewed and analyzed as a chromatogram in which each 

nucleotide is labeled with a color and indicated as a peak for detection (Figure 14).  The forward 

and reverse sequencing results are analyzed and if both are high quality, the reverse complement 

of the reverse sequence was used, and they are aligned to achieve an almost 1,500 bp length 

sequence.  However, if either the forward or reverse sequence was low quality only half of the 

full 16S rRNA sequence was obtained.  A low quality sequence may be due to the bacterial strain 

containing multiple copies of the 16S rRNA gene and the copies have different sequences that all 

show up on the chromatogram (Patel, 2001).  Partial sequencing of the forward sequence may be 

sufficient, but for accuracy of bacterial identification it was not enough, and the full 16S rRNA 

sequence is required (Patel, 2001).  In many studies the 16S rRNA gene was partially sequenced 

of about 700 bp or shorter due to cost restraints with Sanger sequencing (Kim et al., 2011).   

 Rather than using the same primers that were used for PCR (27F and 1492R), which 

target all nine hypervariable regions, primers that target the middle hypervariable regions may 

result in better sequencing results.  On the bottom of Figure 10, the primers used to attach to the 

16S rRNA gene are aligned to the base they attach to.  Therefore, primers such as 530F and 

1100R should be used in the future to sequence a shorter region for better sequencing efficiency 

and results.   
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Figure 14. Sequencing results of the 16S rRNA gene.  Top chromatogram depicts a high quality 

sequence in which all the bases are clearly identified based on the colored peaks.  Bottom 

chromatogram depicts a low quality sequence in which the sequence cannot be read clearly, 

resulting in the detection of multiple bases.   

 

3.3.4 Identification of Vibrio spp. 

 The identification of bacterial strains suspected to be Vibrio spp. according to agar 

studies resulted in Bacillus spp. (Figure 11).  It is highly suspected that there is contamination by 

Bacillus endospores and the contaminant was sequenced and identified.  All of the isolated 

bacterial strains were plated on A1 agar plates and TCBS agar plates for the detection of Vibrio 

spp. (Figure 15).  The bacterial strains that grew on TCBS agar plates matched that of 

preliminary data.  Based on these results, it was expected that these strains would be identified as 

Vibrio spp. when sequencing the 16S rRNA gene based on previous studies (Gomez-Gil et al., 

2004; Thompson et al., 2005; Pascual et al., 2010).   



65 

 Morphologically, some Vibrio spp. look very similar on TCBS agar plates and therefore 

require sequencing for identification or other identification assays (e.g., biochemical assays).  In 

this study, MC agar was used to confirm Vibrio spp. (Figure 15).  If growth was seen on TCBS 

agar, the bacterial strain, from A1 agar, was then plated on MC agar.  Growth on MC agar plates 

was small but resulted in a pink-purple color on the initial streak.  MC agar was used because it 

is both a differential and selective media for the growth of Gram-negative bacteria.  Crystal 

violet (0.001 g/L) and bile salts (1.5 g/L) present in MC agar inhibits the growth of Gram-

positive bacteria (Jung & Hoilat, 2021).  If there was growth on both TCBS and MC, the 

bacterial strain was considered to be a Vibrio spp..  The 12 bacterial strains that are suspected 

Vibrio spp. were able to grow on both TCBS and MC agar (Table 3).  However, some Bacillus 

spp. have the ability to withstand the crystal violet and bile salts present in MC agar.  Thus, agar 

studies is not sufficient to confirm a bacterial strain is Vibrio spp. and suggests that Bacillus spp. 

contaminants were cultured and identified.  Another method to classify the bacterial strains as 

Gram-positive or -negative is gram staining.  Vibrio spp. are Gram-negative bacteria, which will 

result in a purple stain, and Bacillus spp. are Gram-positive bacteria, which will result in a 

red/pink stain.  This simple method may provide rapid results for the classification of the bacteria 

present in the suspected Vibrio spp. stock cultures.   
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Figure 15. Agar plates to identify Vibrio spp. based on morphology.  If growth was seen on 

TCBS agar, the bacterial strain, from A1 agar, was then plated on MC agar.  Top agar plate is an 

A1 agar plate of a bacterial strain that is suspected to be a Vibrio spp..  Bottom left agar plate is a 

TCBS agar plate with growth, indicating the bacterial strain is a Vibrio spp..  Bottom right agar 

plate is a MC agar plate with little growth (circled in blue), further confirming the bacterial strain 

is a Vibrio spp..   
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Table 4 

Growth of Vibrio spp. on TCBS and MC Agar 

 

 

 The use of vibrio-specific primers was the next consideration for sequence identification.  

There are a wide variety of primers for the identification of species-specific Vibrio spp. because 

there is not a single gene that can differentiate all Vibrio spp. (Thompson et al., 2005; Pascual et 

al., 2010).  The identification of Vibrio spp. through the 16S rRNA gene was found to not be 

species-specific within the genus (Gomez-Gil et al., 2004).  The toxR and hsp60 genes were 

utilized for the genomic identification of Vibrio spp..   

 The toxR gene was selected because of its central role in transcriptional regulation of 

multiple virulence determinants which seems to be conserved within the family Vibrionaceae (V. 

Miller et al., 1987; Bauer & Rørvik, 2007).  PCR was run to amplify the toxR gene using primers 

specific in Table 1.  The PCR product size was expected to be 640 bp.  The PCR run resulted in 

either various band sizes that did not match the expected or no amplification at all with the 

exception of one bacterial strain (Figure 16).  However, there was no positive control used and it 

is uncertain if the PCR was successful in the amplification of the toxR gene.  A known Vibrio 

spp. is needed as a positive control for the amplification of the toxR gene.   
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Figure 16. PCR gel for the amplification of the toxR gene.  Only one bacterial strain showed a 

successful amplification of the toxR gene with the vibrio-specific primers used.  All other 

bacterial strains showed multiple bands or no amplification.   

 

 The hsp60 gene was then selected based on a previous study that demonstrated the hsp60 

gene could be used as a universal target for the identification of marine vibrios (Kwok et al., 

2002).  The hsp60 gene, also known as groEL, is a chaperonin that mediates the folding of 

proteins and was shown to be a reliable gene for the identification and differentiation of Vibrio 

spp. (Brinker et al., 2001; Silvester et al., 2017).  PCR was run to amplify the hsp60 gene using 

primers specified in Table 1.  The PCR product size was expected to be 420 bp.  The PCR run 

resulted in various band sizes and no single band at 420 bp was seen (Figure 17).  Additionally, 

there was no positive control used and the results of the PCR are uncertain, although most likely 

unsuccessful.  A known Vibrio spp. is needed as a positive control for the amplification of the 

hsp60 gene.   
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Figure 17. PCR gel for the amplification of the hsp60 gene.  Bacterial strains tested showed 

multiple bands.  No bacterial strains were detected at 420 bp using vibrio-specific primers.   

 

3.4 Summary 

 The identification of settled bacterial strains from the surface of Caulerpa spp. resulted in 

12 identified bacterial strains through sequencing the 16S rRNA gene.  Within these 12 

identified bacterial strains, five bacterial strains are suspected to be Vibrio spp. based on their 

morphology on TCBS agar and MC agar plates.  Various troubleshooting methods were 

performed in effort to optimize each step of the identification process before identifying the other 

23 bacterial strains.  Vibrio-specific primers were used to attempt to identify Vibrio spp. due to 

their identification as Bacillus spp. when the 16S rRNA gene was amplified and sequenced.  

Further assessment of these environmental bacterial strains are needed to optimize the process of 

bacterial identification for the other 23 bacterial strains.   
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CHAPTER 4: PROTECTIVE BACTERIAL COMMUNITY ASSOCIATED WITH 

MICROCHLOROPSIS SALINA 

 

 Below is the original introduction for Fisher, C. L., Fong, M. V., Lane, P. D., Carlson, S., 

& Lane, T. W. (2022). Cryo-storage and algal association of protective bacteria that protect 

Microchloropsis salina from grazing by Brachionus plicatilis [Communication submitted for 

publication July 28, 2022].   

 Materials and Methods, Results and Discussion can be found in the publication cited 

above.  I performed data analysis, drawing conclusions, writing, and created figures which is 

included in the publication.  The data in this study is not my work – data was collected by 

Lawrence Livermore National Laboratory.   

 

4.1 Background 

 The microalgal microbiome, which is the bacterial community associated with 

microalgae, are ubiquitous in algal cultures but has been often overlooked, therefore making it 

understudied compared to the volume of microalgae studies currently in the literature.  There are 

more than 10 times the number of papers published, found on PubMed, on microalgae than that 

of the microalgal microbiome between the years 2010-2021.  Interactions between microalgae 

and their associated microbes directly affect density, metabolism, and physiology (Yao et al., 

2019; H. Wang et al., 2014), simultaneously participating individually in many symbioses – 

mutualism, commensalism, and parasitism (Ramanan et al., 2016; Molina et al., 2019; Fuentes et 

al., 2016).  Co-cultivation of microalgae and ‘beneficial’ bacteria has been reported to enhance 

microalgae growth rate by up to 10% thereby increasing biomass production (Ramanan et al., 
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2016).  However, these growth promoting bacterial communities have not been characterized to 

a genus or species level.  Bacteria play an important role providing nutrients (e.g., carbon, 

nitrogen, phosphorus, sulfur, iron, etc.) essential for algal growth (Hannon et al., 2010; Amin et 

al., 2012; Buchan et al., 2014; Lian et al., 2018).  In a survey of 326 algal species, over half were 

dependent on bacteria as an external source for vitamin B12 for growth (Croft et al., 2005), 

signifying the importance of algal-bacteria interactions.  Thus, bacteria play a critical role in the 

growth and survival of microalgae and require further study.  

 The presence of bacteria is ubiquitous in microalgal production systems.  Microalgae 

begin in closed photobioreactors and then are mass cultivated in open pond systems.  Open pond 

systems, also known as raceway systems, operate using a paddle wheel to circulate algae in 

parallel channels (Zittelli et al., 2013).  These are the most common commercial systems to 

produce algal biofuels due to the lower cost relative to closed reactors (Zittelli et al., 2013; 

Hannon et al., 2010).  Open algal ponds, however, are more susceptible to crashing, often 

resulting in a total loss of an algal crop.  Closed photobioreactors contain the microalgae culture 

within a transparent vessel restricting the interactions between the culture and contaminants from 

the surrounding environment and potentially maintaining axenic cultures (Zittelli et al., 2013).  

While closed photobioreactors have a lower probability of contamination, once contaminated, 

they are difficult and expensive to clean and decontaminate (B. Wang et al., 2012; Kazamia et 

al., 2014).  Pond crashes are caused by a number of factors, such as contamination from other 

algae species or unwanted pests such as viruses, fungi, protozoans, and harmful bacteria (Hannon 

et al., 2010; Lam et al., 2018).  Current industrial routines to mitigate and treat pond crashes fall 

into one of two categories: physical (e.g., filtration, sonication, and environmental modifications) 

or chemical methods (e.g., antibiotics, pesticides, high salinity, high alkalinity, aldehydes, and 
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peroxides) (Molina et al., 2019; Zhu et al., 2020).  These strategies are costly and time-

consuming and may cause deleterious environment impacts.  Moreover, they are not guaranteed 

to succeed, especially on an industrial scale, and resistance to pesticides is a common result that 

renders these types of treatment ineffective over long periods of time (McBride et al., 2014).  

Previous studies have suggested the use of bacteria as a type of built-in biocontrol to inhibit pests 

from causing algal pond crashes (Fisher et al., 2019; Natrah et al., 2011; Kazamia et al., 2014).  

Deines et al. demonstrated rotifer and other pest survival can be decreased to extinction within a 

culture by violacein-producing bacteria within two days (Deines et al., 2009).  Therefore, it 

remains necessary to continue to develop new strategies to prevent pond crashes, improve 

microalgae cultivation, and bring commercially available algal biofuels to commercial market.   

 Microalgae biomass can be converted into biofuels through three subclasses of 

conversions – chemical, biochemical, and thermochemical conversions which can be used as an 

alternative energy source to replace fossil fuels (Milano et al., 2016).  Fossil fuels are 

nonrenewable energy sources that have been used for centuries.  The release of carbon dioxide 

(CO2) and other greenhouse gases from fossil fuels has contributed to global warming and 

climate change.  While biofuels have been proposed as an energy alternative (Khan et al., 2018) 

there are many challenges to overcome.  First-generation biofuels were produced from edible 

crops such as maize, sugarcane, and wheat (R. Lee & Lavoie, 2013).  Second-generation biofuels 

are produced from the non-edible portions of crops called lignocellulose (R. Lee & Lavoie, 

2013).  First- and second-generation biofuels are dependent on cultivable land and compete with 

crops grown for human consumption (Alishah Aratboni et al., 2019).  Third generation biofuels, 

produced by microalgae, have recently gained in popularity due to their clear advantages over 

first- and second-generation biofuels.  Microalgae grow much faster than first- and second-
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generation crops on smaller acreage unsuitable for agriculture.  Under the right conditions, 

microalgae double their biomass within 24 hours, potentially producing a higher oil yield than 

crops (Chisti, 2007; Hannon et al., 2010).  Microalgae use CO2 as a feedstock from various 

sources, such as the atmosphere and exhaust gases from industrial practices to produce biofuels 

(B. Wang et al., 2008).  Current limitations to algal biofuels include strain development for 

maximizing lipid content, nutrient circulation and light exposure throughout a culture, and higher 

energy input compared to terrestrial energy crops (Hannon et al., 2010; Lam & Lee, 2012).  The 

marine microalga utilized in this study, Microchloropsis salina, is a promising candidate for 

biofuel production due to algae’s production of large quantities of lipids, yielding an oil content 

of 31-68% by dry weight (Medipally et al., 2015; Chisti, 2007).   

 In this study, we investigated the marine microalga Microchloropsis salina and the effect 

of different bacterial communities added to M. salina cultures in the presence and absence of the 

marine rotifer Brachionus plicatilis.  B. plicatilis, a common contaminant in algal ponds, ingests 

200 microalgal cells per minute, resulting in significant loss of an algal crop and diminishing 

algal biofuel production (Hirayama & Ogawa, 1972; Molina et al., 2019).  These cultures, both 

in the presence and absence of rotifers, were size-filtered through 41ret, 0.8ret, and 0.22ret 

fractions to identify bacteria associated with B. plicatilis, M. salina, and those in an unassociated 

lifecycle, respectively.  The bacterial communities of each filtered set were sequenced and 

classified into individual operational taxonomic units (OTUs).  Certain OTUs were observed to 

have a protective effect on the microalgal culture in the presence of B. plicatilis by allowing the 

microalgae to survive in conjunction with rotifers.  Our aim is to identify protective bacteria 

present in the presence of B. plicatilis that are absent in the absence of B. plicatilis in order to 
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devise a biocontrol to mitigate pest contamination without the use of current, flawed industrial 

decontamination strategies. 

4.2 Summary 

Based on these data, we show key taxa in the added protective bacterial communities that 

prevented grazing by B. plicatilis.  This study shows the difference in bacterial composition of 

the bacterial communities in the presence and absence of B. plicatilis while showing specific 

bacteria associated with B. plicatilis, M. salina, and those unassociated.  This data supports the 

novel use of bacteria as a cost-effective bio-control method to mitigate contamination by rotifers 

for the enhancement of microalgae biofuels.  Future studies will continue to investigate bacteria 

in these protective bacterial communities and its chemical mechanisms.   
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

 

 This work provides examples of the role natural products play in bacterial 

communication.  In chapter 2, a GLP was partially characterized in both VP EPS and V+S crude 

extracts through LC-MS/MS.  The GLP is not responsible for S. aureus biofilm inhibition, 

therefore fractions of VP EPS, VP Mut 35, V+S, and 35+S crude extracts are being tested for 

their biofilm inhibition activity.  Further separation and isolation of the bioactive molecule is 

needed to elucidate the structure of the biofilm inhibitor.  Of the 35 bacterial isolates from the 

surface of Caulerpa spp., 12 were identified as Bacillus spp. through sequencing the 16S rRNA 

gene in chapter 3.  Further optimization for the identification of Vibrio spp. is needed to support 

our hypothesis that Caulerpa spp. chemically mediates its surface microbiome by recruiting a 

higher percentage of Vibrio spp..  Chapter 4 compared the composition of bacterial communities 

in the presence and absence of B. plicatilis indicates that some genera of bacteria that are 

microalgae-, rotifer-associated, or free-floating may play a role in protecting M. salina from 

grazing by rotifers.  The chemistry involved between the protective bacterial community and M. 

salina is needed to enhance microalgal biofuel production.  Bacteria and their metabolites play 

an important role through their interactions in microbial communities and with other organisms.  

The identification of bacteria and their metabolites key to understanding and characterizing these 

observed interactions.   
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