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Abstract

Marine cyanobacteria are capable of producing small molecules with potential to 

be developed into human therapeutics. In this research, Fijian marine cyanobacteria were 

evaluated for their potential to produce compounds with antibiotic activity. Twenty 

cyanobacteria samples were collected from coral reef systems near Moturiki Island in 

the Eastern Division of Fiji and Nacula Island in the Western Division of Fiji. The 

collections were extracted and tested for biological activity both against a panel of 

microbial pathogens and in a brine shrimp lethality assay. This survey of Fijian 

cyanobacteria found that 60% of samples collected were active in at least one of the 

bioassays. Two pure compounds, (+)-lyngbyoic acid and tridecanoic acid, were isolated 

from a Lyngbya sp. cyanobacterium. These compounds had been previously described in 

the literature but this is the first known report of (+)-lyngbyoic acid’s isolation from 

nature. It is also the first known report of the Gram-positive antibiotic activity and brine 

shrimp lethality of (+)-lyngbyoic acid. Furthermore the structure elucidation and lack of 

activity of tridecanoic acid provides valuable insight into the structure-activity-

relationship of (+)-lyngbyoic acid. 
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Chapter 1: Introduction and Literature Review

1.1 Introduction

Natural products research plays a pivotal role in the development of new 

medicines. Approximately half of drugs since the start of the pharmaceutical industry 

have originated from nature. A recent review by the National Cancer Institute explains 

that the role of natural products in developing new drugs is irreplaceable (Newman and 

Cragg, 2012). In fact, natural products “have been the single most productive source of 

leads for the development of drugs” (Harvey, 2008). Natural products have had a 

monumental influence on human health as well as the success of pharmaceutical 

companies. It was commented that without natural products, “We would not have the 

top-selling drug class today, the statins; the whole field of angiotensin antagonists and 

angiotensin-converting-enzyme inhibitors; the whole area of immune-suppressives; nor 

most of the anticancer and antibacterial drugs. Imagine all of those drugs not being 

available to physicians or patients today” (Cragg and Newman, 2013). However, with 

the advent of combinatorial chemistry and large libraries of synthetic compounds, 

pharmaceutical companies largely turned away from natural products drug discovery. 

Time has shown that natural products have a necessary role in the development of new 

therapeutics. As of 2013, only 36% of drugs are truly synthetic (Cragg and Newman, 

2013). Fifty percent are either natural products or inspired by natural products, meaning 

that they are derived from natural products (Figure 1). Clearly natural products drug 

discovery is required for the successful development of future drugs.
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Figure 1: The sources of new drugs approved from 1981-2010, adapted from data and 
graph from Newman and Cragg (Newman and Cragg, 2012). 
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As earlier scientists have extensively explored terrestrial life, modern natural 

products research has turned to marine life as a source of novel compounds. The ocean 

is providing a plethora of new and exciting compounds, which are finding application in 

therapeutic areas ranging from cancer to HIV to antibiotics. As of 2012 there are seven 

marine natural products that have received US Food and Drug Administration (FDA) 

approval and are available in the clinic with indications in anticancer, antiviral, pain and 

hypertriglyceridemia (Gerwick, 2012). The structures of two FDA approved marine 

natural product based drugs are illustrated in Figure 2. While the importance of natural 

products and the potential of marine resources are recognized, only a tiny fraction of 

marine organisms have been investigated. 

Figure 2: Two marine natural product based small molecules that have been approved 
for use in humans (Gerwick, 2012). 

The great biological diversity on coral reefs creates a constant battle for limited 

resources. This has led many marine organisms to evolve chemical defenses and 

signaling molecules that have proven effective in fighting human diseases. The Fiji 

Islands are home to over 10,000 square kilometers of coral reefs vastly unexplored for 

their medicinal potential (Morris and Mackay, 2008). Cyanobacteria in particular have 

become an exciting source of novel chemicals with powerful biomedical activity (Singh 

et al., 2011). However, the author has found little research concerning the biological 

activity of cyanobacteria in Fiji. Given the interesting activity found from cyanobacteria 

natural products from around the world, it would be beneficial to learn more about the 
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ability for Fijian marine cyanobacteria species to produce compounds with interesting 

activity.

The main activities of the project are: 

• Collect samples of cyanobacteria species from various locations in Fiji 

• Investigate the activity of Fijian cyanobacteria crude extracts against drug-

resistant bacterial pathogens, drug-resistant fungal pathogens and their toxicity to 

brine shrimp 

• Isolation and purification of bioactive compounds from a selected crude extract 

• Structural characterization and evaluation of bioactivity of pure compounds  

1.2 Literature Review

1.2.1 The Role of Natural Products in Pharmaceutical Drug Discovery

Natural products drug discovery focuses on identifying secondary metabolites 

produced by organisms and analyzing their potential to become new therapeutics (Koehn 

and Carter, 2005). Natural products can become pharmaceutical products as they are 

found in nature or they can act as leads for the development of pharmaceuticals (Lahlou, 

2013 and Jordt et al., 2003). They can also provide valuable information in 

understanding the mechanism of action of certain biological activity, can provide insight 

into potential targets for the development of pharmaceuticals and can aid in our 

understanding of basic science (Schenone et al., 2013 and Singh et al., 2014).

In particular, microbes have provided a propensity of useful compounds for 

different therapeutic areas, including antibiotics (Shrestha and Clair, 2013, Calcul et al.,

2012, and Pawar et al., 2015). Secondary metabolites have evolved as a means to protect 

plants and microbes from environmental factors and from other bacteria in a fierce 

competition for survival (Kessler, 2015 and Bartwal et al., 2013). Initial excitement 

surrounding the “accidental” discovery of penicillin ignited an exciting area of research 

that continues to play a critical role in human health (Lewis, 2013). Alexander Fleming’s 

discovery of penicillin in 1928 spurred the development of many antibiotics from 
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microbes. In addition to the penicillins, antibiotics isolated from microbes include the 

cephalosporins, tetracycline, chloramphenicol and nystatin (Demain, 2014) (Figure 3).

Figure 3: Five clinical antibiotic drugs isolated from microbes. 

Antibiotic and antifungal therapies in particular have relied heavily on natural 

products. Over half of the antibiotics that have been discovered come from the bacterial 

genus Streptomyces (Strohl, 1997). An impressive feat of over 6,000 antibiotic 

compounds have originated from the secondary metabolite production of this genus 

(Demain and Adrio, 2008). To this day research into the natural products of 

Streptomyces sp. continues to produce exciting compounds with therapeutic potential. In

2013, Professor Fenical at Scripps Institution of Oceanography reported the discovery of 
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anthracimycin, an antibiotic with a novel structure that is effective against both 

methicillin-resistant Staphylococcus aureus (MRSA) and anthrax (Jang et al., 2013). 

The structure of anthracimycin is illustrated in Figure 4. This exciting discovery 

demonstrates the unique chemical production capabilities of marine organisms, 

especially Streptomyces.

Figure 4: Anthracimycin is an antibiotic with potent activity against MRSA and anthrax, 
isolated from Streptomyces sp.

Other microbes that have been found to produce compounds of therapeutic 

interest include actinomycetes, non-filamentous bacteria and filamentous fungi, 

producing 11%, 12% and 22% of antibiotics respectively (Strohl, 1997). Even in cases 

where an active natural product is isolated from a non-microbial source, there has been a 

rapid increase in the realization that many of these compounds are actually produced by 

microbes hosted within the organism (Newman and Cragg, 2012). Compounds from 

microbes have been found to have therapeutic potential for cancer (Newman and Cragg, 

2007), autoimmune disease (Martin et al., 1995 and Kerkar et al., 2005), viral infections

(Diamond et al., 2002 and Smee et al., 2001) and parasitic infections (Beutler and 

McKee, 2003, Kayser et al., 2002 and Demain, 2014). 

Combinatorial chemistry was once touted as a more efficient way of drug 

discovery that could possibly replace natural products all together, but in over 20 years 

of combinatorial drug discovery only one de novo drug has reached the clinic (sorafenib,

Figure 5) (Llovet et al., 2008, Cheng et al., 2009 and Escudier et al., 2007). Even in the 

wake of excitement surrounding the potential for different types of therapies, such as 

biologics and their role in immunotherapy (Pollack et al., 2012, Miller and Ranatunga, 
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2012, Bauer et al., 2015 and Faje, 2016), small molecules have continued to remain 

critical to improving medicine. A major reason why small molecules remain a 

fundamental part of any drug discovery effort is that large molecules such as peptides 

and proteins have difficulty traversing into the cell, where the site of action is for many 

therapies (Koren and Torchilin, 2012, Craik et al., 2013 and Kam et al., 2013). Many 

small molecule drug candidates are able to bypass the lipid bilayer of cell membranes to 

reach the inside of cells (Lipinski et al., 2001). 

�
Figure 5: Structure of sorafenib, the only de novo drug resulting from 20 years of 

combinatorial chemistry research to reach the clinic. 

1.2.2 The Antibiotic Crisis

The World Health Organization (WHO) warns in their Global Report on 

Antimicrobial Resistance, “Without urgent, coordinated action, the world is heading for 

a post-antibiotic era, in which common infections and minor injuries, which have been 

treatable for decades, can once again kill” (World Health Organization, 2015).� In this 

report they state that there are high levels of resistance in all regions of the world and no 

new major types of antibiotics have been developed over the last 30 years. Nearly 

50,000 people in the USA and in Europe die each year due to antimicrobial resistant 

infections (Keener, 2014). The situation’s urgency is illustrated by the failure of third-

generation cephalosporins, the last resort treatment for gonorrhea (World Health 

Organization, 2015). There is widespread resistance to one of the most widely used 

antibiotics for treatment of E. coli based urinary tract infections and there is widespread 

resistance to the first-line drugs used to treat Staphylococcus aureus infections. It is 

estimated that if antimicrobial resistance continues to rise at the same rate, 10 million 
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people will die per year by 2050. Resistance to the last line of defense for life-

threatening intestinal infections exists in all regions of the world. There would be 

economic consequences as well, with a 2-3.5% reduction in gross domestic product 

globally and total cost to the world of up to $100 trillion USD (O’Neill, 2014).

Clinical overuse of antimicrobial agents is only one source contributing to the 

increase of antimicrobial drug resistance. An additional contributor to the rise of drug-

resistant microbes is widespread and unrestricted use of antibiotic drugs in agriculture 

(Zhu et al., 2013, Salem et al., 2014 and Key and Mcbride, 2014). There is an important

distinction between therapeutic and non-therapeutic use of drugs in agriculture. In non-

therapeutic circumstances the drug is not used to fight infection, disease or illness, and is 

used at sub-therapeutic levels. Antibiotics are used in sub-therapeutic concentrations, 

often by inclusion in feed, because they have been demonstrated to improve growth 

efficiencies in livestock (Feighner and Dashkevicz, 1987 and Key and Mcbride, 2014). 

This is thought to occur because the antibiotics alter the gastrointestinal microbiome, 

leading to a decrease in the amount of energy the animal spends on regulating the 

microbiome and instead focusing that energy on growth (Dibner and Richards, 2005). 

An alarming side effect of this practice is that the bacteria have significantly more 

opportunities to develop resistance. The antibiotics used in livestock productivity have 

often been the same antibiotics used clinically in humans. This issue is widely 

recognized and, while it still persists, there are numerous efforts to eliminate the

practice.

Overuse of currently available antibiotics is resulting in the diminishing utility of 

some of the most important therapies. Sections 1.2.2.1 to 1.2.2.4 below discuss examples 

of clinically important antibiotics and the human pathogens that are developing 

resistance to them. Activity against these resistant pathogens was used in this research to 

guide the isolation of pure, active compounds.  
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1.2.2.1 Methicillin

Methicillin is a narrow-spectrum beta-lactam antibiotic from the penicillin class 

(Figure 6). Developed by Beecham in 1959, it is used against Gram-positive bacteria 

(Dutfield, 2009). Some bacteria have developed resistance to methicillin, including 

MRSA, which is a particularly important pathogen in human health. MRSA strains are 

often multi-drug resistant and require last resort drugs to treat (Otto, 2012). 

Understanding and controlling MRSA transmission is especially important in hospital 

settings. High throughput genomic approaches for studying the emergence of MRSA 

pathogens have shown that over a quarter (28.9%) of homoplasies detected in hospital 

settings can be directly related to the clinical use of antibiotics (Harris, 2010). Hospital-

acquired infections of MRSA burden hospital resources and increase costs, specifically 

by increasing length of stay (Macedo-Vinas et al., 2013). A recent pilot study suggests 

that the use of PCR screening of patient samples to identify MRSA infections can 

greatly decrease hospitalization costs (Henson et al., 2014). Adding new approaches to 

existing infection control strategies can help decrease transmission rates, including the 

consideration of nursing home to hospital patient sharing (Lee et al., 2013).

�
Figure 6: Structure of methicillin. �
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1.2.2.2 Rifamycin and Its Derivatives

The rifamycins are a group of important antibiotics used in hospitals. One 

example of an antibiotic from the rifamycin group is rifampicin (Figure 7). Rifamycins 

are especially important for fighting Clostridium difficile infections (CDI). C. difficile is

a pathogen that is found in the gastrointestinal tract and can lead to deadly side effects in 

certain patient populations. Immunocompromised patients, such as those suffering from 

HIV, are at higher risk for acquiring C. difficile and the weakened immune system of 

these patients may lead to more severe symptoms (Di Bella et al., 2015). C. difficile

tends to be a hospital-originated infection and can be prompted by the use of broad-

spectrum antibiotics and their effects on the gastrointestinal microbiome (Mathur et al.,

2015). Researchers have documented the development of CDI following the use of 

antibiotics to treat tuberculosis (Obuch-Woszczatynski et al., 2013). 

Figure 7: Structure of rifampicin. 

A study at a large university hospital in Houston, Texas, USA reported that the 

portion of C. difficile infections that were resistant to rifamycins had increased from 8% 

to 17.3% over approximately 4 years (Huang et al., 2013). The authors found that there 

was the same amount of rifamycin resistance in hospital-acquired CDI and community-
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acquired CDI. With the rise of C. difficile resistance to rifamycin treatment, alternative 

treatment options are being researched. Rifaximin, a semisynthetic rifamycin whose 

structure is shown in Figure 8, has been demonstrated to be effective against recurrent C.

difficile (Mattila et al., 2013).

Figure 8: Structure of rifaximin. 

Another compound, fidaxomicin, is a narrow spectrum, first-in-class macrocyclic 

antibiotic that shares the same RNA polymerase target as rifamycins and is effective 

against C. difficile associated diarrhea (Babakhani et al., 2014). Furthermore, 

fidaxomicin was shown to improve outcomes when used in combination with rifamycins 

and is less likely to develop resistance. Fidaxomicin’s structure is illustrated in Figure 9. 
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�
Figure 9: Structure of fidaxomicin.

1.2.2.3 Vancomycin

Vancomycin is a glycopeptide antibiotic used to treat Gram-positive bacterial 

infections (Figure 10). Although historically it has been used as a last-line of defense 

against S. aureus infections that are resistant to methicillin, those same strains of MRSA

are quickly adapting (Center for Disease Control, 2002 and Lapillonne et al., 1998). The 

emergence of vancomycin intermediate-resistant S. aureus and now vancomycin-

resistant S. aureus (VRSA) is an alarming demonstration of the need for new drugs to 

fight these bacterial infections. There is evidence that this resistance in S. aureus is

occurring through genetic transfers from vancomycin-resistant Enterococcus faecalis

(VREF) (Noble et al., 1992). 
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Figure 10: Structure of vancomycin. 

VRSA is associated with poor clinical outcomes and is a critical issue for 

hospitals. A recent case in Brazil illustrates how quickly vancomycin resistance can 

spread: a patient was being treated for a bloodstream infection caused by MRSA using 

vancomycin and, after initial success, the antibiotic therapy failed due to the bacteria’s 

acquisition of a gene cluster that leads to vancomycin resistance. This gene cluster was 

identified as vanA and is an example of how rapid transition of drug-resistant genes can 

occur between microbes (Rossi et al., 2014). It has been found that some of the VRSA 

strains have acquired their vancomycin resistance from resistant E. faecium strains and 

their Tn1546 transposon (Gardete and Tomasz, 2014). A recent study identified a 

polygenetic population of VRSA, which can lead to further difficulty in fighting issues 

with drug resistance due to decreased ability to identify and track isolates (Hafer et al.,

2012).
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Vancomycin-resistant Enterococcus (VRE) is a serious problem for hospitals and 

often affects compromised patients. Problems arise following administration of broad-

spectrum Gram-negative antibiotics due to the drugs’ activity towards bacteria in the 

gastrointestinal tract, which can create imbalances in the microbiome and enable VRE to 

thrive. The organisms may then travel into the blood stream, where they can cause 

infections such as endocarditis (Arias and Murray, 2012). Some strains of Enterococcus

organisms are resistant to multiple drugs, adding to the difficulty of dealing with these 

pathogens. VRE infections in US hospitals were reported to have increased from 9,820 

in 2000 to 21,352 in 2006 (Ramsey et al., 2009). 

1.2.2.4 Amphotericin B

Amphotericin B is an antimicrobial agent used to treat fungal and parasitic 

infections (Figure 11). Purkait and colleagues describe the emergence of resistance to 

amphotericin B in infections where the drug has typically been used as the main therapy. 

Their research found that changes in the cellular membrane makeup affected affinity for 

the drug and thereby directly altered the uptake of the antibiotic (Purkait et al., 2012). 

Interestingly it was not the only mechanism of resistance, but rather they found multiple 

methods of resistance in clinical isolates of Leishmania donovani.  The other methods 

involved increased expression of Multidrug Resistance Protein 1 (MDR1) in the resistant 

bacteria, which were correlated with higher efflux rates of amphotericin B, and an 

upregulated metabolic pathway that affects amphotericin B (Purkait et al., 2012). 

However, it has been shown that there are certain methods through which drug-resistant 

microbial strains can be made susceptible again. For example, Blatzer and colleagues 

demonstrated that the use of pro-oxidants could cause previously resistant isolates of 

Aspergillus terreus to once again be susceptible to amphotericin B treatment in a 

Galleria animal model. The fact that this experiment was done in vivo further adds to its 

potential applicability to human health needs (Blatzer et al., 2015). 
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Figure 11: Structure of amphotericin B. 

Candida albicans, a clinically important fungal pathogen, quickly develops 

resistance to many antifungal drugs but is slow to develop resistance to amphotericin B 

despite its long-term use. A team of researchers found that this is because mutations that 

led to amphotericin B resistance also made the fungus much more susceptible to 

environmental pressures (Vincent et al., 2013). This decreased ability to thrive 

originates in several internal stresses caused by the mutation, including oxidative stress, 

temperature, defects in filamentation and more. Even though there is evidence that C.

albicans is less likely to develop resistance to amphotericin B, thereby suggesting that it 

is a viable therapy for the future, it is necessary to identify new treatment options. 

Microorganisms have continuously shown their ability to mutate, develop resistance and 

overcome previously working therapies. There is a heavy reliance on amphotericin B as 

a therapy for C. albicans and therefore it is imperative to develop novel therapies against

this clinically important pathogen.

1.2.3 Antimicrobial Drug Discovery Today

Unfortunately the role of natural products in drug discovery efforts has wavered 

over the decades, but re-emphasis into this area is vital for the development of needed 

medicines (Brown et al., 2014, Luo et al., 2014 and Berdy, 2012). The pharmaceutical 

industry is slowly reviving its interest and investment in the development of novel 
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antimicrobials. It is critical that the discovery and development of drugs from natural 

products undergo resurgence as the need for antimicrobials becomes more urgent. In 

addition to investigating new sources of natural products, new and more dynamic 

antibiotic assays may improve lead candidate discovery (Butler and Buss, 2006). In 

order for the research to happen, interest from the pharmaceutical industry and 

investment community must continue to grow. A method that would likely accomplish 

this is the increase of price for antibiotics (McKellar and Fendrick, 2014). Antibiotics 

are typically given over a course of 4-6 days, leading to a very short time to capture 

value in comparison to medications for chronic conditions. 

Researchers from Duke University and Uppsala University believe that it will be 

necessary to create a dynamic mix of public and private partnerships to tackle both 

research and financial bottlenecks in the development of new antibiotics (So et al.,

2012). The United States government has stepped in to provide regulatory and economic 

incentives for the development of new antimicrobials by offering market exclusivity and 

an accelerated drug approval process through the Generating Antibiotic Incentives Now 

(GAIN) Act (Brown, 2013). As part of the GAIN Act, the US Food and Drug 

Administration (FDA) began offering the qualified infectious disease product (QIDP) 

designation. The QIDP designation provides an additional five years of market 

exclusivity and an expedited review process. The first QIDP designated drug was 

approved by the FDA in May 2014 (Keener, 2014). Three more drugs have been 

approved through the GAIN Act since then (Grabowski et al., 2015). 

According to a PEW Charitable Trust Report, there are currently 39 new 

antibiotics in clinical development that have potential to treat serious infections and two 

have been approved between September 2014 and September 2015 (The Pew Charitable 

Trusts, 2015). Sixty-seven percent of antibiotics currently in development as of 2010 are 

natural products (Donadio et al., 2010). Of the two recent approvals, one is a 

combination of a novel cephalosporin and a known beta-lactamase inhibitor, and the 

other is a combination of a known cephalosporin and a novel beta-lactamase inhibitor. 

Cubist Pharmaceuticals and Allergan/AstraZeneca developed each of the drugs, 

respectively.  Both newly approved antibiotics have the same indications for 

complicated urinary tract infections, complicated intra-abdominal infections and kidney 
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infections, with potential indications for hospital-acquired bacterial pneumonia and 

ventilator-associated bacterial pneumonia.  

There are over 150 antibiotic compounds in preclinical development but only 

seven in phase III clinical trials as of 2010 (Hamad, 2010). Recent industry activity 

includes Merck acquiring Cubist, a global biopharmaceutical company focused on the 

commercialization of needed antimicrobial therapies (Merck, 2014). However, Merck 

then announced the dismantling of the existing Cubist research and development 

program within 3 months of the press release. Roche, after exiting the antibiotic scene in 

1999, licensed a new experimental antibiotic from Polyphor Ltd last year (Roche, 2013). 

Macrolide Pharmaceuticals is developing novel chemistry from Harvard for antibiotic 

applications (Macrolide Pharmaceuticals, 2015). Startup company Warp Drive recently 

secured additional funding from venture capital and Sanofi, in part for its genomic 

approach to discovering novel antibiotics from well understood classes of antibiotics 

(WarpDrive Bio, 2012).

The company NovoBiotic Pharmaceuticals recently invented a new way of 

culturing terrestrial bacteria that were previously unculturable (Ling et al., 2015). This 

led to the discovery of teixobactin, a novel compound effective against drug-resistant 

Gram-positive bacteria (Figure 12). The drug is producing promising in vivo data. 

Teixobactin was able to achieve 100% survival at a lower dose than with vancomycin in 

a study with mice. It is also thought to have less of a tendency to lead to the 

development of resistance because it does not act on a protein target. Fidaxomicin, an 

antibiotic discussed in Section 1.2.2.2 and illustrated in Figure 9, was reported to be as 

effective as vancomycin against CDI in two multinational phase III trials and had 

significantly lower CDI recurrence rates (Scott, 2013). Overall, this recent activity in the 

development of new antimicrobial therapies is promising and highlights the importance 

of further exploring microorganisms capable of producing bioactive natural products. 
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�
Figure 12: Structure of teixobactin.

�
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1.2.4 Natural Products Drug Discovery from Marine Cyanobacteria

Marine cyanobacteria have demonstrated an ability to generate unique and 

exciting natural products with antimicrobial activity. They are also known to produce 

natural products with activity against numerous types of cancer and viruses (Burja et al.,

2001). While marine cyanobacteria are often referred to as “blue-green algae,” they are 

actually small, photosynthetic bacteria that grow into visible colonies (Speer, 1995). 

This confusion is caused by their ability to photosynthesize, but cyanobacteria have no 

relation to algae.

There have been numerous exciting discoveries of potential therapeutic 

compounds from marine cyanobacteria, such as cryptophycin A (Figure 13) (Burja et al., 

2001). Cryptophycin A is a natural product originally isolated from Nostoc sp. (Smith et

al., 1994). It is a potent fungicide and anticancer agent, but is too toxic for clinical use 

(Panda et al., 1997, Burja et al., 2001 and Edelman 2003). Cryptophycin B (Figure 13) 

is a semisynthetic analogue that was developed to overcome the toxicity issues (Corbett 

et al., 1996). In vitro studies showed that it is more potent and less toxic.
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Figure 13: These three compounds, cryptophycin, curacin A and jamaicamide A, are 
amongst the most exciting discoveries from marine cyanobacteria. 
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Marine cyanobacteria are rightfully described as a productive source of 

anticancer agents (Tan, 2010). Potent molecules have been isolated from marine 

cyanobacteria, including curacin A and jamaicamide A (Figure 13). Curacin A is a 

potent anticancer agent that has served as a lead molecule for the development of 

synthetic analogues that have undergone preclinical testing (Tan, 2007). Jamaicamide A, 

originally isolated from Lyngbya majuscula, is a potent neurotoxin capable of blocking 

eukaryotic voltage-gated sodium channels (Edwards et al., 2004). It has a notable 

biosynthesis pathway leading to a pyrrolinone ring moiety. Understanding the 

biosynthetic pathways for important marine cyanobacteria natural products, such as 

curacin A and jamaicamide A, may lead to future pathway engineering (Jones et al.,

2009). This may be an effective route in yielding more exciting and novel structures. 

Previous research into Fijian cyanobacteria was conducted in 1997 and 2000 near 

Yanuca Island and Taveuni. Compounds were isolated with insecticidal activity, 

anticancer activity and brine shrimp lethality (Feussner et al., 2012). An N-methylated

cyclic depsipeptide was isolated from an undisclosed region in Fiji with insecticidal 

activity, however the structure was not reported (Williamson et al., 2000). 

Desmethoxymajusculamide C (Figure 14) was a novel depsipeptide isolated from a 

cyanobacteria collected near Yanuca Island in 2000 which demonstrated potent and 

selective antitumor activity (Simmons et al., 2009). Two new depsipeptides, named 

yanucamide A and yanucamide B (Figure 14), with unique chemical structures and brine 

shrimp activity were discovered from samples collected near Yanuca Island (Sitachitta et

al., 2000). 
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Figure 14: These three compounds, desmethoxymajusculamide C, yanucamide A and 
yanucamide B, are active compounds isolated from marine cyanobacteria in Fiji. 
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Marine cyanobacteria have demonstrated an ability to produce unique bioactive 

compounds and there is an urgent need to identify new antimicrobial agents. However, 

research into Fijian marine cyanobacteria natural products has not focused on 

investigating antimicrobial activity. Fijian coral reefs are biodiverse ecosystems that 

have been shown to harbor organisms with the ability to produce compounds of 

therapeutic potential. This research aims to overcome the limitations of previous 

research and its lack of exploration into antibiotic compounds from Fijian marine 

cyanobacteria. With the increasing need to discover novel antimicrobial agents for the 

clinic, it is important to explore cyanobacteria’s ability to produce new compounds with 

these abilities. 

�
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Chapter 2: Methodology

2.1 Materials

Analytical grade methanol (MeOH), ethanol, ethyl acetate (EtOAc)

dichloromethane (DCM) and hexane were purchased from Fischer Scientific. High 

Performance Liquid Chromatography (HPLC) grade MeOH was purchased from Fischer 

Scientific. Potassium permanganate (KMnO4), potassium carbonate (K2CO3) and 

sodium hydroxide (NaOH) with greater than 99% purity were purchased from Fischer 

Scientific. Tryptic soy broth (TSB), nutrient broth (NB) and potato dextrose broth (PDB) 

were purchased from Sigma Aldrich. Luria-Bertani agar (LBA), nutrient agar (NA) and 

potato dextrose agar (PDA) were also purchased from Sigma Aldrich. Normal phase 

silica gel aluminum sheets (F254, Whatman), reverse phase C18 silica gel sheets (F254,

Merck), silica gel 60 (0.063 – 0.200 mm pore size, Merck), Sephadex LH-20 (bead size 

25-100 micron) and RediSep silica columns (12 g and 40 g) were purchased from 

Fischer Scientific. 

2.2 Collection 

Twenty cyanobacteria samples were collected from five different field locations 

during a total of five expeditions in July and August 2013 (Table 1). Samples were 

collected by hand and placed into plastic collection bags while snorkeling. Once on land, 

the samples were transferred into containers with 95% analytical-grade MeOH. The 

collection areas include coral reef systems surrounding Moturiki Island in the Eastern 

Division of Fiji (Site 1 (S1) and Site 2 (S2)) and Nacula Island in the Western Division 

of Fiji (Site 3 (S3), Site 4 (S4) and Site 5 (S5)) (Figure 15). Specimens were documented 

by visual description, an underwater photograph and GPS coordinates. A voucher 

sample of each collection is preserved in 70% ethanol at -20 ºC at the USP CDDC 

laboratory. Eleven of the 20 samples were also documented by a microscopic photo and 

12 of the 20 samples are preserved in RNAlater solution at -20 ºC at the USP CDDC 

laboratory for future genomic studies (Table 2). 
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Table 1: Sample Collection Locations 
Collection Location Site ID

Number
GPS Samples Collected 

Moturiki Island S1 -17.784953,
178.768469

11

Moturiki Island Site 2 S2 -17.808326,
178.780657

3

Nacula Island S3 -16.912122,
177.383548

1

Nacula Island Site 2 S4 -16.895041,
177.387668

4

Nacula Island Site 3 S5 -16.919677,
177.380458

1��
Table 2: Cyanobacteria Samples Collected in Fiji 
Sample Genomically

Preserved Sample 
Microscope

Photo
FJ1 N N
FJ2 Y Y
FJ3 Y Y
FJ4 Y Y
FJ5 N N
FJ6 Y Y
FJ7 N N
FJ8 Y N
FJ9 Y Y
FJ10 N N
FJ11 N N
FJ12 N N
FJ13 N Y
FJ14 N Y
FJ15 Y Y
FJ16 Y Y
FJ17 Y N
FJ18 Y Y
FJ19 Y Y
FJ20 Y N
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Figure 15: A map of field expedition locations. Collection locations were in the Eastern 
Division of Fiji near Moturiki Island of the Lomaiviti archipelago and in the Western 

Division of Fiji near Nacula Island of the Yasawa Group. 

A Panasonic Lumix camera in underwater housing was used to take the 

underwater photographs. Presence of cyanobacteria was confirmed using a compound 

microscope. Typical cyanobacteria morphology, cellular stacking, was used to confirm 

the collected sample as cyanobacteria. This cellular stacking is illustrated in Figures 16

and 17. Micrographs were taken of samples that remained viable once the required 

microscope instrument at USP capable of taking the photographs was operational. An 

Olympus BX-FLA reflected light fluorescence microscope attached to a personal 

computer was used to obtain the micrographs. 
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Figure 16: This micrograph was taken of sample FJ4 after collection. Note the cellular 
orientation of Cell A, Cell B, and Cell C identified in the micrograph. This cellular 

stacking illustrates distinctive morphology seen in marine cyanobacteria and was used to 
identify a field collection as a cyanobacteria sample. 

Figure 17: This micrograph was taken of sample FJ15. Cell D, Cell E, and Cell F are 
another example of the cellular stacking that is distinctive of marine cyanobacteria. 
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2.2.1 Extraction of Cyanobacteria Samples

Samples were first extracted with 95% analytical-grade MeOH at the field site 

and then extracted two times with an analytical-grade MeOH:DCM (1:1) solution at the 

USP CDDC laboratory. The volume of solvent used to extract each sample varied and is 

described in Table 3. The resulting extract (the “crude extract”) for each sample was

dried using rotary evaporation. 

Table 3: Solvent Volume Used in Crude Extraction 
Sample Site ID Number Volume of Solvent Used (L) 

FJ1 S1 0.11
FJ2 S1 0.75
FJ3 S1 1.3
FJ4 S1 2.5
FJ5 S1 0.11
FJ6 S2 11.1
FJ7 S2 0.24
FJ8 S1 3
FJ9 S2 2.4
FJ10 S1 0.5
FJ11 S1 1.8
FJ12 S1 0.4
FJ13 S1 0.93
FJ14 S1 1.25
FJ15 S3 2.25
FJ16 S4 0.43
FJ17 S4 0.57
FJ18 S4 0.19
FJ19 S4 0.38
FJ20 S5 0.5

2.3 Evaluation of Crude Extract Biological Activity  

Activity of crude extracts and fractions generated throughout the purification 

pathway were tested against a panel of bacterial and fungal pathogens, as well as 

lethality to brine shrimp. Biological activity in these assays was used to guide the 

isolation of pure compounds from the crude extract. All solvents used in bioassays were 

analytical-grade.
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2.3.1 Antimicrobial Activity

Activity against microbial pathogens was tested via a disc diffusion assay at a 

known concentration on Nutrient Agar media for bacteria and Potato Dextrose Agar 

media for fungi. The panel of bacterial pathogens consisted of MRSA, rifamycin-

resistant Staphylococcus aureus (RRSA), VREF and wild-type Staphylococcus aureus

(WTSA). The panel of fungal pathogens consisted of amphotericin-resistant Candida

albicans (ARCA) and wild-type Candida albicans (WTCA). A glycerol stock of the 

pathogens was stored at -70 ºC and thawed each time before use. 

Three hundred mg of the media was added to 10 mL of distilled water to make 

the media broth for the pathogen seed culture, except for RRSA, for which 0.25 g of 

media was used. The media broth was then autoclaved at 121 ºC for 15 minutes. The 

media broth was then inoculated according to Table 4. TSB, NB and PDB were used for 

broth culture media. 

Table 4: Media type and inoculation volume for each pathogen seed culture used in the 
antimicrobial assay. 

Pathogen Media Inoculation Volume (μL) 
MRSA TSB 10
RRSA NB 20
WTSA TSB 10
VREF TSB 10
ARCA PDB 100
WTCA PDB 100

The seed culture was incubated overnight in order to achieve sufficient growth 

for the bioassay. Agar plates with the appropriate media for the specific pathogen were 

prepared according to Table 5. Agar media used were NA, LBA and PDA. The agar 

media was autoclaved at 121 ºC for 15 minutes to ensure sterility for the assay. 

Following autoclaving, the agar media was then inoculated according to Table 5.  
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Table 5: Media type, quantity of media and inoculation volume used for preparing agar 
plates of pathogen for bioassay testing. 

Pathogen Media Quantity of media (g) Volume of seed culture (μL) 
(Per 75 mL water) 

MRSA NA 1.5 150
RRSA NA 1.5 150
WTSA NA 1.5 150
VREF LBA 2.8 300
ARCA PDA 2.9 750
WTCA PDA 2.9 750

The media was stirred and poured into a petri dish. Sterile paper disks (6 mm) 

were impregnated with a specific quantity of test sample and carefully placed onto the 

agar media following solidification. A positive control (0.25 mg/disc; Vancomycin for 

MRSA, RRSA and WTSA, Rifamycin for VREF and Nystatin for ARCA and WTCA) 

was included in each experiment to validate results and for comparison purposes. The 

plates were incubated at 37 °C for 24 hours. The zone of inhibition was determined by 

measuring the diameter of the zone of no growth surrounding the disc in two 

perpendicular directions. The zone of inhibition was recorded as the average of the two 

diameter readings. All samples were tested in singlet for the antimicrobial assays. 

2.3.2 Brine Shrimp Lethality 

Crude extracts and pure isolated compounds were tested for brine shrimp toxicity 

(Sleet and Brendel, 1982). Brine shrimp eggs were hatched in filtered seawater at 27 ± 2 

°C 48 hours prior to the assay. The crude extract samples were tested at concentrations 

of 500 µg/mL, 250 µg/mL and 125 µg/mL. The pure isolated compounds were tested at 

concentrations of 200 µg/mL, 100 µg/mL, 50 µg/mL, 25 µg/mL, 12.5 µg/mL and 6 

µg/mL. Twenty μL of each test sample was transferred to test wells containing 7-14 

brine shrimp nauplii and 980 μL of seawater. The negative control well contained 20 μL 

of the solvent in which the extracts were dissolved in, 980 μL of seawater and 7-14 

nauplii. Each sample concentration was tested in triplicate. The percent lethality was 

calculated at each dose level by microscope evaluation after 24 hours of sample 
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exposure. For crude extracts, an “active” sample was defined as >25% lethality at 500 

µg/mL.

2.4 Purification of FJ6

A single bioactive crude extract (FJ6) was selected for purification in order to 

focus isolation efforts. The reasons for selecting this particular sample are discussed in 

section 3.2.1.

2.4.1 Thin-layer Chromatography (TLC)

TLC was performed using either normal phase silica gel aluminum sheets or 

reverse phase C18 silica gel sheets as the stationary phase. Standard chromatograms of 

crude extracts, semi-pure compounds and pure compounds were developed on silica gel 

using hexane, DCM and isopropyl alcohol systems for normal phase and MeOH and 

water systems for reverse phase under saturated conditions at room temperature. 

Chromatograms were observed under UV light (short wave (254 nm) and long wave 

(365 nm)) and using a potassium permanganate (KMnO4) stain.

 The potassium permanganate stain was prepared by dissolving 1.5 g of KMnO4

and 10 g K2CO3 in a mixture of 1.25 mL 10% NaOH and 200 mL water. After running 

the TLC experiment using the desired solvent system, the TLC plate was viewed under 

short wave and long wave UV light. After observing the TLC plate under UV light, the 

TLC plate was completely submerged in the potassium permanganate stain and 

immediately removed. After the stain dried, compounds susceptible to the stain appeared 

in a yellow or light brown color against a purple background. 

2.4.2 Solvent-solvent Partition of FJ6

Solvent-solvent partition using a modified Kupchan Partition (Kupchan et al.,

1978) methodology was performed on the FJ6 crude extract. The solvent-solvent 

partition was performed three times in order to ensure sample solubility in a volume of 

solvent suitable for the lab equipment available. First, the crude extract was dissolved in 
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a sufficient volume (200 mL) of 90% MeOH for adequate solubility in a separation 

flask. An equal volume (200 mL) of hexane was then added to the solution. The solution 

was then manually shaken. The layers were separated and the hexane layer was 

collected. This was repeated three times with the MeOH layer. The hexane layer resulted 

in a hexane fraction (FJ6h). The remaining 90% MeOH fraction was dried using rotary 

evaporation and then the extract was subsequently suspended in distilled deionized water 

and a minimum volume of MeOH (total 200 mL). An equal volume (200 mL) of DCM 

was then added to the separation flask. The solution was mixed and separation occurred 

as described above. This was repeated three times. The DCM layer was separated from 

the remaining water and MeOH layer. The DCM layer resulted in the DCM fraction 

(FJ6d). The water (and a minimal volume of MeOH) layer resulted in the aqueous 

fraction (FJ6a). The resulting fractions were evaluated for activity against MRSA, 

RRSA, WTSA, VREF, ARCA and WTCA. 

2.4.3 VLC of FJ6d 

The sample was dissolved in a minimum amount of DCM and dried onto silica 

gel 60 (0.063 – 0.200 mm pore size) using rotary evaporation. Filter paper was placed in 

a 150 mL fritted funnel, and then the sample was packed on top of the filter paper. The 

dry sample-silica combination was then made wet by adding a minimum volume of 

100% hexane under vacuum. Fractions were collected by passing 250 mL of the 

following solvent combinations through the apparatus under vacuum: 100% hexane, 

25% EtOAc/75% hexane, 50% EtOAc/50% hexane, 100% EtOAc, 80% EtOAc/20% 

MeOH, 50% DCM/50% MeOH. The aforementioned solvent combinations were 

determined by sample solubility properties and by analyzing TLC results from various 

solvent systems. The resulting fractions were evaluated for activity against MRSA, 

RRSA, WTSA and VREF.

2.4.4 VLC of FJ6d1

The sample FJ6d1 was completely dissolved in a minimum amount of hexane 

and dried onto silica gel 60 (0.063 – 0.200 mm, Merck) using rotary evaporation. Filter 
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paper was placed in a 150 mL fritted funnel, and then the sample was packed on top of 

the filter paper. The dry sample-silica combination was then made wet by adding a 

minimum volume of 100% hexane under vacuum. Fractions were collected by passing 

250 mL of the following solvent combinations through the apparatus under vacuum: 

100% hexane, 5% EtOAc/95% hexane, 10% EtOAc/90% hexane, 15% EtOAc/85% 

hexane, 20% EtOAc/80% hexane, 30% EtOAc/70% hexane, 40% EtOAc/60% hexane, 

50% EtOAc/50% hexane, 100% EtOAc and 50% DCM/50% MeOH. The resulting 

fractions were evaluated using normal phase TLC (10% EtOAc/90% hexane, 25% 

EtOAc/75% hexane and 50% EtOAc/50% hexane solvent systems) and tested for 

antibiotic activity against MRSA.  

2.4.5 Column Chromatography of FJ6d1-2 using Sephadex LH-20  

Liquid chromatography was conducted on a lipophilic Sephadex (bead size 25-

100 micron) LH-20 column to purify FJ6d12 based on size exclusion. A MeOH:DCM

1:1 (v/v) solvent system was used. The column was packed using the slurry method. The 

slurry method involves mixing the eluting solvent with the adsorbent, then pouring it 

into the column. Care was taken to avoid the formation of any air bubbles. Fractions 

were collected on a basis of time and visual observation. Normal phase (25% 

EtOAc/75% hexane solvent system) and reverse phase (80% MeOH/20% water solvent 

system) TLC experiments were conducted to analyze the fractions. Each fraction was 

tested for antibiotic activity against MRSA. 

2.4.6 Flash Chromatography of FJ6d1-2a

The sample FJ6d1-2a was purified using flash chromatography on the Teledyne 

ISCO Combiflash Companion. The sample was dissolved in a minimum amount of 

hexane and injected onto a normal phase 40 g RediSep silica column using the liquid 

injection port. A gradient solvent system using hexane (Solvent A) and EtOAc (Solvent 

B) was run at 40 mL/min (Table 6). Prior to sample introduction the column was 

equilibrated using 240 mL of hexane. The total run length was 28 minutes. Fractions 
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were collected on a basis of time. The resulting fractions were tested for antibiotic 

activity against MRSA. 

Table 6: FJ6d1-2a Flash Chromatography Solvent Gradient 
Time (minute) % EtOAc % Hexane 

0 0 100
20 20 80
25 100 0

25.01 0 100
28 0 100

2.4.7 Flash Chromatography of FJ6d1-2a3

The sample FJ6d1-2a3 was purified using flash chromatography on the Teledyne 

ISCO Combiflash Companion. The sample was dissolved in a minimum amount of 

hexane and injected onto a normal phase 40 g RediSep silica column using the liquid 

injection port. A gradient solvent system using hexane (Solvent A) and EtOAc (Solvent 

B) was run at 40 mL/min (Table 7). Prior to sample introduction, the column was 

equilibrated using 240 mL of 10% EtOAc and 90% hexane. The total run length was 

41.7 minutes. Fractions were collected on a basis of time and were separated using 

normal phase TLC (100% DCM solvent system) to evaluate the retention factor of the 

compounds in the fraction relative to one another. 

Table 7: FJ6d1-2a3 Flash Chromatography Solvent Gradient 
Time (minute) % EtOAc % Hexane 

0 10 90
25 25 75
30 100 0

41.7 100 0

2.4.8 Flash Chromatography of FJ6d1-2a3-1 

The sample FJ6d1-2a3-1 was purified using flash chromatography on the 

Teledyne ISCO Combiflash Companion. The sample was dissolved in a minimum 

amount of MeOH, and a minimum amount of DCM was added to ensure complete 

solubility. The sample was then injected onto a reverse phase 12 g C18-silica RediSep
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column using the liquid injection port. A gradient solvent system using water (Solvent 

A) and MeOH (Solvent B) was run at 30 mL/min (Table 8). The UV detector was set to 

220 nm. Prior to sample introduction the column was equilibrated using 101 mL of 50% 

MeOH and 50% water. The total run length was 35 minutes. Fractions were collected 

based on UV absorbance at 220 nm and were separated using reverse phase TLC (85% 

MeOH/15% water solvent system) to evaluate the retention factor of the compounds in 

the fraction relative to one another.   

Table 8: FJ6d1-2a3-1 Flash Chromatography Solvent Gradient 
Time (minute) % MeOH % Water 

0 50 50
5 50 50

25 100 0
30 100 0

30.01 80 20
35 80 20

2.4.9 HPLC of FJ6d1-2a3-1-6 

Semi-preparative HPLC was conducted using a Waters system (Waters 515 

HPLC pump and Waters 2487 dual absorbance detector) and PeakSimple software. The 

sample FJ6d1-2a3-1-6 was injected over 12 separate injections at a concentration of 25 

mg/mL with an injection volume of approximately 200 μL.

An Alltima C18 10μ column (length: 250 mm; internal diameter: 10.0 mm) and 

an isocratic solvent system of 85% MeOH and 15% deionized water was used. All 

solvents were degassed prior to use. Flow rate was 4 mL/min. Total run time was 30 

minutes. The absorbance detector was set to 220 nm and 1.000 AUFS. Fractions were 

collected based on UV absorbance and were separated using reverse phase TLC (85% 

MeOH/15% water solvent system in combination with a potassium permanganate stain) 

to evaluate the retention factor of the compounds in the fraction relative to one another. 

2.4.9.1 HPLC of FJ6d1-2a3-1-6-4 

Semi-preparative HPLC was conducted using a Waters system (Waters 515 

HPLC pump and Waters 2487 dual absorbance detector) and PeakSimple software. The 
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sample FJ6d1-2a3-1-6-4 was injected over 4 separate injections at a concentration of 25 

mg/mL with an injection volume of approximately 200 μL.  An Alltima C18 10μ 

column (length: 250 mm; internal diameter: 10.0 mm) and an isocratic solvent system of 

85% MeOH and 15% deionized water was used. All solvents were degassed prior to use. 

Flow rate was 4 mL/min. Total run time was 20 minutes. The absorbance detector was 

set to 220 nm and 1.000 AUFS. Fractions were collected based on UV absorbance and 

were separated using reverse phase TLC (85% MeOH/15% water solvent system in 

combination with a potassium permanganate stain) to evaluate the retention factor of the 

compounds in the fraction relative to one another. 

2.4.9.2 HPLC of FJ6d1-2a3-1-6-5 

Semi-preparative HPLC was conducted using a Waters system (Waters 515 

HPLC pump and Waters 2487 dual absorbance detector) and PeakSimple software. Two 

hundred μL of 25 mg/mL FJ6d1-2a3-1-6-5 was injected (4 separate injections) for 

HPLC analysis. An Alltima C18 10μ column (length: 250 mm; internal diameter: 10.0 

mm) and an isocratic solvent system of 80% MeOH and 20% deionized water was used.

All solvents were degassed prior to use. Flow rate was 4 mL/min. Total run time was 20 

minutes. The absorbance detector was set to 220 nm and 1.000 AUFS. Fractions were 

collected based on UV absorbance and were separated using reverse phase TLC (80% 

MeOH/20% water solvent system in combination with a potassium permanganate stain) 

to evaluate the retention factor of the compounds in the fraction relative to one another. 

2.4.10 HPLC of FJ6d1-2a3-1-8 

Semi-preparative HPLC was conducted using a Waters system (Waters 515 

HPLC pump and Waters 2487 dual absorbance detector) and PeakSimple software. Two 

hundred μL of 25 mg/mL FJ6d1-2a3-1-8 was injected (19 separate injections) for HPLC 

analysis. An Alltima C18 10μ column (length: 250 mm; internal diameter: 10.0 mm) and 

an isocratic solvent system of 85% MeOH and 15% deionized water was used. All 

solvents were degassed prior to use. Flow rate was 4 mL/min. Total run time was 20 

minutes. The absorbance detector was set to 220 nm and 0.100 AUFS. Fractions were 
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collected based on UV absorbance and were separated using reverse phase TLC (85% 

MeOH/15% water solvent system in combination with a potassium permanganate stain) 

to evaluate the retention factor of the compounds in the fraction relative to one another. 

2.4.10.1 HPLC of FJ6d1-2a3-1-8-9 

Semi-preparative HPLC was conducted using a Waters system (Waters 515 

HPLC pump and Waters 2487 dual absorbance detector) and PeakSimple software. Two 

hundred μL of 25 mg/mL FJ6d1-2a3-1-8-9 was injected (10 separate injections) for 

HPLC analysis. An Alltima C18 10μ column (length: 250 mm; internal diameter: 10.0 

mm) and an isocratic solvent system of 100% MeOH was used. All solvents were 

degassed prior to use. Flow rate was slowed to 2 mL/min in an attempt to provide better 

separation. Total run time was 20 minutes. The absorbance detector was set to 220 nm 

and 0.100 AUFS. Fractions were collected based on UV absorbance and were separated 

using reverse phase TLC (100% MeOH solvent system in combination with a potassium 

permanganate stain) to evaluate the retention factor of the compounds in the fraction 

relative to one another. 

2.5 Structural Characterization of Pure Compounds 

2.5.1 Nuclear Magnetic Resonance

1D and 2D NMR spectra were recorded for the pure compounds using a Bruker 

600 MHz spectrometer using Varian software. NMR experiments were conducted at 

Scripps Institution of Oceanography by the Gerwick Lab (University of California San 

Diego, San Diego, California, USA). Deuterated chloroform (CDCl3) was used as the 

NMR solvent with residual solvent peaks at δH 7.26 and δC 77.16. Chemical shifts were 

recorded in δ (parts per million (ppm)) and coupling constants (J) were recorded in hertz 

(Hz). Coupling patterns are described by abbreviations: s (singlet), d (doublet), t (triplet) 

and m (multiplet). 
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2.5.2 Optical Rotation

Optical rotation was measured using a Jasco P-2000 polarimeter with a 10 mm 

cell using a light source at 589 nm. The sample was dissolved in chloroform at a

concentration of 0.65 g/100 mL. Optical rotation experiments were conducted at Scripps 

Institution of Oceanography by the Gerwick Lab. 

2.5.3 Gas Chromatography Mass Spectrometry

The organic layer of the pure compounds were analyzed using a Thermo 

Traceplus GC-MS system with a Rtx-5MS GC column (15 m length × 0.25 mm ID, 

RESTEK Inc) under the following conditions: the initial oven temperature was set at 80 

°C, held for one minute, followed by a ramp from 80 °C to 270 °C at a rate of 10 

°C/minute and then held at 270 °C for 10 minutes. Gas chromatography mass 

spectrometry experiments were conducted at Scripps Institution of Oceanography by the 

Gerwick Lab. 
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Chapter 3: Results and Discussion

3.1 Collection of Cyanobacteria Samples

A compound microscope was brought on each field expedition to identify which 

collections were cyanobacteria. All samples were collected by hand using snorkel. In

total there were 20 cyanobacteria collections as shown in Table 9, but FJ5 and FJ8 are 

thought to be the same because of their similar appearance both in the field and under 

the microscope. Figure 18, an underwater photograph of the sample FJ6, is an example 

of the appearance of marine cyanobacteria. This sample has a dark green, slimy, hair-

like appearance. 

Figure 18: The dark green, slimy and hair-like appearance of sample FJ6.

3.1.1 Extraction of Cyanobacteria Samples

The crude extracts generated from samples collected in the field and their masses

are described in Table 9. Eleven samples were collected from Site S1, three samples 

were collected from Site S2, one sample was collected from Site S3, four samples were 

collected from Site S4 and one sample was collected from Site S5. 
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Table 9: Mass of Crude Extract Samples 
Sample Site ID Number Total Extract Mass (g) 

FJ1 S1 0.05
FJ2 S1 0.22
FJ3 S1 1.09
FJ4 S1 7.27
FJ5 S1 0.04
FJ6 S2 125.6
FJ7 S2 0.25
FJ8 S1 13.56
FJ9 S2 6.53
FJ10 S1 0.31
FJ11 S1 0.44
FJ12 S1 1.38
FJ13 S1 1.48
FJ14 S1 5.7
FJ15 S3 14.01
FJ16 S4 0.65
FJ17 S4 3.7
FJ18 S4 0.32
FJ19 S4 0.55
FJ20 S5 1.16

3.2 Evaluation of Crude Extract Biological Activity

Twelve of the 20 samples exhibited some biological activity in one or more of 

the assays performed (Tables 10 and 11). Eight of the 20 samples demonstrated an 

ability to inhibit the growth of certain microbial pathogens (Table 10). Certain extracts 

exhibited interesting antimicrobial activity. For example, several crude extracts inhibited 

the growth of the drug-resistant strain of a pathogen but did not inhibit the growth of the 

wild-type strain. FJ9 and FJ10 exhibited inhibitory activity against MRSA but not 

against WTSA. FJ6 demonstrated inhibitory activity against ARCA but not WTCA.  

This might represent selectivity among the active compounds.  
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Table 10: Antimicrobial Activity of Crude Extract Samples 
Sample MRSA

(mm)
WTSA
(mm)

RRSA
(mm)

VREF 
(mm)

ARCA
(mm)

WTCA
(mm)

FJ1 -------- -------- -------- -------- -------- --------
FJ2 0 0 0 0 0 0
FJ3 10 0 0 0 0 0
FJ4 10 0 10 10 0 0
FJ5 -------- -------- -------- -------- -------- --------
FJ6 11 10 9 8 10 0
FJ7 0 0 0 0 0 0
FJ8 0 0 0 0 0 0
FJ9 10 0 0 12 0 0
FJ10 11 0 0 0 0 0
FJ11 0 0 0 0 0 0
FJ12 10 0 10 10 0 0
FJ13 0 0 0 0 0 0
FJ14 0 0 0 0 0 0
FJ15 10 10 10 14 0 0
FJ16 0 0 0 0 0 0
FJ17 0 0 0 10 0 0
FJ18 0 0 0 0 0 0
FJ19 0 0 0 0 0 0
FJ20 0 0 0 0 0 0

Nine of the 20 samples proved toxic to brine shrimp at the highest tested 

concentration of 500 µg/mL (Table 11). FJ12 was especially lethal at 500 µg/mL with 

100% mortality. Three samples (FJ3, FJ6 and FJ12) exhibited >25% mortality at 250 

µg/mL.
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Table 11: Brine Shrimp Lethality of Crude Extract Samples
Sample Tested at 500 

μg/mL
Tested at 250 

μg/mL
Tested at 125 

μg/mL
FJ1 -------- --------- ---------
FJ2 36% 30% 0%
FJ3 40% 0% 0%
FJ4 53% 13% 0%
FJ5 -------- --------- ---------
FJ6 70% 27% 13%
FJ7 0% 0% 0%
FJ8 19% 0% 0%
FJ9 0% 0% 0%
FJ10 14% 0% 0%
FJ11 0% 0% 0%
FJ12 100% 38% 0%
FJ13 39% 19% 0%
FJ14 17% 0% 0%
FJ15 48% 13% 0%
FJ16 0% 0% 0%
FJ17 0% 0% 0%
FJ18 35% 0% 0%
FJ19 43% 0% 0%
FJ20 24% 0% 0%

While this data is preliminary, it provides a starting point for bioassay-guided 

isolation and for finding additional biological activity in these extracts. Marine natural 

products has proven itself as a valuable source of novel compounds and potential drug 

leads, either as they are found in nature or as inspirational scaffolds. Fijian cyanobacteria 

represent an untapped source of potentially novel and active compounds. The data 

supports this notion and encourages further exploration into the natural product

capabilities of Fijian marine cyanobacteria.

3.2.1 Selection of Crude Extract FJ6 for Purification

FJ6 was selected for isolation and purification efforts because of its interesting 

biological activity. The crude extract initially demonstrated broad activity against drug-

resistant bacterial pathogens (zone of 11 mm against MRSA, zone of 9 mm against 

RRSA and zone of 8 mm against VREF) and activity against a drug-resistant fungal 

pathogen (zone of 10 mm against ARCA), as seen in Table 10. FJ6 also demonstrated 
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brine shrimp lethality of 70% at 500 μg/mL and 27% at 250 μg/mL, as seen in Table 11. 

FJ6 was also selected because of the large quantity of crude extract available for 

purification (Table 9). 

3.2.1.1 Identification of FJ6 Specimen

The FJ6 crude extract originated from a cyanobacteria organism identified as 

Lyngbya sp. in the field by visual observation of its slimy, hair-like appearance. Figure

18 is an underwater photograph of the sample prior to collection. The identification was 

then further supported by microscope inspection. Lyngbya cyanobacteria display a 

characteristic formation of individual cells that stack on top of each other, as seen in the 

micrograph of FJ6 in Figure 19. The pure compound that was ultimately isolated from 

this crude extract also supports the identification of this sample as Lyngbya sp. because 

of the compound’s previous isolation from Lyngbya majuscula (Kwan et al., 2011). 

Figure 19: Microscopic evaluation further supports the conclusion that sample FJ6 is a 
cyanobacteria species belonging to the genus Lyngbya, due to its characteristic 

appearance of the stacked cells (highlighted by Cell G, Cell H and Cell I).  
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The collection site for FJ6 near Moturiki Island was revisited approximately 1.5 

years and 2 years after the original collection date in July 2013. These expeditions were 

undertaken to learn more about the cyanobacteria organism collected. It was found that 

the Lyngbya sp. organism collected was seasonal, thriving en mass in tropical winter 

temperatures and having no visible growth in warmer summer temperatures. Even with 

seemingly non-existent growth in the summer months, a significant quantity of the 

cyanobacteria was found in the winter months of July 2013 and July 2015. 

3.3 Purification of FJ6

3.3.1 Pathway for Isolation of Pure Compounds

A total of nine purification steps were required to successfully isolate the pure 

compounds. Figure 20 illustrates the purification pathway used to isolate the pure 

compounds from the crude extract FJ6. The results of the experimental methodologies 

used are described in further detail in the following sections.
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Figure 20: Nine experimental steps were taken to isolate each of the three pure 
compounds from the crude extract FJ6. 

FJ6

FJ6d

FJ6d1

FJ6d1-2

FJ6d1-2a

FJ6d1-2a3

FJ6d1-2a3-1

FJ6d1-2a3-1-6

FJ6d1-2a3-1-6-4

FJ6d1-2a3-1-6-4-2
(Compound 1) 

FJ6d1-2a3-1-6-5

FJ6d1-2a3-1-6-5-3
(Compound 2) 

FJ6d1-2a3-1-8

FJ6d1-2a3-1-8-9

FJ6d1-2a3-1-8-9-3
(Compound 3)

Solvent-solvent partition
Dichloromethane fraction

Vacuum liquid chromatography
25% EtOAc

Vacuum liquid chromatography
10% EtOAc

LH20 column size-based separation

ISCO Combiflash 
12-20% EtOAc

HPLC
85% MeOH

ISCO Combiflash 
10-20% EtOAc

ISCO Combiflash 
77% MeOH

ISCO Combiflash 
90% MeOH

HPLC
85% MeOH

HPLC
80% MeOH

HPLC
85% MeOH

HPLC
100% MeOH



�

46

3.3.2 Solvent-solvent Partition of FJ6

The first step in the purification of active compounds from the crude extract was 

a solvent-solvent partition using a modified Kupchan Partition (MKP) methodology. 

This method is well known and widely used as a first step in order to crudely separate 

the compounds within an extract based on their solubility. A hexane fraction (FJ6h,

undetermined mass), a DCM fraction (FJ6d, 5.741 g) and an aqueous fraction (FJ6a,

undetermined mass) were generated and subsequently tested for activity against 

microbial pathogens. The masses of FJ6h and FJ6a were not determined because assay 

results demonstrated the activity of FJ6d before the other fractions were dry. FJ6d 

became the focus of this research in order to save time. The results of the bioassay 

testing are shown in Table 12 and were used to select a fraction for further purification. 

FJ6d demonstrated activity against all four bacterial pathogens tested in the disc 

diffusion assay. FJ6h and FJ6a exhibited no activity against any pathogen tested. FJ6d

was determined to contain the active compound(s) of interest via bioassay activity, and 

was selected for further purification. All three samples were not active against the two 

fungal pathogens tested.

Table 12: Antimicrobial Activity of FJ6 Fractions 
Sample MRSA

(mm)
RRSA
(mm)

WTSA
(mm)

VREF 
(mm)

ARCA
(mm)

WTCA
(mm)

FJ6 8 9 8 0 0 0
FJ6h 0 0 0 0 0 0
FJ6d 13 11 11.5 8 0 0
FJ6a 0 0 0 0 0 0

Control 18 17 17 23 17 17

3.3.3 VLC of FJ6d 

VLC was selected as the next step in the purification efforts because it allows for 

relatively large sample sizes and more precision than MKP. FJ6d (4.12 g) was eluted 

using 250 mL of each of the following solvent combinations: 100% hexane, 25% 

EtOAc/75% hexane, 50% EtOAc/50% hexane, 75% EtOAc/25% hexane, 80% 

EtOAc/20% MeOH and 50% DCM/50% MeOH. The resulting fractions and their 

masses are described in Table 13. 
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Table 13: FJ6d VLC Solvent Gradient and Mass of Fractions 
Fraction EtOAc (%) Hexane (%) MeOH (%) DCM (%) Mass (g) 

1 0 100 0 0 0
2 25 75 0 0 1.290
3 50 50 0 0 0.282
4 100 0 0 0 0.156
5 80 0 20 0 0.700
6 0 0 50 50 0.574

The resulting fractions obtained were tested for antimicrobial activity. Fractions 

2 and 3 were found to exhibit superior activity relative to the other fractions. As seen in 

Table 14, Fraction 2 had a 14 mm zone of inhibition against MRSA and Fraction 3 had a 

9 mm zone of inhibition against MRSA. Since the parent fraction FJ6d displayed no 

antifungal activity, the fungal pathogens were not used in the bioassay in order to 

conserve mass. Based off of bioassay results, Fractions 2 and 3 were combined to create 

FJ6d1 for further purification.

Table 14: Antimicrobial Activity of FJ6d Fractions 
Sample Fraction MRSA (mm) RRSA (mm) WTSA (mm) VREF (mm) 

FJ6d 11 7 9 8
1 -- -- -- --
2 14 9 12 8
3 9 7 9 7
4 7 0 7 0
5 7 0 8 0
6 7 0 7 0

Control 22 20 20 22

3.3.4 VLC of FJ6d1

VLC was used again due to the size of the FJ6d1 fraction and its relative purity 

at this time. VLC is an effective method to continue the separation of active compounds 

at this stage in the purification process. FJ6d1 (1.57 g) was eluted using 250 mL of each 

of the following solvent combinations: 100% hexane, 5% EtOAc/95% hexane, 10% 

EtOAc/90% hexane, 15% EtOAc/85% hexane, 20% EtOAc/80% hexane, 30% 

EtOAc/70% hexane, 40% EtOAc/60% hexane, 50% EtOAc/50% hexane, 100% EtOAc

and 50% DCM/50% MeOH. The resulting fractions were evaluated by TLC in order to 

determine how similar the various fractions were. Three separate solvent systems were 
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used for TLC (10% EtOAc/90% hexane, 25% EtOAc/75% hexane and 50% EtOAc/50% 

hexane) and the results were viewed under both short wave and long wave ultraviolet 

light. The TLC experiments were used to determine which fractions should be combined 

prior to antimicrobial testing. Fractions 1 and 2 were combined to make sample FJ6d1-1, 

Fractions 4, 5 and 6 were combined to make sample FJ6d1-3 and Fractions 9 and 10 

were combined to make sample FJ6d1-6 based on similarity of retention factors in TLC 

experiments. The results are shown in Table 15. 

Table 15: FJ6d1 VLC Solvent Gradient and Mass of Fractions 
Sample Fraction # Solvent Used Mass (g) 

FJ6d1-1 1 100% hexane 0.156

2 5% EtOAc, 
95% hexane 

FJ6d1-2 3 10% EtOAc, 
90% hexane 

0.596

FJ6d1-3 4 15% EtOAc, 
85% hexane 

0.565

5 20% EtOAc, 
80% hexane 

6 30% EtOAc, 
70% hexane 

FJ6d1-4 7 40% EtOAc, 
60% hexane 

0.098

FJ6d1-5 8 50% EtOAc, 
50% hexane 

0.071

FJ6d1-6 9 100% EtOAc 0.128

10 50% DCM, 
50% MeOH 

The resulting fractions were tested for antimicrobial activity. At this point in the 

purification process, MRSA was selected as the pathogen of choice to pursue activity 

against. This choice was made in order to best conserve mass during the bioassay guided 

fractionation process and because the sample has demonstrated the strongest activity 

against MRSA. The bioassay results are shown in Table 16. 
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Table 16: Antimicrobial Activity of FJ6d1 Fractions 
Sample MRSA (mm) 
FJ6d1 10

FJ6d1-1 0
FJ6d1-2 10
FJ6d1-3 13
FJ6d1-4 8.5
FJ6d1-5 8
FJ6d1-6 8
Control 20

Samples FJ6d1-2 and FJ6d1-3 demonstrated the strongest activity against MRSA 

and were selected for further purification. Isolation of active compounds from FJ6d1-3

did not come to fruition due to loss of mass throughout the purification process. 

Therefore FJ6d1-2 became the primary focus of this research.  

3.3.5 Column Chromatography of FJ6d1-2 using Sephadex LH-20

A column packed with LH-20 (in a 50% MeOH and 50% DCM solvent system) 

was used to separate compounds based on size-exclusion. Six fractions were generated 

from 596 mg of FJ6d1-2, the parent fraction. The mass of each of the resulting fractions 

is shown in Table 17. 

Table 17: Mass of FJ6d1-2 Fractions. 
Fraction Mass (mg) 

1 8
2 12
3 39
4 281
5 204
6 43

As the enriched fractions become more pure, the test concentration used in the 

bioassay was decreased to 50 μg/disc, rather than 200 μg/disc. The parent fraction FJ6d

was used as an internal control to ensure that activity had not been lost through 

chromatography efforts. FJ6d also served as a means of comparison of activity. The 

results of the MRSA bioassay testing are shown in Table 18. Notably, FJ6d was tested at 

double the concentration (100 μg/disc) due to oversight. 
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Table 18: Antimicrobial Activity of FJ6d1-2 Fractions 
Sample Fraction MRSA (mm) Test concentration (μg/disc) 

FJ6d 8 100
1 0 50
2 0 50
3 0 50
4 9 50
5 9 50
6 9 50

Control 21.5 50

TLC and results from antimicrobial activity were used to determine which 

fractions to combine and to continue purifying. TLC materials and solvent systems 

included both normal phase (25% EtOAc/75% hexane solvent system) and reverse phase 

(80% MeOH/20% water solvent system). TLC results were viewed under short wave 

and long wave ultraviolet light. Fractions 4, 5 and 6 had retention factors of 0.96. Based 

on these evaluation tools, Fractions 4, 5 and 6 were combined to create FJ6d1-2a for 

further purification.

3.3.6 Flash Chromatography of FJ6d1-2a 

Further purification was carried out using the ISCO Combiflash system. This 

means of chromatography provides numerous benefits, namely the ability to separate 

compounds with a gradient solvent system (normal phase or reverse phase) and the 

ability to view ultraviolet absorbance at a wavelength of the user’s choosing. The 

dynamic of a gradient solvent system in the purification of this sample introduces a new 

method that is typically capable of better separating compounds than isocratic systems.  

The sample FJ6d1-2a (528 mg) was introduced into the ISCO system using the 

liquid injection port. The remaining seven mg of sample FJ6d1-2a was saved as a 

reference sample. A normal phase gradient system of EtOAc and hexane, and a 40 g 

silica column was used. A new fraction was collected every five minutes, resulting in six 

fractions (Table 19). The UV detector was set to 254 nm. Notably, no absorbance was 

observed (Appendix 1). Ultimately it was found that this is due to the chemical structure 

of the target compounds, which are discussed in Sections 3.4 and 3.5. 
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Table 19: FJ6d1-2a VLC Solvent Gradient and Mass of Fractions 
Fraction Time (min) % EtOAc Mass (mg) 

1 0 – 5 0 – 6.5 17
2 5.01 – 10 6.6 – 13.39 44
3 10.1 – 15 13.4 – 20 432
4 15.01 – 20 20.01 – 60.5 106
5 20.01 – 25 60.51 – 100 69
6 25.01 – 28 0 45

Of the six fractions, Fraction 3 represented the largest mass of all the fractions 

and had very little viscosity. It was yellow-gold in appearance and oily. Interestingly the 

combined mass of the fractions was larger than the parent sample FJ6d1-2a. This is 

because the samples were not completely dry upon weighing, due to limitations of the 

rotary evaporation instruments available. This can especially be an issue for oily samples 

such as FJ6d1-2a3. Antimicrobial activity was tested in all the fractions and the results 

are shown in Table 20. FJ6d1-2a3 was selected for further purification because it had the 

greatest activity against MRSA. 

Table 20: Antimicrobial Activity of FJ6d1-2a Fractions 
Sample MRSA (mm) 
FJ6d1 9

FJ6d1-2a1 0
FJ6d1-2a2 0
FJ6d1-2a3 10
FJ6d1-2a4 8.5
FJ6d1-2a5 0
FJ6d1-2a6 0

Control 20

3.3.7 Flash Chromatography of FJ6d1-2a3

The entire sample FJ6d1-2a3 (432 mg) was introduced into the ISCO system 

using the liquid injection port. ISCO was used due to the large sample size, in an attempt 

to further purify the fraction before using HPLC. A normal phase gradient system of

EtOAc and hexane, and a 40 g silica column was used. The UV detector was set to 300 

nm in an attempt to see if any UV absorption could be detected at this wavelength. No 

absorption was detected at 254 nm in the previous experiment (Section 3.3.6). Some UV

absorption was seen at 300 nm, as evidenced by the chromatograph for this experiment 
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(Appendix 2). A new fraction was collected every 2.5 minutes (10 fractions total) and 

these factions were combined based on TLC results (normal phase silica; 100% DCM 

solvent system) into 2 fractions.

TLC indicated that most of the fractions collected were similar and that the 

method used was largely unsuccessful in providing further purification. This suggested 

that the compounds present in the sample had similar solubility characteristics in the 

EtOAc and hexane solvent system used. Furthermore, it suggested that a substantially 

different system might lead to better separation. FJ6d1-2a3-1 had a mass of 434 mg and 

FJ6d1-2a3-2 had a mass of 70 mg. FJ6d1-2a3-1 appeared very oily and was yellow-gold 

in color. Again, the larger mass of the fractions compared to the parent sample can be 

explained by the inability to completely dry the sample with the available equipment 

given its oily nature. No bioassay was conducted and FJ6d1-2a3-1 was selected for 

further purification based on visual observation and TLC results. 

3.3.8 Flash Chromatography of FJ6d1-2a3-1 

Based on the lack of separation in the previous ISCO run it was determined that a 

new approach was needed. At this time a reverse phase system was set up in order to 

achieve improved separation of compounds. The entire sample FJ6d1-2a3-1 (434 mg) 

was dissolved in MeOH with the addition of a minimal amount of DCM to ensure 

complete solubility. Due to the lipophilic character of the FJ6d1-2a3-1 sample, a

minimal amount of DCM was required to ensure complete solubility. A MeOH and 

water solvent system, and a 12g RediSep column were used. Although the FJ6d1-2a3-1 

sample is lipophilic, the method and solvent system was designed to see if separation of 

closely related compounds could be achieved. The UV detector was set to 220 nm 

because no absorbance was previously detected at 254 nm or 300 nm and because the 

use of this reserve phase solvent system allows for a lower wavelength than in previous 

experiments where a normal phase system with EtOAc was used. The chromatogram for 

this experiment can be found in Appendix 3. Ten fractions were collected based on UV 

absorbance observed at the 220 nm wavelength. Their time of collection and mass are 

described in Table 21. Note that FJ6d1-2a3-1-7 was very wet and unable to be 

completely dried. 
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Table 21: Mass of FJ6d1-2a3-1 Fractions 
Sample Time of collection (min) Mass (mg) 

FJ6d1-2a3-1-1 0 – 1.49 4.8
FJ6d1-2a3-1-2 1.5 – 5 4.3
FJ6d1-2a3-1-3 5.01 – 10 2
FJ6d1-2a3-1-4 10.01 – 13.5 2.6
FJ6d1-2a3-1-5 13.51 – 15.4 22
FJ6d1-2a3-1-6 15.41 – 17.1 56.6
FJ6d1-2a3-1-7 17.11 – 20.1 363.1
FJ6d1-2a3-1-8 20.11 – 24 94
FJ6d1-2a3-1-9 24.01 – 28.5 3.7
FJ6d1-2a3-1-10 28.51 – 35 1

As the fractions were dried using rotary evaporation, Fractions 6-10 became 

cloudy. Upon evaporation, these fractions then became a white, semi-crystalline-like 

solid. This indicated that the fractions were becoming significantly more pure. These 

visual observations were convincing evidence that it was an appropriate time to use 

HPLC for the final purification steps. 

An antimicrobial assay was attempted but, for an unknown reason, the MRSA 

pathogen did not grow. Instead TLC was used to evaluate compounds and identify 

which fractions to pursue for further purification. Reverse phase TLC with 85% MeOH

and 15% water solvent system was used. No observations were visible under short wave 

or long wave ultraviolet light. A potassium permanganate (KMnO4) stain was used and 

allowed for visualization of the samples. Potassium permanganate stain is generally 

useful in TLC, especially for the visualization of oxidizable functional groups such as 1º 

alcohols, 2º alcohols and aldehydes. FJ6d1-2a3-1-6 and FJ6d1-2a3-1-8 produced 

retention factors of 0.36 and 0.22, respectively. Based on visualization of both FJ6d1-

2a3-1-6 and FJ6d1-2a3-1-8 through the potassium permanganate stain, both were 

selected for further purification. 

3.3.9 HPLC of FJ6d1-2a3-1-6 

A reverse phase isocratic 85% MeOH 15% water solvent system was used for the 

HPLC of FJ6d1-2a3-1-6. The UV detector was set to 220 nm. Five fractions were 

collected based on absorbance viewed as peaks on the chromatogram (Appendix 4). 

Four peaks were seen and were individually collected as fractions FJ6d1-2a3-1-62, 
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FJ6d1-2a3-1-63, FJ6d1-2a3-1-6-4, and FJ6d1-2a3-1-6-5. These peaks and their 

corresponding fraction identification number are labeled in Appendix 4. TLC with the 

same 85% MeOH 15% water solvent system was used in combination with a potassium 

permanganate stain to visualize the compounds. Fractions 4 (FJ6d1-2a3-1-6-4) and 5 

(FJ6d1-2a3-1-6-5) were selected for further purification based on the TLC results. 

Fraction 4 was isolated at approximately 15 minutes and Fraction 5 was isolated at 

approximately 16 minutes. The mass of each of the resulting fractions is shown in Table 

22.�
Table 22: Mass of FJ6d1-2a3-1-6 Fractions 

Sample Mass (mg) 
FJ6d1-2a3-1-6-1 2.2
FJ6d1-2a3-1-6-2 0.4
FJ6d1-2a3-1-6-3 0.6
FJ6d1-2a3-1-6-4 19.2
FJ6d1-2a3-1-6-5 18.7

3.3.9.1 HPLC of FJ6d1-2a3-1-6-4 

A reverse phase isocratic 85% MeOH 15% water solvent system was used for the 

HPLC of FJ6d1-2a3-1-6-4. The UV detector was set to 220 nm. Three fractions were 

collected based on absorbance viewed as peaks on the chromatogram (Appendix 5). 

TLC with an 85% MeOH 15% water solvent system was used in combination with a 

potassium permanganate stain to visualize the compounds. Fraction 2 (FJ6d1-2a3-1-6-4-

2) was isolated at approximately 16.5 minutes and had a mass of 5.5 mg. It was

confirmed as a pure compound by HPLC (Appendix 6). The peak purity check was run 

using an analytical HPLC column (Econosil C18 10 micron column; 100% MeOH; 1 

mL/min; 220 nm; 0.100 AUFS). Pure compound FJ6d1-2a3-1-6-4-2 was renamed to 

Compound 1.

3.3.9.2 HPLC of FJ6d1-2a3-1-6-5 

A reverse phase isocratic 80% MeOH 20% water solvent system was used for the 

HPLC of FJ6d1-2a3-1-6-5. The UV detector was set to 220 nm. Three fractions were 



�

55

collected based on absorbance viewed as peaks on the chromatogram (Appendix 7). 

TLC with the same 80% MeOH 20% water solvent system was used in combination 

with a potassium permanganate stain to visualize the compounds. Fraction 3 (FJ6d1-

2a3-1-6-5-3) was isolated at approximately 27 minutes and had a mass of 7.7 mg. It was

confirmed as a pure compound by HPLC (Appendix 8). The peak purity check was run 

using an analytical HPLC column (Econosil C18 10 micron column; 100% MeOH; 1 

mL/min; 220 nm; 0.100 AUFS). Pure compound FJ6d1-2a3-1-6-5-3 was renamed to 

Compound 2.

3.3.10 HPLC of FJ6d1-2a3-1-8 

A reverse phase isocratic 85% MeOH 15% water solvent system was used for the 

HPLC of FJ6d1-2a3-1-8. The UV detector was set to 220 nm. Ten fractions were 

collected based on absorbance viewed as peaks on the chromatogram (Appendix 9). The 

mass of each of the resulting fractions is shown in Table 23. TLC with the same 85% 

MeOH 15% water solvent system was used in combination with a potassium 

permanganate stain to visualize the compounds. Fraction 9 (FJ6d1-2a3-1-8-9) was

selected for further purification based on the TLC results. Fraction 9 was isolated at a

retention time of approximately 25 minutes. 

Table 23: Mass of FJ6d1-2a3-1-8 Fractions 
Sample Mass (mg) 

FJ6d1-2a3-1-8-1 7.3
FJ6d1-2a3-1-8-2 0.5
FJ6d1-2a3-1-8-3 0
FJ6d1-2a3-1-8-5 1.3
FJ6d1-2a3-1-8-6 15.1
FJ6d1-2a3-1-8-7 2.9
FJ6d1-2a3-1-8-8 1.3
FJ6d1-2a3-1-8-9 47.7

FJ6d1-2a3-1-8-10 19.4

3.3.10.1 HPLC of FJ6d1-2a3-1-8-9 

A reverse phase isocratic 100% MeOH solvent system was used for the HPLC of 

FJ6d1-2a3-1-8-9. The UV detector was set to 220 nm. Three fractions were collected 



�

56

based on absorbance viewed as peaks on the chromatogram (Appendix 10). The mass of 

each of the resulting fractions is shown in Table 24. TLC with the same 100% MeOH

solvent system was used in combination with a potassium permanganate stain to 

visualize the compounds. Fraction 3 (FJ6d1-2a3-1-8-9-3) was isolated at a retention time 

of approximately 14 minutes and had a mass of 9.8 mg. It was confirmed as a pure 

compound by HPLC (Appendix 11). The peak purity check was run using an analytical 

HPLC column (Econosil C18 10 micron column; 100% MeOH; 1 mL/min; 220 nm; 

0.100 AUFS). Pure compound FJ6d1-2a3-1-8-9-3 was renamed to Compound 3.

Table 24: Mass of FJ6d1-2a3-1-8-9-1 Fractions 

3.4 Characterization of Compound 1 and Compound 2 

The structure of Compound 1 (Figure 21) was determined to be (+)-(S,S)-

lyngbyoic acid by deciphering 1H NMR (Appendix 12), 13C NMR (Appendix 13), 

COSY (Appendix 14), HSQC (Appendix 15), GC-MS (Appendices 16 and 17) and 

optical rotation data. Results from optical rotation, 1H NMR, 13C NMR and GC-MS

experiments are summarized in Appendix 18. Compound 1 was clear when dissolved in 

solvent (e.g., DCM) and a white powder when dry. Compound 1 exhibited a mass peak 

at m/z = 212 [M]+ in the GC-MS spectra (Appendix 17). LC-MS and molecular 

networking experiments yielded no results due to the compound’s inability to ionize. In 

the 1H NMR spectrum the resonances for the linear alkane chain protons were found at 

δH 1.21-1.34 and the resonances for the terminal methyl group protons were found at δH 

0.88. The signals at δH 0.20 (2H) and δH 0.44 (2H) provided evidence for the cyclopropyl 

group and the signal at δH 2.42 (2H) provided evidence for the carboxylic group. 

Compound 1 exhibited an optical rotation of [α]D
25 = +24.15 (CHCl3, 0.65 g/100 mL). 

This is opposite in sign to the known (-)-(R,R)-lyngbyoic acid (Kwan et al., 2011). 

Sample Mass (mg) 
FJ6d1-2a3-1-8-9-1 7.2
FJ6d1-2a3-1-8-9-2 0.3
FJ6d1-2a3-1-8-9-3 9.8
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Figure 21: Compound 1 and Compound 2 were both identified as (+)-(S,S)-lyngbyoic
acid.

Compound 1 was discovered to be active against drug-resistant bacteria (MRSA 

and RRSA), creating a no growth zone of 15 mm at 100 μg/disc. It was also completely 

toxic to brine shrimp at 50 µg/mL. This is the first known report of (+)-lyngbyoic acid’s 

antibiotic activity against Gram-positive bacteria and its lethality to brine shrimp. 

Compound 2 was also determined to be (+)-lyngbyoic acid by interpreting 1H NMR 

(Appendix 19) and optical rotation data in comparison to Compound 1. Both Compound 

1 and Compound 2 exhibited the same resonance peaks in the 1H NMR experiments 

(e.g., δH 0.88 ppm and δH 1.26 ppm) and the same optical rotation value of [α]D
25 = 

+24.15 (chloroform, 0.65 g/100 mL). While (+)-lyngbyoic acid was previously reported 

as an intermediary product in the synthesis of grenadamide, this is its first reported 

isolation from Nature (Dulayymi et al., 2004 and Minuth and Boysen, 2010). 

Grenadamide was originally isolated from Lyngbya majuscula collected in Grenada in 

the Southern Caribbean (Sitachitta and Gerwick, 1998). It is described as being modestly 

cytotoxic (LD50 = 5 µg/mL) and with modest cannabinoid receptor-binding activity (Ki

= 4.7 µM).

(+)-Lyngbyoic acid is an enantiomer of (-)-lyngbyoic acid (Figure 22), differing 

only in the configuration surrounding the cyclopropane ring. Compound 1 and 

Compound 2’s opposite optical rotation sign values as compared to the literature for      

(-)-lyngbyoic acid aided in the determination of these compounds as being (+)-lyngbyoic 

acid (Kwan et al., 2011). (+)-Lyngbyoic acid has an absolute configuration of 4S, 6S

while (-)-lyngbyoic acid has an absolute configuration of 4R, 6R.
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Figure 22: The structure of (-)-(R,R)-lyngbyoic acid. 

(-)-Lyngbyoic acid was previously reported by Kwan et al. in their isolation 

efforts from Lyngbya cf. majuscula, a marine cyanobacteria that was collected near Fort 

Pierce, Florida in the Indian River Lagoon (Kwan et al., 2011). The compound was 

reported as a fatty acid capable of disrupting quorum sensing in Pseudomonas 

aeruginosa, a Gram-negative, nosocomial and opportunistic bacteria. (Quorum sensing 

is a means for bacteria to regulate genes in response to changes in population density.) 

The authors described (-)-lyngbyoic acid as a major metabolite of the marine 

cyanobacterium. It was hypothesized that (-)-lyngbyoic acid is a signaling molecule 

because of its relatively large abundance and small size.  

3.4.1 Nuclear Magnetic Resonance Data for Compound 1

1H NMR information is useful in determining the hybridization of atoms to 

which a proton is attached and the electronic effects on those protons caused by 

interaction between nuclei through bonds. Electron donor groups shield nuclei and shift 

resonances upfield, resulting in a lower chemical shift value. Electron withdrawing 

groups de-shield nuclei and shift resonances downfield, resulting in a high chemical shift 

value. The interaction couplings between nuclei through bonds leads to splitting 

observed in resonances, referred to as multiplicity (measured in units of ppm). Protons 

that are locked into different chemical environments can affect each other in a 

phenomenon known as coupling. Coupling occurs because the magnetic field of adjacent 

protons influences the magnetic field that the proton experiences. The distance between 

peaks can be used to determine the coupling constant, referred to as J (measured in units 

of Hz). The integration of proton resonance signals is a ratio proportional to the quantity 

of protons that signal represents. It is illustrated by the signal’s intensity as measured 

along the vertical axis of the spectrum. 
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The NMR spectra data for Compound 1 is outlined in Table 25. Although some 

signals in the 1H NMR spectrum are complicated due to overlapping, there appears to be 

10 unique signals representing 10 non-equivalent proton groups. The δH 0.20 and δH 0.44

proton resonances are the furthest upfield due to shielding by the cyclopropane ring 

formation. The signals are both multiplets with unclear splitting and each have an 

integral of 2H. The δH 0.88 signal has sharp peaks with clear splitting. It has a triplet 

multiplicity and an integral of 3H. This resonance has a coupling constant of 6.6 Hz. The 

δH 1.13 resonance is a multiplet with unclear splitting and an integral of 1H. There are 

several multiplet proton resonances ranging from δH 1.21-1.34. These signals overlap 

and have unclear separation, but appear to be four unique signals at δH 1.21, 1.26, 1.29

and 1.34. The signal at δH 1.26 has significantly more intensity with an integral of 6H. 

The interpretation of the multiplets at δH 1.50 and 1.54 is also complicated due to 

overlapping signals and their exact multiplicity is unable to be determined. These signals 

each have an integral of 1H and are shifted slightly downfield due to the de-shielding 

effects of the carboxylic group. The δH 2.42 resonance is far downfield, due to the 

protons’ proximity to the carboxylic group. The signal is sharp with clear splitting. It has 

triplet multiplicity, an integral of 2H and a coupling constant of 7.3 Hz. The signal at δH 

7.26 is the CDCl3 residual solvent peak.

Table 25: Compound 1 NMR Spectra Data (t = triplet, m = multiplet) 
C/H# δH ppm Multiplicity (J in Hz) δC ppm COSY HSQC

1 180.1
2 2.42 t (7.4) 34.5 H#3a, H#3b C#2
3a 1.54 m 29.6 H2#2, H#4 C#3
3b 1.50 m H2#2 C#3
4 0.44 m 18.2 H2#5, H#3a, H#3b C#4
5 0.20 m 11.9 H#4, H#6 C#5
6 0.44 m 19.1 H2#5, H#7a, H#7b C#6
7a 1.21 m 34.3 H#6 C#7
7b 1.13 m H#6 C#7
8 1.34 m 29.8 C#8
9 1.26 m 29.7 C#9
10 1.26 m 29.5 C#10
11 1.26 m 32.1 C#11
12 1.29 m 22.8 H3#13 C#12
13 0.88 t (6.5) 14.3 H2#12 C#13
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The data from the NMR spectra for Compound 1 is nearly identical to the NMR 

spectra data reported for (-)-lyngbyoic acid in the literature, which is shown in Table 26 

(Kwan et al., 2011). The similarities provide evidence that Compound 1 is lyngbyoic 

acid, and when considered together with the opposing optical rotational sign values led 

to the determination of Compound 1 as (+)-lyngbyoic acid. 

Table 26: (-)-(R,R)-Lyngbyoic acid NMR Data, CDCl3 (t = triplet, m = multiplet)
C/H# δH ppm Multiplicity (J in Hz) δC ppm COSY HMBC

1 180.7
2 2.42 t (7.5) 34.5 H#3a, H#3b 1, 3, 4 
3a 1.56 m 29.6 H2#2, H#4 1, 2, 4, 6 
3b 1.52 m H2#2, H#4 1, 2, 4, 5, 6 
4 0.45 m 18.3 H2#5, H#3a, H#3b 5, 7 
5 0.21 m 12.0 H#4, H#6 3, 4, 6, 7 
6 0.45 m 19.2 H2#5, H#7a, H#7b 5, 7 
7a 1.21 m 34.3 H#6, H#7b, H2#8 4, 5, 6, 8 
7b 1.13 m H#6, H#7a, H2#8 4, 5, 6, 8 
8 1.33 m 29.8 H#7a, H#7b, H2#9 6, 7 
9 1.25 m 29.7 H2#8 7
10 1.25 m 29.5 12
11 1.25 m 32.1 12
12 1.27 m 22.2 H2#11, H3#13 11, 13 
13 0.88 t (7.0) 14.0 H2#12 11, 12 �
3.4.2 Structure Elucidation of Compound 1

The identification of Compound 1 as (+)-lyngbyoic acid was elucidated using 1H

NMR (Appendix 12), 13C NMR (Appendix 13), 1H-1H COSY NMR (Appendix 14) and 
1H-13C HSQC NMR (Appendix 15) spectra and mass spectrometry (Appendices 16 and 

17) and optical rotation data generated at the Gerwick Lab (Scripps Institution of 

Oceanography, University of California San Diego). The 13C NMR spectrum reveals 13 

unique carbons (Appendix 13). The chemical shift values of the carbon and proton 

resonances in ppm are illustrated next to their respective atoms in Figure 23. The 

compound was dissected into three main substructures: the carboxylic functional group, 

the cyclopropane ring and the saturated hydrocarbon chain.
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Figure 23: The structure of (+)-(S,S)-Lyngbyoic acid with carbon and proton chemical 
shifts illustrated next to their respective atoms.  

The Carboxylic Functional Group 

The first substructure analyzed is the carboxylic functional group (Figure 24). 

The resonance of the C#1 atom exhibits a 13C NMR shift of δC 180.1, a chemical shift 

characteristic of a carbonyl carbon. The chemical shift is far downfield suggesting that 

there are one or more electronegative atoms nearby (Appendix 13). Oxygen is an 

electronegative atom and the carbonyl group has an isotropic deshielding effect causing 

downfield chemical shifts in NMR spectra. There is no correlation between the δC 180.1

resonance and any proton resonances in the HSQC spectrum. This information provides 

support that this is a carboxylic group. 

Figure 24: The carboxylic functional group substructure of (+)-lyngbyoic acid. 

The Cyclopropane Ring

The second substructure analyzed is the cyclopropane ring (Figure 25). The 

downfield presence of the δH 2.42 resonance in the 1H NMR spectrum indicates its 

location near an electronegative atom (Appendix 12), and provides further support for 
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the carboxylic group described previously (Figure 24). This proton resonance signal 

integrates for two protons and is correlated to the carbon resonance at δC 34.5 in the 

HSQC spectrum (Appendix 15), implying that these signals are due to a -CH2 group. 

When evaluating the COSY spectrum, it was found that there is correlation between the 

�H 2.42 resonance and those at �H 1.54 and 1.50 (Appendix 14). Furthermore the 

proton resonance at δH 2.42 has a triplet multiplicity therefore informing that there are 

two protons nearby indicating δH 2.42 and δC 34.5 resonances to be associated with 

C/H2#2.

Figure 25: The cyclopropane ring substructure of (+)-lyngbyoic acid. 

Further upfield in the 1H NMR spectrum, the δH 1.54 and 1.50 resonances each

integrate for one proton. The signals are slightly downfield reflecting some proximity to 

an electronegative atom, which in this case is determined to be the carboxylic group 

(Figure 24). The δH 1.54 and 1.50 proton resonances are correlated with the δC 29.6

resonance in the 13C NMR as shown in the HSQC spectrum, indicating that they are part 

of a CH2 group (Appendix 15). The δH 1.54 and 1.50 resonances were identified as 

associated with diastereotopic protons because they correlated to the same carbon 

resonance. The difference in their chemical shifts is due to their presence in different 

chemical environments as caused by the stereochemistry influences of the nearby 

cyclopropane ring. The proton resonance at δH 1.54 correlated to the resonances at δH 

2.42 and 0.44, and the proton resonance at δH 1.50 correlated to that at δH 2.42

(Appendix 14). The δH 1.54 and 1.50 and the δC 29.6 resonances were determined to be

associated with C/H#3a and C/H#3b.

The furthest upfield 1H NMR resonances of δH 0.44 and 0.20 associated with 

protons of the cyclopropane ring. These signals are so far upfield due to the shielding 
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effects of the ring formation. The resonance at δH 0.44 integrates for two protons 

(Appendix 12). When examining the HSQC spectrum, it becomes clear that two 

different protons cause this signal. The proton resonance signal correlates with two 

different 13C NMR signals seen at δC 18.2 and 19.1, suggesting two different CH groups

(Appendix 15). The 1H NMR resonance at δH 0.20 also integrates for two protons 

(Appendix 12), but it correlates with only one carbon resonance signal at δC 11.9

therefore suggesting a CH2 group (Appendix 15). The δH 0.20 and 0.44 resonances were

found to correlate with each other in the COSY spectrum (Appendix 14).  Furthermore, 

the δH 0.44 resonance was found to correlate with those at δH 1.21 and 1.13. From this 

information it was determined that the δC 18.2 and 0.44 resonances were associated with 

C/H#4, the δC 19.1 and 0.44 resonances with C/H#6 and the δC 11.9 and 0.20 resonances 

with C/H2#5.

The Saturated Hydrocarbon Chain 

The third and final substructure analyzed is the saturated hydrocarbon chain 

(Figure 26). The δH 1.21 and 1.13 proton resonances each integrate for one proton 

(Appendix 12). Both of these signals correlate with the δC 34.3 carbon resonance in the 

HSQC spectrum, indicating that these resonance signals are due to a CH2 group 

(Appendix 15). The difference in chemical shift values for the two proton resonance 

signals and their correlation to a single carbon resonance signal suggests that they are 

diastereotopic protons. This provided evidence that this CH2 group is situated next to the 

cyclopropane ring. Therefore the δH 1.21 and 1.13 and δC34.3 resonances were 

determined to be associated with C/H#7a and C/H#7b.  In the COSY spectrum, the δH 

1.21 and 1.13 resonances are correlated to the H#6 resonance at δH 0.44 (Appendix 14). 

This further supports that C/H#7a and C/H#7b are a methylene group attached to the 

cyclopropane ring. However, further interpretation of H#7a and H#7b correlation in the 

COSY spectrum is complicated by the complex signal at δH 1.26-1.29.
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Figure 26: The saturated hydrocarbon chain substructure of (+)-lyngbyoic acid. 

The δH 1.34 resonance integrates for two protons (Appendix 12) and correlates

with the δC 29.8 carbon resonance in the HSQC spectrum (Appendix 15). The δH 1.26

proton resonance correlates with the carbon resonances at δC 29.7, 29.5 and 32.1, and the 

δH 1.29 proton resonance correlates with the δC 22.8 carbon resonance in the HSQC 

spectrum (Appendix 15). These resonance signals were determined to be associated with 

the methylene groups C/H2#8, C/H2#9, C/H2#10, C/H2#11 and C/H2#12, respectively. 

Interpretation of the H2#8-12 resonance signals’ multiplicity in the 1H NMR spectrum 

and their correlations in the COSY spectrum is made difficult by the complex cluster at

δH 1.26-1.29.

The δH 0.88 resonance integrates for three protons and its triplet multiplicity 

indicates that it neighbors two protons (Appendix 12). It correlates with the δC 14.3

resonance as seen in the HSQC spectrum (Appendix 15). Furthermore, this 1H NMR 

resonance correlates with the δH 1.29 resonance in the COSY spectrum, demonstrating 

that the three protons are neighboring H2#12 (Appendix 14). Using this information, it 

was determined that the δH 0.88 and δC 14.3 resonances are associated with the terminal 

methyl group C/H3#13.

3.4.3 Evaluation of Biological Activity of Compounds 1 and 2

Compound 1 was tested to confirm the antibiotic activity that had initially been 

the driver of the purification efforts. This activity had not been confirmed since testing 

sample FJ6d1-2a3 (Section 3.3.6, Table 20), after which point a distinct spot on TLC 

using KMnO4 stain became the guiding characteristic for purification. Compound 1 was

tested against the complete panel of pathogens. The results are shown below in Table 27 

and reveal dose dependent activity against Gram-positive bacteria. Compound 1
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demonstrated activity against MRSA (zone of 12 mm at 25 μg/disc), RRSA (zone of 11 

mm at 25 μg/disc) and WTSA (zone of 7.5 mm at 25 μg/disc). Notably there was no 

activity against VREF and ARCA, as seen in the crude extract.  

Table 27: Antimicrobial Activity of Compound 1
Sample Dose

(μg/disc)
MRSA
(mm)

RRSA
(mm)

WTSA
(mm)

VREF 
(mm)

ARCA
(mm)

WTCA
(mm)

Compound 1 100 15 15 10 0 0 0
50 14 14 8 0 0 0
25 12 11 7.5 0 0 0

Control 25 23 21 20 20 17 14

Compound 1 was also tested for brine shrimp lethality and demonstrated 

significant toxicity at 12.5 µg/mL, killing 80% of brine shrimp (Table 28). At the lowest 

concentration tested, 6 µg/mL, 59% of brine shrimp were killed. Therefore the 50% 

lethal dose (LD50) of Compound 1 is less than 6 µg/mL.

Table 28: Brine Shrimp Lethality of Compound 1
Sample Dose (μg/mL) Trial 1 Trial 2 Trial 3 

Compound 1 200 AD AD AD
100 AD AD AD
50 AD AD AD
25 6/7 6/8 6/7

12.5 7/9 7/8 6/8
6 5/8 3/7 5/7

Compound 2 was also tested for activity against the panel of microbial 

pathogens, as well as for brine shrimp lethality. Table 29 reports the zone of inhibition 

results from the antimicrobial assay and Figure 27 is an image of the assay results. 

Compound 2 also demonstrated dose dependent activity against MRSA (zone of 13 mm

at 25 μg/disc), RRSA (zone of 12 mm at 25 μg/disc) and WTSA (zone of 7.5 mm at 25 

μg/disc), and no activity against VREF and ARCA. All of the bacteria tested in the 

assays were Gram-positive. The activity against Gram-negative bacteria is unknown. 
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Table 29: Antimicrobial Activity of Compound 2
Sample Dose (μg/disc) MRSA RRSA WTSA VREF ARCA WTCA

Compound 2 100 16 16 10 0 0 0
50 15 15 8 0 0 0
25 13 12 7.5 0 0 0

Control 25 23 22 20 20 18 13

Figure 27: A photograph of the MRSA assay results for Compound 2.

Table 30 describes the data from the brine shrimp lethality assay for Compound 

2. Compound 2 was lethal to 52% of brine shrimp at 25 µg/mL and 26% of brine shrimp 

at 12.5 µg/mL. At the lowest concentration tested, 6 µg/mL, all brine shrimp lived.

Based on these results, Compound 2 exhibited a LD50 value of approximately 25 µg/mL.

Table 30: Brine Shrimp Lethality of Compound 2
Sample Dose (μg/mL) Trial 1 Trial 2 Trial 3 

Compound 2 200 AD AD AD
100 5/7 6/8 6/7
50 6/7 8/9 9/10
25 4/8 5/7 3/8

12.5 2/7 3/8 1/8
6 AA AA AA
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While Compound 1 and Compound 2 were determined to be the same 

compound, this was not known at the time of the bioassay testing and explains why the 

antimicrobial activity of the two samples are similar.  Compound 2 demonstrated less

lethality to brine shrimp, but this difference is due to the limited number of replicates 

tested. Further testing would lead to identical LD50 values. 

3.5 Characterization of Compound 3

Compound 3 was determined to be tridecanoic acid, also known as tridecylic 

acid (Figure 28). This was accomplished by analyzing its 1H NMR spectrum (Appendix 

20) and comparing it with the 1H NMR data from Compound 1 and Compound 2

(Appendix 21). The 1H NMR spectrum for Compound 3 exhibited no cyclopropyl 

signals and therefore was thought to be tridecanoic acid. This suspicion was confirmed 

by comparison of the 1H NMR data with the literature (Rani et al., 2010 and ACD, 

2016). LC-MS and molecular networking experiments yielded no results due to the 

compound’s inability to ionize. Tridecanoic acid was previously reported as a synthetic 

product in the development of a one-pot method for the homologation of aldehydes to 

carboxylic acids (McNulty and Das, 2009). Tridecanoic acid differs from (+)-lyngbyoic 

acid only in its lack of a cyclopropane ring at C#4, C#5 and C#6, and is visually 

indistinguishable (clear when dissolved in solvent, white powder when dry). Compound 

3 produced a spot in TLC experiments using a KMnO4 stain with a retention factor 

indistinguishable from Compound 1 and Compound 2 (Rf = 0.84 for Compound 1,

Compound 2 and Compound 3 in 100% MeOH reverse phase TLC conditions). 

However, it produced no biological activity against any of the microbial pathogens or in 

the brine shrimp lethality assay. This provides very interesting insight into the structure-

activity-relationship of (+)-lyngbyoic acid and indicates that the cyclopropane ring is 

integral to the bioactivity. The functional relevance of the cyclopropane ring was 

previously noted by McNulty and Das by comparing the quorum sensing activity of (-)-

lyngbyoic acid to dodecanoic acid (McNulty and Das, 2009). 
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Figure 28: The structure of Compound 3, identified as tridecanoic acid. 

3.5.1 Evaluation of Biological Activity of Compound 3 

Compound 3 exhibited no activity against any pathogen in the microbial panel, 

unlike Compound 1 and Compound 2. The data from the antimicrobial assays for 

Compound 3 is described in Table 31.

Table 31: Antimicrobial Activity of Compound 3
Sample Dose (μg/disc) MRSA RRSA WTSA VREF ARCA WTCA

Compound 3 100 0 0 0 0 0 0
50 0 0 0 0 0 0
25 0 0 0 0 0 0

Control 50 22 22 20 21 17 14

Compound 3 exhibited very limited lethality to brine shrimp, unlike Compound 1

and Compound 2. The data from the brine shrimp lethality assay for Compound 3 is

described in Table 32. Compound 3 killed 23% of brine shrimp at the highest 

concentration of 200 µg/mL whereas Compound 1 and Compound 2 killed 100% of 

brine shrimp at this concentration. The limited brine shrimp toxicity and lack of 

antimicrobial activity provides evidence for the importance of the cyclopropane ring in 

the biological activity of (+)-lyngbyoic acid.

Table 32: Brine Shrimp Lethality of Compound 3
Sample Dose (μg/mL) Trial 1 Trial 2 Trial 3 

Compound 3 200 1/7 2/7 2/8
100 AA AA AA
50 AA AA AA
25 AA AA AA

12.5 AA AA AA
6 AA AA AA
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3.6 Future Direction

The samples tested for antimicrobial activity in this research were tested without 

any replicates. The two pure compounds, (+)-lyngbyoic acid and tridecanoic acid, need 

to be tested for antimicrobial activity in triplicate to more accurately understand their 

potency. Further studies should be conducted in order to more thoroughly understand the 

toxicity of (+)-lyngbyoic acid and the activity against bacteria in more clinically relevant 

conditions. (+)-lyngbyoic acid should be tested for antimicrobial activity against relevant 

biofilms and for toxicity against human cell lines. (+)-lyngbyoic acid was not tested for 

activity against Gram-negative bacteria. Future studies should include antimicrobial 

testing against a broad panel of bacteria and fungi.�
The species of marine cyanobacteria that produced the FJ6 extract is unknown. 

Identification of the cyanobacteria and its biosynthetic pathway for (+)-lyngbyoic acid 

should be conducted. Samples are preserved at USP CDDC and are available for future 

studies. These additional studies will allow for a more thorough characterization of (+)-

lyngbyoic acid.��
3.7 Conclusion

Twenty cyanobacteria samples were collected from five Fijian coral reef 

locations, including 14 samples collected near Moturiki Island of the Lomaiviti 

archipelago in the Eastern Division of Fiji and six samples collected near Nacula Island 

of the Yasawa Group in the Western Division of Fiji. All 20 collections were extracted 

and 18 of the crude extracts were tested for biological activity both against a panel of 

microbial pathogens and in a brine shrimp lethality assay. This survey of Fijian 

cyanobacteria and their potential for biological activity yielded eight crude extracts with 

antimicrobial activity and nine crude extracts with brine shrimp lethality. The sample 

FJ6 (originally collected near Moturiki Island) was selected for bioassay-guided 

isolation due to its interesting antimicrobial activity and large quantity of crude extract. 

The parent organism was found to be Lyngbya sp. with seasonal growth, thriving in 

Fijian winter temperatures and seemingly unable to survive in warmer Fijian summer 
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temperatures. A nine step purification process of FJ6 yielded three pure compounds: 7.7 

mg of Compound 1, 5.5 mg of Compound 2 and 9.8 mg of Compound 3.

 Compound 1 and Compound 2 were identified as (+)-lyngbyoic acid, a fatty acid 

with a cyclopropane ring with a 4S, 6S configuration. The research described in this 

thesis is the first known report of (+)-lyngbyoic acid’s isolation from nature. It is also 

the first known report of the antimicrobial activity of (+)-lyngbyoic acid against drug-

resistant Gram-positive bacteria (MRSA and RRSA), as well as toxicity against brine 

shrimp. Compound 3 was identified to be tridecanoic acid, a well-known fatty acid with 

a linear alkane chain 12 carbons in length. Tridecanoic acid differs structurally from (+)-

lyngbyoic acid only by its lack of a cyclopropane ring formation. Compound 3 exhibited 

no biological activity. This study provides interesting insight into the importance of the 

cyclopropane ring for the biological activity of (+)-lyngbyoic acid. The results of this 

research demonstrate the potential of Fijian marine cyanobacteria to produce antibiotic 

compounds and warrants additional research into their natural products and bioactivity. 
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Chapter 5: Appendix

Appendix 1

Figure 29: Sample FJ6d1-2a was separated using normal phase ISCO flash 
chromatography and an EtOAc/hexane gradient solvent system (run length = 28 
minutes; flow rate = 40 mL/min; detection wavelength = 254 nm). The blue line 

indicates percent of EtOAc.
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Appendix 2

Figure 30: Sample FJ6d1-2a3 was separated using normal phase ISCO flash 
chromatography and an EtOAc/hexane gradient solvent system (run length = 41.7 
minutes; flow rate = 40 mL/min; detection wavelength = 300 nm). The blue line 

indicates percent of EtOAc.
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Appendix 3

Figure 31: Sample FJ6d1-2a3-1 was separated using reverse phase ISCO flash 
chromatography and a MeOH/water gradient solvent system (run length = 35.0 minutes; 
flow rate = 30 mL/min; detection wavelength = 220 nm). The blue line indicates percent 

of MeOH.
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Appendix 4

Figure 32: Sample FJ6d1-2a3-1-6 was further separated by reverse phase HPLC with an 
isocratic 85% MeOH 15% water solvent system (run length = 35.0 minutes; flow rate = 

4.00 mL/min; detection wavelength = 220 nm; AUFS = 1.000). 
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Appendix 5

Figure 33: Sample FJ6d1-2a3-1-6-4 was purified by reverse phase HPLC with an 
isocratic 85% MeOH 15% water solvent system (run length = 21.0 minutes; flow rate = 

4.00 mL/min; detection wavelength = 220 nm; AUFS = 1.000). 
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Appendix 6

Figure 34: Sample FJ6d1-2a3-1-6-4-2 (Compound 1) was confirmed as a pure 
compound through a peak purity check (0.2 mg injection on Econosil C18 10μ analytical 

column at 1.00 mL/min flow rate and 100% MeOH solvent system; detection wave 
length = 220 nm; AUFS = 0.100). 
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Appendix 7

Figure 35: Sample FJ6d1-2a3-1-6-5 was purified by reverse phase HPLC with an 
isocratic 80% MeOH 20% water solvent system (run length = 30.0 minutes; flow rate = 

4.00 mL/min; detection wavelength = 220 nm; AUFS = 1.000). 
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Appendix 8

Figure 36: FJ6d1-2a3-1-6-5-3 (Compound 2) was confirmed as a pure compound 
through a peak purity check (0.2 mg injection on Econosil C18 10μ analytical column at 
1.00 mL/min flow rate and 100% MeOH solvent system; detection wave length = 220 

nm; AUFS = 0.100). 
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Appendix 9

Figure 37: Sample FJ6d1-2a3-1-8 was purified by reverse phase HPLC with an isocratic 
85% MeOH 15% water solvent system (run length = 30.0 minutes; flow rate = 4.00 

mL/min; detection wavelength = 220 nm; AUFS = 0.100).
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Appendix 10

Figure 38: Sample FJ6d1-2a3-1-8-9 was purified by reverse phase HPLC with an 
isocratic 100% MeOH solvent system (run length = 26.0 minutes; flow rate = 2.00 

mL/min; detection wavelength = 220 nm; AUFS = 0.100). 
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Appendix 11

Figure 39: FJ6d1-2a3-1-8-9-3 (Compound 3) was confirmed as a pure compound 
through a peak purity check (0.2 mg injection on Econosil C18 10μ analytical column at 
1.00 mL/min flow rate and 100% MeOH solvent system; detection wave length = 220 

nm; AUFS = 0.100). 
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Appendix 12

Figure 40: Proton NMR for Compound 1.
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Appendix 13

Figure 41: Carbon NMR for Compound 1.
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Appendix 14

Figure 42: Homonuclear correlation spectroscopy (COSY) for Compound 1.
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Appendix 15

Figure 43: Heteronuclear single quantum correlation (HSQC) for Compound 1.



�

96

Appendix 16

Figure 44: GC-MS total ion plot for Compound 1.
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Appendix 17 

Figure 45: GC-MS spectra for Compound 1.
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Appendix 18

Compound 1 ((+)-lyngbyoic acid, C13H24O2): [α]D
25 = +24.15º (CDCl3); 1H NMR 

(CDCl3) δ 0.20 (m, 2 H), 0.44 (m, 2 H), 0.88 (t, 3 H, J = 6.00 Hz), 1.13 (m, 1 H), 1.21 

(m, 1 H), 1.26 (m, 6 H), 1.29 (m, 2 H), 1.34 (m, 2 H), 1.50 (m, 1 H), 1.54 (m, 1 H), 2.42 

(t, 2 H, J = 7.40 Hz); 13C NMR (CDCl3) δ 11.9 (t), 14.3 (q), 18.2 (d), 19.1 (d), 22.8 (t), 

29.5 (t), 29.6 (t), 29.7 (t), 29.8 (t), 32.1 (t), 34.3 (t), 34.5 (t), 180.1 (s); GC-MS, mass

peaks at m/z = 212 [M]+ and m/z = 194 [M-H2O]+.
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Appendix 19 

Figure 46: Proton NMR for Compound 1.
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Appendix 20

Figure 47: Proton NMR for Compound 3.
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Appendix 21

Figure 48: Comparison of proton NMR spectra for Compound 1, Compound 2 and 
Compound 3.


