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Abstract 

Natural products have been used since ancient times to treat illnesses and terrestrial 

organisms have been studied extensively from a chemical point of view. Marine 

organisms, on the other hand are definitely understudied compared to plants due to 

their difficult accessibility. However, technological advancements have made it possible 

for scientist to reach and sample from tropical waters to the deepest points of the 

world’s oceans. Ever since the discovery of spongouridine and spongothymidine, marine 

natural products have gained interest within the drug discovery community. The 

chemistry they produce has been shown beneficial for human health with many 

examples of marine-related compounds that made it into the market as potent drugs for 

severe diseases.  

This thesis is demonstrating the importance of marine microbes, corals and algae as a 

source of secondary metabolites and emphasis is also given on their biological activity. 

In particular, Chapter 2 is describing in detail the chemical investigation of an endophytic 

fungus isolated from a Floridian red-mangrove tree. As part of a high-throughput 

screening project which involved numerous fungal extracts that were screened against 

the ESKAPE pathogens, an Alternaria sp. isolate was chemically investigated. Bioassay-

guided isolation of the fungal extract yielded a suite of new and known secondary 

metabolites which belong to the benzofuran (2.16-2.18) and benzopyrone (2.20) families 

and exhibited weak anti-MRSA activity. Part B of this thesis is focusing on the great 

unexplored potential of Irish Waters as source of new chemistry. Chapter 3 explores 



xx 
 

polyhalogenated monoterpenes produced by an Irish Plocamium cartilagineum sample.  

Six new and known linear and cyclic polyhalogenated monoterpenes were isolated and 

their structure elucidation process is thoroughly discussed. The cyclic polyhalogenated 

monoterpenes 3.2 and 3.3 have been previously described but this is the first report of 

crystal structure elucidation through X-ray analysis. The linear compounds 3.4 and 3.6 

represent new polyhalogenated monoterpenes whereas compound 3.7 is a previously 

reported metabolite but full NMR data were not available until now. The new metabolite 

3.4 exhibited significant cytotoxic activity when screened against cervical (HeLa) and 

pancreatic (MiaPaCa-2) cell lines. The next chapter, Chapter 4, investigates a deep-sea 

coral identified as Primona sp. which was collected in the Whittard canyon from various 

depths. A mixture of at least two ceramides (4.1) was isolated. Finally, Chapter 5 is 

focusing on the construction of a microbial library from Irish marine bacterial and fungal 

endosymbionts. One thousand seven hundred and fifty (1 750) endosymbiotic microbial 

strains were isolated from Irish algae, invertebrates and sediment samples. Priority was 

given to the fungal endosymbiotic isolates and each colony was cultured in a control 

treatment as well as in the presence of HDAC and DNMT inhibitors. More than fungal     

1 200 extracts were screened against the ESKAPE pathogens and 10.8% of those showed 

antibacterial activity. The majority of the active extracts exhibited selective activity 

against only one of the ESKAPE pathogens. Interestingly, only 14 fungal cultures showed 

antimicrobial activity and for the majority of them only one treatment (control, HDAC or 

DNMT) was found active indicating that the each treatment should be treated as an 

independent sample/extract. 
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Chapter One. Introduction 

1.1  Natural products from ancient to modern times 

Nature represents the oldest examples of pharmacy and is still considered the 

most prolific source of new therapeutic agents. The first indication of the use of plant-

derived medicine may be the discovery of Ötzi the iceman, the oldest European 

mummified human dating back to 3 300 BC. Analysis of the gastrointestinal tract 

indicated the presence of Trichuris trichiura (human whipworm) eggs, responsible for 

causing abdominal pain and cyclic anaemia. One of the objects Ötzi was carrying was the 

bracket fungus Piptoporus betulinus (Figure 1.1a), which is rich in agaric acid (Figure 

1.1b) a strong laxative. Therefore, it is assumed that he was aware of the purgative 

effects of the woody part of the fungus.1 The use of natural products is prominent even 

in the most ancient civilisations. Below offers some examples of how natural products 

were discovered independently in different parts of the world. 

   

Figure 1.1. (a) woody part of Piptoporus betulinus found among the objects of Ötzi the 

iceman.1 (b) chemical structure of agaric acid.  
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The first recorded use of medicinal plants is a 4 000 years old Mesopotamian clay tablet 

documenting the use of oils from different plants such as Cedrus sp., Glycyrrhiza sp., and 

Papaver sp., which are still used today for treating cough, colds and inflammation.2 The 

best representation of Egyptian medicine is the Ebers Papyrus (Figure 1.2). Although it 

was written in 1 500 BC it is believed to have been copied from earlier texts, some of 

which date back to 3 400 BC. Approximately 700 formulas and remedies mostly based 

on plants are described in this 20 m long ancient document. For example, the remedy 

for asthma is to heat a herbal mixture on a brick and the fumes to be inhaled by the 

patient.2-3 On the other side of the ancient world, Traditional Chinese Medicine (TCM) 

practitioners have been using a combination of medicinal herbs, acupuncture, massage 

and exercise since 1 100 BC as described in “Huangdi Neijing” also known as “The Yellow 

Emperor’s Classic of Medicine”.4 Ayurveda medicine has its roots in India and dates back 

to 1 000 BC. It is a system of medicine based on herbal compounds, minerals and metal 

substances, emphasizing the importance of the mind and body being indistinguishably 

connected.2 The Greek physician Dioscorides (1 BC) who is consider the “father of 

western medicine”, assembled a five-volume pharmacopeia “Περὶ ὕλης ἰατρικῆς” (De 

Materia Medica) on the collection, storage and use of approximately 600 medicinal 

plants (Figure 1.2).5 
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Figure 1.2. (a) Ebers Papyrus3 (b) “Περὶ ὕλης ἰατρικῆς” (De Materia Medica)6  

During the Dark and Middle ages the monasteries in England, Ireland, France and 

Germany preserved, translated and studied all the above ancient medicinal documents. 

The formation of associations specializing in the sale of medicinal plants played a 

significant role in the continuation of the ancient medicinal knowledge. For example, the 

Worshipful Society of Apothecaries was founded in London in 1617 and in 1673 it 

created a garden of medicinal plants known as the Chelsea Physic Garden representing 

the second oldest British botanical gardens, after the University of Oxford Botanical 

Garden which was founded in 1621.7 Although during the 17th and 18th centuries the 

knowledge of medicinal plants increased, it was not until 1815 when the term 

“pharmacognosy” was introduced by Johann Schmidt, an Austrian physician. The word 

“pharmacognosy” derives from the Greek words φάρμακον (drug) and γνῶσις 

(knowledge) and is related to the study of crude drugs from plants and animal sources 

in the form of tinctures, teas, and powders.8  

(a
) 

(b
) 
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The modern definition of the term also includes the “study of natural product molecules 

that are useful for their medicinal, ecological, gustatory, or other functional properties” 

according to the American Society of Pharmacognosy.9  

A major breakthrough in the field of pharmacognosy was the isolation of 

morphine from the opium poppy Papaver somniferum by Friedrich Sertürner in 1817, 

representing the first active component purified from a plant. 10 The isolation of quinine 

from the bark of Cinchona sp. in 1820 was also a significant discovery as the commonly 

used antimalarial drugs chloroquine and mefloquine are synthetically derived from 

quinine. Interestingly, the indigenous populations of Peru and Bolivia were aware of the 

antifebrile activity of the cinchona bark and this knowledge was brought back to Europe 

by Jesuit missioners in the 17th century.11 Perhaps the most well-known example is the 

isolation of salicin from the bark of white willow which largely contributed to the 

methods of drug development used today. Ancient Greeks were using the willow bark 

for its pain relieving properties and in 1838 Johannes Buchner identified the active 

compound, salicin12 which was later derivatised by Bayer into the drug known 

internationally as aspirin (acetyl-salicylic acid).13  
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Figure 1.3.  Chemical structures of the first plant-derived active compounds 

1.2  Natural products chemistry and drug discovery 

Primary metabolites are compounds such as proteins, nucleic acids, lipids and 

carbohydrates that are vital for the growth and development of an organism. In contrast, 

secondary metabolites or natural products are all organic compounds synthesised by a 

living organism but are not essential for its survival. They are usually produced to assist 

the organism in adapting to the surrounding environment or serve as a chemical defense 

against predators.14 Compared to primary metabolites, natural products have 

sophisticated and widely varying structures requiring similarly sophisticated and 

complex biosynthetic pathways. The most important building blocks in the production 

of natural products are derived from acetyl coenzyme A (acetyl-CoA), mevalonic acid, 

shikimic acid and methylerythritol phosphate by participating in the respective 

biosynthetic pathways.15 Secondary metabolites can be characterised as the fingerprint 

of a terrestrial and/or marine organism or group of organisms. Their unique structures 
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and promising biological activities explain why the scientific community has chosen to 

focus on isolating secondary metabolites. Newman and Cragg have successfully 

demonstrated the significance of natural products and their role in the 

biopharmaceutical industry in their latest review.16 As shown in Figure 1.4, unaltered 

natural products make up only 6% of all small-molecule approved drugs (from 1981-

2014); natural product derivatives comprise 30% of those approved. Unsurprisingly, the 

majority of these drugs are synthetic molecules, some of which act as mimics of natural 

products. 

 

Figure 1.4.  Small-molecule approved drugs from 1981 to 2014 (Adapted and edited from 

Newman and Cragg16) 

It is worth mentioning that the 2015 Nobel Prize in Physiology or Medicine was 

awarded to Drs. Youyou Tu, William C. Campbell, and Satoshi Ōmura for their research 

and discoveries on the natural products artemisinin and avermectin.17 The discovery of 

artemisinin was part of “Project 523”, an initiative of the Chinese government to help 

the North Vietnamese population to combat malaria during the Vietnam War.18 This 
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sesquiterpene lactone with an unusual peroxide bridge, was isolated from Atremisia 

annua which has been used in TCM for treating malaria. Avermectin on the other hand, 

was isolated as the fermentation product of a soil actinomycete, identified as 

Streptomyces avermitilis.19 The B1a component of avermectins exhibited significant 

anthelmintic activity against nematode parasites of cattle, sheep, dogs, and chickens.20 

The discovery of these two natural products revolutionized the treatment of parasitic 

diseases and has helped save thousands of lives around the world. 

1.3  Marine natural products: Nature’s untapped source of drugs 

The oceans comprise 70% of the Earth’s biosphere and they represent a dynamic 

ecosystem with significant variations in temperature, depth, light and pressure leading 

to a great species diversity.21 The number of described marine macro-organisms is over 

two million whereas the diversity of the ocean’s microbial life is still unknown.22 Marine 

secondary metabolites are produced by marine invertebrates, algae and microorganisms 

and as previously mentioned, they are not vital for the growth and development of the 

organism. However, they serve as chemical defense against predators, for chemical 

communication within species and to fight competitor species for space and nutrients.23  

The discovery of spongothymidine and spongouridine from the Caribbean marine 

sponge Tectitethya crypta (previously known as Cryptotethya crypta) in the early 

1950s24-25 was the beginning of the golden era for marine natural products drug 

discovery. The development of SCUBA (Self-Contained Underwater Breathing 

Apparatus) diving, the use of manned submersibles, and the more recent introduction 



8 
 

of ROVs (Remotely Operated Vehicles) played a vital role in exploring the marine 

environment, from seashore to the most extreme marine habitats. Moreover, 

advancements in analytical techniques, spectroscopic instrumentation, and high-

through put screening have contributed to the isolation of numerous chemically diverse 

marine secondary metabolites. The latest report on marine natural products by Blunt et 

al.26, recorded the isolation of 1340 new compounds for 2015, showing a significant 

increase from the 332 metabolites that were reported in 1984.27 

Currently, there are eight marine-related Food and Drug Administration (FDA) 

and/or European Medicines Agency (EMEA) approved drugs and several others are in 

various phases of clinical trials, as shown in Table 1.1. Only three of the approved drugs 

Prialt®, Yondelis® and Carragelose® made it to the market as the original isolated marine 

natural product, whereas the rest underwent structural modifications. There is also a 

significant number of marine-related compounds that made it to clinical trials, but failed 

to progress to the next step due to lack of efficacy and/or toxicity. Interestingly, in 2004 

there were only four marine drugs in the market but 13 years later this number has 

doubled even though it has remained stable since 2013.28  

Spongothymidine (1.1) and spongouridine (1.2) served as scaffolds for the first 

marine-related FDA approved drugs, cytarabine (Cytosar-U®) and vidarabine (Vira-A®), 

respectively.28 Cytarabine, Cytosar-U® (1.3), is a synthetic pyrimidine nucleoside first 

synthesized in 1959 and later isolated as the fermentation product from the culture 

broth of Streptomyces griseus. Ten years after its synthesis, it was approved by the FDA 
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for the treatment of myeloid leukaemia, non-Hodgkin‘s lymphoma and meningeal 

leukaemia.28 Studies on its mechanism of action revealed that the cytosine arabinose is 

capable of inhibiting DNA polymerases and DNA repair enzymes by incorporating into 

the back bone of DNA through phosphorylation.29 Up until today, cytarabine represents 

the best treatment option for these diseases. The arabinoside derivative of adenosine 

which was developed from spongouridine (1.2), was named vidarabine (1.4) and made 

it into the market in 1976 as an antiviral agent under the trade name Vira-A®. 

Interestingly, years after its de novo synthesis, vidarabine was isolated from an organic 

extract of the gorgonian Eunicella cavolini which was collected in the bay of Naples, 

Italy.30-31 Moreover, chemical investigation of Vibrio harveyi isolated from the sponge 

Tectitethya crypta showed that the Gram-negative bacterium was producing nucleosides 

1.1 and 1.2.30 
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The ω-conotoxin MVIIA was isolated in the late ‘80s from the venom of the fish-

hunting cone snail, Conus magus. Ziconotide (Prialt®) (1.5) was synthesised with no 

structural modification of the naturally occurring peptide. It was approved by the FDA 

and EMEA in 2004 and 2005, respectively almost 30 years after its discovery. Ziconotide 

exhibited a new mechanism of action by binding antagonistically to N-type voltage-gated 

calcium channels. It is used for the treatment of severe chronic pain and is administrated 

intrathecally. In 2010 sales of Prialt® reached $6.1 US M.28 

 

 

In 1969 the organic extracts of the ascidian Ecteinascidia turbinata were reported 

to exhibit antitumor activity. However, it took 21 years for the isolation and structure 

elucidation of the active compound, ecteinascidin-743 (ET-743) to be completed (1.6). 

The 0.0001% yield of ET-743 created a supply issue that almost prevented the compound 

progressing to clinical trials. Originally, researchers aimed to solve this problem via 

mariculture and aquaculture but the high cost and low yields put an end to this 

approach.28 Although several synthetic chemistry research groups were able to 
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stereoselectively synthesise ET-743, all proposed syntheses involved numerous (>27) 

steps, making it economically improbable to produce the compound on an industrial 

scale.32-34 Finally a solution was found through the semi-synthetic approach proposed by 

Cuevas et al.35 They noticed that ET-743 was structurally similar to cyanosafracin B (1.7), 

an antibiotic produced by Pseudomonas fluorescens. The semi-synthesis was achieved 

using 1.7 as a precursor and modifying it through 20 synthetic steps, giving an overall 

yield of 1.14% of 1.6. This approach was economically and experimentally feasible and 

yielded acceptable amounts of ET-743 to enter pre- and clinical trials. The compound 

received EMEA approval in 2007 under the trade name Yondelis® for the treatment of 

advanced soft tissue carcinoma. It is also approved in several countries for the treatment 

of recurrent platinum-sensitive ovarian cancer when used in combination with 

doxorubicin.30 

 

Halichondrin B (1.8), a macrocyclic polyether, was isolated from various sponges 

worldwide such as Halichondria okadai (Japan), Axinella sp. (Western Pacific), Phakellia 

carteri (Eastern Indian Ocean) and Lissodendoryx sp. (New Zealand).14 Although 
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compound 1.8 exhibited great activity against murine leukemia cells, low yields of the 

isolated natural product obscured further clinical evaluation. The first total synthesis of 

halichondrin B was successfully completed by the Kishi group in 1991 and required more 

than 100 synthetic steps with an overall yield > 1%.36 Scientists at Eisai Research Institute 

(ERI), in collaboration with the Kishi group, were able to identify the pharmacophore as 

the macrocyclic lactone and synthesised more than 200 analogues. In agreement with 

the National Cancer Institute (NCI) team, this interdisciplinary effort led to the 

identification of the modified truncated macrocyclic ketone, eribulin mesylate, E-7389 

(1.9), as a potential lead for further clinical assessment. In 2010 this synthetic analogue 

was approved by the FDA and one year later by EMEA under the trade name Halaven® 

for the treatment of metastatic breast cancer.28, 30 

 Dolostatin 10 (1.10) is a cytotoxic peptide isolated in 1972, from the sea hare 

Dolabella auricularia but it was not until 1987 when the full structure was elucidated by 

Pettit et al.37 This highly potent antineoplastic marine natural product consists of four 

unusual amino acids namely, N, N-dimethylvaline, dolaisoleucine, dolaproine and 

dolaphenine. As in the case of ziconotide and halichondrin B, supply was a significant 

issue; 1 tonne of collected animal sample afforded 28.7 mg of 1.10.37 Total synthesis of 
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dolostatin 10 was also used to confirm the absolute stereochemistry of the natural 

product.38 Later it was found that this novel peptide is produced by the cyanobacteria 

Symploca hydnoides and Lyngbya majuscula which are major constituents of the sea 

hare’s diet.28 Although dolostatin 10 exhibited great antineoplastic activity with ED50 

values ranging in the picomolar range, it failed to progress to Phase III clinical trials due 

to low in vivo activity.28, 30 The poor in vivo toxicity was rectified by Katz and co-workers 

who linked the dolostatin 10 analog, monomethyl auristatin E (MMAE), to a monoclonal 

antibody that targets CD30 - an antigen present on the surface of Hodgkin’s lymphoma 

cells.28 The antibody-drug conjugate known as brentuximab vendotin (SGN-35, 1.11) was 

approved by the FDA in 2011 and one year later by EMEA under the trade name 

Adcetris® for the treatment of Hodgkin’s and systemic anaplastic large cell lymphoma.30 

 



14 
 

Lovaza® is the trade name for a combination of ethyl esters and ω-3 fatty acids 

obtained from fish oils that act as a hypertriglyceridemia reducing agent. The primary 

members of this family are 1.12 and 1.13. It is approved by both the FDA and EMEA and 

it has been shown to reduce the levels of triglyceride and VLDL-cholesterol.28-29 

 

Carragelose® (1.14) is an antiviral nasal spray consisting of Iota-carrageenan. It is 

sold as an Over the Counter (OTC) drug for early symptoms of common cold. 

Carrageennans are linear sulfated polysaccharides isolated from red algae. Depending 

on the number and position of the sulfate units on the hexose moiety, carrageennans 

are distinguished into three main copolymer groups namely Iota, kappa and lambda.30 
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Table 1.1: Current clinical trial pipeline of marine-related compounds 



16 
 

As shown in Table 1.1 and the above discussion of approved marine-related 

drugs, marine invertebrates represent an abundant source of secondary metabolites 

with potential applications in the biopharmaceutical industry. Currently there are six 

dolostatin 10 derivatives in various phases of clinical trials for their anticancer 

properties. Recently, the interest of the scientific community towards marine microbes 

has been ignited. This is no doubt due to compounds like salinisporamide A which is 

currently in Phase II clinical trials as a potential cancer therapeutic. Linington and co-

workers recently published the results of their analyses on the future of marine natural 

products discovery, indicating the tremendous capabilities of microbes and marine 

organisms in producing novel chemistry.39 The peak of natural product discovery and 

characterization occurred between 1970 and the mid-1990s. This was brought about by 

the implementation of instrumentation imperative to the drug discovery pipeline and 

the invention of 2D NMR which greatly improved our abilities in structure elucidation.39 

However, ever since the mid-1990s the number of isolated metabolites has remained 

almost constant. Therefore, in recent years scientists have focused their interest in 

investigating niche environments, such as hydrothermal vents, plant endophytes, 

marine endosymbionts, Arctic and Antarctic environments, and the deep sea.39 Pye et 

al.39 noticed that organisms within the same phylum, such as Porifera have been 

producing structurally similar classes of compounds and therefore the possibility of 

isolating novel compounds is low. In contrast, bacteria belonging to the single genus 

Streptomyces appear to produce molecules that are more structurally diverse. We are 

nowhere near discovering the last novel marine structure and there is plenty of room for 
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improvements in several approaches currently being used in natural products discovery. 

The future of our scientific efforts is bright only if we are willing to be open-minded and 

accepting towards the implementation of new/novel approaches. The “top-down” 

methods which involve bioassay-and/or NMR-guided isolation could be considered by 

some as outdated and no longer powerful enough to afford novel metabolites. “Bottom 

up” approaches in which genetic information is guiding the isolation of compounds, such 

as genome sequencing, seem to become more popular and considered by some the key 

to successful isolation of novel structures from the marine environment. The golden 

mean is found in a balanced combination of both approaches in natural products 

chemistry research.  

1.4  Research objectives 

Our society is being threatened daily by numerous diseases and for some of these 

there is still no available treatment. The long history of the use of natural products as 

medicines as well as the examples of marine-related compounds that made it to the 

market as pharmaceutical agents, give hope to natural product chemists worldwide to 

continue their efforts towards the isolation of new metabolites with potential 

applications in the pharmaceutical industry. Consequently, the work presented herein is 

part of a continuous effort to discover new chemistry from niche biological marine 

sources. 

Mangrove-associated fungi have proven to produce important bioactive 

compounds. Taking advantage of the fact that Florida’s coastline hosts mangrove forests 
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the first chapter focuses on the isolation and structure elucidation of secondary 

metabolites produced by a red mangrove endophytic fungus. In the next two chapters 

the importance of Irish waters as source of unexplored chemistry is emphasised. Marine 

organisms inhabiting the Irish marine territory have been understudied as potential 

source of secondary metabolites. Therefore, during this research work an algal sample 

collected off the west coast of Ireland and a deep-sea coral collected from Whittard 

canyon during a research cruise on RV Celtic Explorer was investigated for the chemistry 

they produce and potential biological activities. 
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Part A. (Marine) Microorganisms in drug discovery 

In 1928 Alexander Fleming discovered penicillin after leaving a Petri dish 

uncovered by the window while he was on holidays.1 The microbe responsible for the 

production of penicillin was the filamentous fungus Penicillium notatum.1-2 Fleming soon 

observed the broad therapeutic spectrum of the fungal species as it was effective against 

Gram-positive pathogens which cause diseases like scarlet fever, pneumonia, gonorrhea, 

meningitis and diphtheria.2 The discovery and isolation of penicillin put microorganisms 

in the spotlight as a prolific source of bioactive agents and so began the “Golden Age” of 

Antibiotics. There are numerous examples of microbial metabolites that not only made 

it into the market, but also served as scaffolds for the next generation of therapeutic 

agents. The avermectins are a family of compounds originally isolated from the 

bacterium Streptomyces avermitilis harvested from soil samples.3 Ivermectin (2.1) is a 

mixture of avermectins B1a (2.1a) and B1b (2.1b) and was introduced into the market in 

1981 as an antiparasitic and anthelmintic agent.4 It is widely used against parasitic 

worms and ectoparasitic arthropods that cause conditions such as head lice, river 

blindness, and lymphatic filariasis.3-4  
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Scientists working at Eli Lilly isolated vancomycin (2.2) from a new actinomycete 

Amycolatopsis orientalis (previously known as Streptomyces orientalis) which was 

derived from soil samples collected in Borneo.5 The first indication of vancomycin’s 

bioactivity was its bactericidal action against penicillin-resistant Staphylococcus aureus. 

Two years after its isolation in 1956, it was approved by the FDA and is recommended 

for the treatment of life-threatening infections caused by Gram-positive bacteria that 

are unresponsive to other antibiotics.6 That being said, vancomycin intermediate-

resistant S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA) have already 

arisen.7  

 

With antibiotic resistance becoming an ever worrying trend, the scientific 

community has focused its attention towards the exploration of untapped 

environments, such as the deep-sea, hydrothermal vents, and the Arctic and Antarctic 

ecosystems, for the isolation of novel metabolites. This is an incredibly important 
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endeavor as antibiotic resistance is the greatest threat to global health that the world is 

currently facing.  

Marine microbes account for more than 98% of ocean biomass. There are 

approximately 106 microorganisms per milliliter of seawater and in marine surface 

sediments this number is as high as 108-109 per gram.8 Despite their staggering 

abundance, marine microorganisms are largely understudied as a source of novel 

biologically active metabolites. Marine natural product research has mainly focused on 

invertebrates, such as molluscs, sponges, and tunicates, that lack physical defense 

against predators.9 However, it has been shown that many of these organisms serve as 

a hospitable environment for numerous microorganisms besides the free-living 

microbes found in the water column and seafloor.  

The first marine-derived fungus was isolated from a sewage sample back in 1948 

and was identified as Cephalosporium sp. which was later corrected to Acremonium 

chrysogenum.10 It was found to produce cephalosporins which are widely known for 

their bactericidal properties. These β-lactam antibiotics have the same mode of action 

as penicillins by disrupting the synthesis of the peptidoglycan layer responsible for the 

formation of the cell wall in bacteria.11 The isolation of cephalosporins sparked the 

interest of the scientific community in marine microbes for drug discovery. The most 

recent example of the importance of marine microorganisms as a prolific source of 

bioactive metabolites, is probably the discovery of salinosporamide A (2.3) which is 

currently in phase II clinical trials12 (Table 1.1). This potent proteasome inhibitor was 
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originally isolated from the marine sediment-derived actinomycete Salinispora tropica 

which was collected in the Bahamas.13-14 In 2014, Goo et al. reported the presence of 

the gene cluster responsible for the production of 2.3 in a different species of Salinispora 

namely S.arenicola.15 Salinosporamide A exhibited cytotoxic activity against HTC-116 

human colon carcinoma cells (IC50 11 ng/mL). Because of the similarity in structure to 

omuralide (2.4), a known proteasome inhibitor, salinosporamide A was screened for the 

same activity and found to be 35 times more potent than 2.4 when tested against 

purified 20S proteasome.13  

 

It goes without saying that terrestrial microbes have played an exceptional role 

in drug discovery, but in recent times, the scientific community has also been exploring 

marine microorganisms as a source of bioactive secondary metabolites that could make 

it into the market. Following the current trend of interest in marine microbes, our lab 

has been focusing on the isolation and structure elucidation of bioactive compounds 

from marine endophytic fungi. The following chapter is a brief description of our 

continuous research efforts in mangrove-associated fungal metabolites. 
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Chapter Two. Mangrove endophytes: a source of 

bioactive metabolites 

2.1 Mangrove endophytes 

The term “endophyte” was first introduced by de Bary in 1886 and is used to 

describe microbial and fungal strains that live within a host organism, such as plants or 

algae, without being harmful to the host.16 There are several reviews reporting and 

emphasizing the important role of endophytic microbes in drug discovery16-20 with 

paclitaxel (Taxol®, 2.5) being a representative compound exhibiting the potential of 

endophytes as a source of bioactive compounds. Paclitaxel was originally isolated from 

the bark of the Pacific yew tree, Taxus brevifolia.21 Twenty years later, it was found that 

the fermentation product of the endophytic fungus Taxomyces andreanae isolated from 

the bark of T. brevifolia yielded paclitaxel.22 In the case of Taxol®, the endophytic fungus 

provided an alternative route for the isolation of paclitaxel which significantly reduced 

the number of Pacific yew trees being cut-down for natural products research. 
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Mangrove ecosystems, comprising clusters of trees and shrubs, are unique in 

their ability to survive the harsh interface between land and sea. They represent an 

ecosystem of high biodiversity and are promising sources for the isolation of endophytic 

fungi which constitute a consortium of marine, terrestrial and freshwater fungi. The 

symbiotic relationship between the fungi and the host plants has been demonstrated as 

beneficial for both sides. Specifically, endophytic fungi found in the roots of mangrove 

plants are protected from adverse environmental conditions and in return the fungi 

compete against saprophytic fungi that decompose old-aged roots.23 Endophytes living 

within the tissue of mangrove trees must be able to adjust in such harsh environmental 

conditions as well as being in a constant battle with competing microbes. This is achieved 

through the production of secondary metabolites that serve as chemical defense and 

have been shown to exhibit a wide range of biological activities that may be cytotoxic, 

antimicrobial, anti-infective, or antimalarial.20, 24 

A new pyrrolyl 4-quinolinone alkaloid, named penicinoline (2.6) was isolated 

from a Penicillium sp. obtained from the bark of the mangrove Acanthus ilicifolius L. 

(Acanthaceae). The new metabolite was assessed for biological activity against six 

human cancer cell lines. Interestingly, penicinoline was selectively cytotoxic against 

highly metastatic lung adenocarcinoma 95-D and human liver cancer HepG2 cell lines 

with IC50 at 2.24 and 25.59 μM, respectively.25 The mangrove endophyte Aspergillus sp. 

16-5c afforded a new sesterterpenoid, asperterpenoid A (2.7), which showed significant 

anti-infective activity against Mycobacterium tuberculosis protein tyrosine phosphatase 

B (mPTPB) (IC50 2.2 μM).26 Xyloketal F (2.8) was isolated from a mangrove associated  
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fungus, Xylaria sp. and exhibited strong L-calcium blocking activity which could be of 

great importance in the treatment of Alzheimer’s disease as well as cardio and 

cerebrovascular diseases.27  

  

 

2.2 Our Florida mangrove-associated fungal library 

Almost 469,000 acres along the Floridian peninsula are covered by mangrove 

forests that are well-adapted to survive in the tropical and subtropical (Florida Keys) 

climates. The most abundant mangrove species found along the state’s coastal zone are: 

the red mangrove (Rhizophora mangle), the black mangrove (Avicennia germinans), and 

the white mangrove (Laguncularia racemosa)28 (Figure 2.1).  
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Figure 2.1. Mangrove trees native to Florida. From left to right; red, black and white 

mangrove. (Photo: Danielle H. Demers and Ryan M. Young) 

The microbial communities living within these plants can be a prolific source of 

bioactive metabolites. Taking advantage of the abundance of mangrove trees in Florida 

we have created the first fungal library consisting of Floridian mangrove-associated 

endophytes which has been screened against pathogenic and drug resistant bacteria and 

fungi, as well as the malaria and leishmania parasites. The main challenge when culturing 

microbes, especially fungi in the lab, is their tendency to “shut down” genes responsible 

for the production of secondary metabolites due to the lack of predation and 

competition they normally encounter in their natural habitat.29 Consequently, various 

techniques have been developed to counteract this behaviour, such as co-culture30 and 

varying growth conditions.31 Our efforts, and the focus in this thesis, is epigenetic 

modification.32 Epigenetics is defined as heritable changes in gene expression without 

altering the DNA sequence of the organism.32 DNA methylation is the most-well 

characterised form of epigenetic modification during which a methyl group is added at 

C-5 position of cytosine nucleotides by DNA methyltransferases (DNMTs) allowing the 

cells to upregulate or downregulate gene expression.33 Azacytidine and decitabine are 
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the most well-known DNMT inhibitors (DNMTi) which prohibit the binding of DNMTs to 

DNA, thus activating gene expression.34 The acetylation of histones is another way to 

regulate gene expression. The lysine residues at the N-terminal of histone tails are 

subjected to either acetylation by histone acetyltransferase enzymes (HATs), or 

deacetylation by histone deacetylases (HDACs).35 HATs lead to a less compact and more 

transcriptionally available chromatin whereas during deacetylation, DNA binds more 

tightly around the histones therefore chromatin is less likely to be transcribed.35  

A representative example of the effect of HDAC and DNMT inhibitors on the 

expression of genes responsible for the production of secondary metabolites is 

demonstrated by Beau et al.36 The Floridian mangrove-associated fungus Leucostoma 

persoonii was found to produce cytosporones B (2.9), C (2.10), and E (2.11) which 

exhibited antimalarial and antibacterial activity against Plasmodium falciparum and 

methicillin-resistant S. aureus (MRSA), respectively. Sodium butyrate and 5-azacytidine 

were used as HDAC and DNMT inhibitors respectively in dose-response experiments. The 

production of cytosporones B, C and E was increased in the presence of HDAC inhibitor 

and a new derivative cytosporone R (2.12) was isolated and characterised.36 
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Following the successful research carried out by Beau et al.36, we have spent 

several years building the first Floridian mangrove-associated fungal library. Each fungal 

colony isolated from the mangrove trees - collected along the Florida coast - was 

cultured in three conditions: a) control treatment - where no inhibitors were added to 

the fungal culture, b) HDAC treatment - where sodium butyrate (2.13) was added to the 

fungal culture as an HDAC inhibitor and c) DNMT treatment - where 5-azacytidine (2.14) 

was added to the fungal culture as a DNMT inhibitor.  
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Currently, the library consists of over 9000 fungal extracts and has been screened in 

various bioassays, such as against the ESKAPE pathogens, the malaria and leishmania 

parasites, and numerous cancer cell lines. A large percentage of the fungal extracts 

exhibited interesting biological activity and have been chemically investigated for the 

production of secondary metabolites with promising bioactivity.  

2.3 Antibiotic resistance and the ESKAPE pathogens  

Penicillin saved thousands if not millions of lives during World War II,37 therefore 

an infection-free era was assumed to be the future and led to the discovery and 

development of new antibiotics. However, shortly after the end of WWII penicillin-

resistance arose leading to research that produced the discovery of new β-lactam 

antibiotics, such as methicillin. In 1962 the first case of methicillin-resistant 

Staphylococcus aureus (MRSA) was reported in the UK and six years later MRSA had 

spread across the Atlantic Ocean.38 We have now entered the “post-antibiotic” era with 

almost all antibiotics in the market no longer being effective against pathogenic 

organisms. Antibiotic and multidrug resistant has developed over the years due to 

inappropriate prescribing of antibiotics, inadequate diagnostics and antibiotic use in 

farming and aquaculture.38 Antibiotic resistance is currently a global concern with 

detrimental effects on public health and the economy. According to a 2013 report, each 

year in the United States over 2 million people are infected by drug-resistant bacteria 

causing the death of 23,000 people annually.39  
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The term ESKAPE was first introduced by the Infectious Disease of America (IDSA) 

and refers to six pathogenic bacteria that are responsible for the majority of all US 

nosocomial infections and have been able to “escape” treatment by existing drugs.40-41 

These bacteria are Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species (Figure 

2.2).  

Figure 2.2. The ESKAPE pathogens 

A 2011 study revealed that in just the United States, there have been 75,000 deaths 

related to hospital-acquired infections.42 Moreover, pan-resistant isolates of three of the 

Gram-negative ESKAPE pathogens, K. pneumoniae, A. baumannii, and P. aeruginosa 

have been identified over the past decades.43 It goes without saying that we are in urgent 

need for new antimicrobial agents that will be able to combat the ESKAPE pathogens 

with novel mechanisms of actions and will reduce the occurrence rate of antibiotic 

resistance. Therefore, taking into consideration the potential of endophytic fungi as 

prolific source of antimicrobial compounds in combination with our responsibility as 

researchers to take action towards the fight against drug resistance, we have been able 
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to compile the previously mentioned mangrove-associated fungal library which was 

screened against the ESKAPE pathogens.  

2.4 Chemical investigation of a mangrove-associated fungus as part of a 

screening project against the ESKAPE pathogens 

As described previously, our fungal library is the first of its kind consisting of 

endophytic fungi which were isolated from mangrove trees found in various sites along 

the Florida peninsula. All isolated fungal colonies were cultured in small scale under the 

three different conditions mentioned above in order to compile the library which was 

screened for antibacterial activity against the ESKAPE pathogens. The fungal extracts 

with the most promising activity were prioritised for chemical investigation following 

large scale culture of the fungus of interest in the appropriate treatment condition. In 

this chapter section the workflow as well as the results of bioassay-guided isolation of 

secondary metabolites with anti-MRSA activity from a Floridian mangrove endophyte 

will be discussed. 

2.4.1 Fungus HF14-17C-4b; an Alternaria sp. isolate 

During a collection trip in the Old Tampa Bay area, several mangrove samples 

were collected, surface sterilised and inoculated on Petri dishes containing a universal 

fungal medium such as Sabouraud dextrose agar (SDA). The plates were incubated at 

room temperature and each fungal colony was re-plated on fresh media to ensure the 

isolation of a pure fungal colony. Each isolate was given a unique code name which 

included the collection site, year, voucher number and isolate number. Fungus HF14-
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17C-4b was isolated from the leaves of a red mangrove (Rhizophora mangle) collected 

in 2014 near Howard Frankland Bridge in the Old Tampa Bay area (Figure 2.3, left photo). 

The isolated fungus was identified as Alternaria sp. (Figure 2.3, right photo) by 

comparing the extracted and PCR amplified 18S rRNA sequence to sequences found on 

BLAST database. Fungi of the genus Alternaria are cosmopolitan and can be found in 

seeds, plants and soil samples.  

 

Figure 2.3. Collection site (left) and Alternaria sp. isolate on SDA (right) 

The fungal isolate was re-grown on SDA and 5-6 plugs of agar supporting the mycelium 

were placed in a cryotube with 20% glycerol solution and stored at -80°C. The mangrove 

associated fungus was cultured in small scale as part of a high-throughput screening 

project on rice media under the control, HDAC and DNMT treatment for 21 days and 

then extracted three times with ethyl acetate (EtOAc). The EtOAc extracts from the three 

growing conditions were placed in 96-well plates together with organic extracts from 

other fungal cultures and were screened for antibacterial activity against the ESKAPE 

pathogens which were obtained from Moffit Cancer Center and Tampa General Hospital, 
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FL, USA. The ethyl acetate extracts of the control, HDAC and DNMT treatment of fungus 

HF14-17C-4b were found to be active against nosocomial MRSA strain at 10 μg/ml. 

Therefore, the Alternaria sp. isolate was prioritised for chemical investigation as 

described below. 

2.5 From small to large scale fungal culture 

The initial assessment of the antibacterial activity of the fungal isolate was carried 

out by extracting the small-scale fungal culture that was grown in with and without 

epigenetic modifiers. To prepare the control treatment, a plug of SDA supporting the 

mycelium was suspended in 1.25 mL of Sabouraud dextrose broth (SDB) and then added 

to a scintillation vial which contained 2.5 g of rice. The HDAC and DNMT treatments were 

prepared using the same protocol with the difference that SDB was modified with the 

appropriate inhibitor. In particular, a fungal plug was suspended in two eppendorf tubes 

containing 1.25 mL of 100 μM solution of HDAC and DNMT respectively which were then 

added onto 2.5 g of rice. The scintillation vials of all three treatments were incubated at 

28°C for 21 days. At the end of this process, new glycerol stocks were prepared to avoid 

contamination of the fungal isolate. Once the incubation period was completed and no 

contamination had occurred, the three cultures were extracted overnight with 10 mL of 

EtOAc. The EtOAc was dried down and the extract was prepared in a 10 mg/mL DMSO 

solution for screening. In the case of the Alternaria sp. isolate (HF14-17C-b), all three 

small-scale treatments exhibited antibacterial activity against MRSA at 10 μg/mL. The 

HDACi treatment was randomly selected for chemical investigation. After many trials 

and errors it was found that a 100-fold increase of the small scale protocol was capable 
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of affording a satisfactory amount of crude extract that would provide adequate 

amounts of semi- and or pure fractions. Figure 2.4 shows an example of small-scale 

fungal cultures after the 21-day incubation period (photo on the left) and two large-scale 

fungal cultures being incubated in mycobags (Unicorn bags) (photo on the right). 

 

Figure 2.4. Examples of small-scale (left) and large-scale (right) fungal cultures 

2.5.1 Large-scale culture of the HDACi treatment 

The HDAC treatment of the fungal isolate of interest was selected for scale-up 

culture and further investigation of its chemical constituents that are responsible for the 

MRSA activity was carried out. The Alternaria sp. isolate was inoculated on SDA from a 

glycerol plug that was stored at -80°C and was incubated at room temperature for 3-4 

days. Then, 10 plugs (2 mm in diameter) were taken from the freshly grown fungus and 

were inoculated into 100 mL of SDB modified with sodium butyrate which served as the 

HDAC inhibitor. The inoculated modified broth was poured into a mycobag which 

contained 300 g of rice with 500 mL of H2O (Figure 2.4, photo on the right) that was 

previously autoclaved. The mycobag inoculated with the fungus was left for 21 days at 

ambient laboratory conditions. The growth of the fungus and signs of contamination 
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were monitored weekly by rotating/massaging the rice. After a successful (i.e. no 

contamination) 21-day incubation period had lapsed the culture was extracted overnight 

with methanol (MeOH) and EtOAc at a 1:3 ratio followed by two overnight extractions 

with 100% EtOAc. The organic extracts were combined and concentrated under reduced 

pressure yielding 13.5 g of crude fungal extract. In order to remove water soluble 

compounds that were either part of the inoculated broth or unwanted primary 

metabolites produced by the Alternaria sp. isolate, the crude extract was partitioned 

between d.H2O (distilled H2O) and EtOAc. The crude and the two partition extracts were 

screened against all six ESKAPE pathogens and the EtOAc partition (6 g) retained the 

original anti-MRSA activity at 5 μg/mL. Therefore, the EtOAc partition was further 

separated and fractionated.  

2.6 Bioassay-guided isolation and structure elucidation of anti-MRSA 

compounds 

The approach that was followed in this project is called “bioassay-guided 

isolation” during which the bioactivity of each fraction is monitored after each 

separation step. The aim of this method is to give emphasis to the bioactive fractions in 

order to isolate the bioactive compounds. However, sometimes the crude or semi-crude 

fractions are found to be more active than the pure compounds. In this case, a synergistic 

effect between the chemical constituents of crude extracts is responsible for the 

bioactivity. There are however examples where the pure compounds are significantly 

more active than the parent fractions. In such examples the active compounds are in 
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such minor amount within the non-active crude fractions that they need to be partially 

or fully isolated in order to exhibit their activity.  

The isolation of pure compounds is tedious work that requires numerous 

fractionation steps using analytical techniques such as Medium Pressure Liquid 

Chromatography (MPLC), Thin Layer Chromatography (TLC), and High Performance 

Liquid Chromatography (HPLC). A summary of all fractionation steps that led to the 

isolation of pure compounds from the crude extract of the fungal isolate, as well as their 

biological activity are shown in Scheme 2.1.  

 

Scheme 2.1. Isolation scheme of anti-MRSA natural products from the red mangrove-

associated Alternaria sp. isolate 
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The EtOAc partition that exhibited activity against MRSA at 5 μg/mL was subjected to 

normal phase MPLC affording five fractions, A-E, which were also screened for activity. 

Fractions C and D were found to be active against MRSA at 1 μg/mL and 5 μg/mL 

respectively and therefore they were further purified through normal and reverse phase 

HPLC using both semi-preparative and analytical HPLC columns. The MPLC fraction C 

yielded compounds SFS1-a, SFS1-b and SFS2 whereas SFS3 was isolated from fraction D.   

2.6.1 Isolation and structure elucidation of compounds SFS1, SFS1-a, and 

SFS1-b 

The EtOAc partition (6 g) of the Alternaria sp. isolate culture was active against 

MRSA at 5 μg/mL and initially an aliquot of 3 g was fractionated using normal phase 

MPLC. The MPLC fraction C (639.2 mg) was active at 5 μg/mL and in combination with 

the interesting 1H Nuclear Magnetic Resonance (NMR) spectrum, it was selected for 

further purification. Fraction C was subjected to normal phase HPLC and as shown in 

Scheme 2.1, eleven sub-fractions were generated and were all assessed for their 

antibacterial activity. Although fraction C-6 was the most active at 1 μg/mL, C-7 (22.9 

mg) which was active against MRSA at a concentration of 25 μg/mL was further 

investigated due to larger mass and more interesting NMR data. HPLC analysis of fraction 

C-7 on normal phase semi-preparative column afforded eight fractions out of which a 

pure compound recorded as SFS1 was obtained. SFS1 (2.9 mg) was isolated as pale 

yellow powder and was found to have the molecular formula of C14H12O6 by HRESIMS 

m/z 299.0530 [M+Na]+ (calculated for C14H12O6Na, 299.0532). Structure elucidation was 

carried out by means of 1D and 2D NMR spectroscopy (1H, 13C, gCOSY, gHSQC, gHMBC). 
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The chemical shift of the methyl singlet at δ 3.81 (3H, -OCH3) which had a 

correlation in the HSQC spectrum with the carbon peak at δ 56.4 is characteristic of a 

methoxy group present in the molecule. Indeed, the methoxy protons showed HMBC 

correlation with a carbon peak at δ 167.7 which indicate that the methoxy moiety was 

attached to C-5 on a benzene ring. In turn, C-5 correlated with two aromatic proton as 

at δ 6.07 (H-6) and δ 6.49 (H-4) which had HSQC correlations with aromatic carbon peaks 

at δ 101.4 (C-6) and δ 102.0 (C-4) respectively. The coupling constant at 1.6 Hz indicated 

that those two protons were meta-related in the benzene ring. The HMBC spectrum 

revealed correlations with the aromatic quaternary carbon at δ 104.5 (C-7a) for both 

protons, whereas H-4 had an additional HMBC correlation with a carbon peak at δ 158.1 

(C-7) indicative of an oxygenated aromatic carbon; therefore, taking into consideration 

the NMR data and the molecular formula it was established that C-7 was bearing a 

hydroxyl group. Having solved one part of the structure, we moved to the remaining 

data starting from a singlet at δ 4.81 (H-5’) which had an HSQC correlation with a carbon 

at δ 78.5 (C-5’). These chemical shifts are characteristic of oxygenated hydrocarbons; 

therefore it was concluded that a hydroxyl group was attached to C-5’. As shown in 

Figure 2.5, H-5 had an HMBC correlation with a carbon peak at δ 130.1 (C-3’) with the 

doublet at δ 6.34 (H-3’) directly attached to it indicating the presence of a double bond. 

Although it would be expected that this doublet would have an HMBC correlation with 

a carbon peak with similar ppm value as C-3’, it correlated with a carbon peak at δ 170.6 

(C-2’) which was not a carbonyl since it had HMBC correlation with a methyl singlet at δ 

1.92 (5’-CH3) which in turn correlated with C-3’.  
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It was hypothesised that C-2’ was near an oxygenated system, maybe an ester which 

would explain the upfield chemical shift. Moreover, H-5’ showed correlations in the 

HMBC spectrum with carbons at δ 147.1 (C-3a’) which had already been determined as 

being part of the benzene ring, and δ 93.8 (C-1’/3). Having solved the planar structure, a 

comparison of the acquired NMR data to those reported in the literature, led us to 

identify SFS1 as the known fungal metabolite talaroflavone (2.15). Table 2.1 compares 

the 1H and 13C NMR data of SFS1 in CDCl3 and CD3OD with those published for 

talaroflavone. This spirocyclic metabolite was first reported to be produced by the 

fungus Talaromyces jlavus which was isolated from a soil sample.44 

 

Figure 2.5. Planar structure of SFS1 indicating key HMBC ( ) and COSY ( ) 

correlations 
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Table 2.1 Comparison of SFS1 with talaroflavone  

 

a Recorded at 800 MHz in CDCl3, b Recorded at 200 MHz in CDCl3, c Recorded at 500 MHz 
in CD3OD, d Recorded at 125 MHz in CD3OD 

 

The relative or absolute configuration of talaroflavone at positions 1’/3 and 5’ 

has yet to be identified. Our efforts to produce crystals for X-Ray analysis or acquire 

NOESY data were unsuccessful, therefore we considered performing Mosher’s method 

to determine the stereochemistry of the secondary alcohol at position 5’. Since the 1H 

NMR of SFS1 indicated the presence of some impurities, an additional round of HPLC on 
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reverse phase analytical column was carried out as shown in Scheme 2.1. Interestingly, 

this purification step afforded two pure compounds that were labelled as SFS1-a (2.16) 

and SFS1-b (2.17). Comparison on the 1H NMR data of SFS1 to SFS1-a (0.5 mg) and SFS1-

b (1.2 mg) (Table 2.2) showed slight differences in the chemical shifts of protons that 

could be affected by the chiral centres at position 5’and 1’/3. As shown in the table 

below, SFS1-b which was the major compound had almost identical chemical shifts as 

those reported for talaroflavone. However, in the minor metabolite SFS1-a, the chemical 

shifts of H-6 and H-4 were shifted upfield when compared to 2.15/2.17. It was therefore 

concluded that 2.16 and 2.17 were stereoisomers of talaroflavone.  

Table 2.2 Comparison of SFS1 with SFS1-a and SFS1-b  

 

a Recorded at 500 MHz in CD3OD 
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Unsuccessful crystallization attempts and NOESY experiments in combination 

with insufficient mass for Mosher’s analysis, led us to a spectroscopic approach used to 

establish the absolute configuration of chiral centres. Electronic Circular Dichroism (ECD 

or CD) is used extensively to study chiral compounds, especially large biological 

molecules, but lately it has been increasing in popularity in the marine natural product 

field. CD spectra analysis in combination with quantum chemical calculations were 

carried out to determine the absolute stereochemistry of the new metabolites. Although 

the acquired CD spectra are shown in Figure 2.6 the results of the quantum chemical 

calculations are still pending, therefore we cannot make any final decisions on the 

absolute configuration of SFS1-a and SFS1-b yet.  

 

Figure 2.6. Experimental ECD spectra of SFS1-a and SFS1-b 

By looking the 3D structure of the four possible stereoisomers (with the help of a 

modelling kit) we can make some postulations on the stereochemistry. This is based on 

the assumption that stereoisomers A and B have the same orientation at position 1’/3 

and they differ in the orientation of the secondary alcohol at 5’ (Figure 2.7). By studying 

the models it is obvious that if the alcohol group at C-5’ has an S configuration 
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(stereoisomer A) it can affect the chemical environment of H-4 and consequently H-6 

whereas in the case of stereoisomer B, when the hydroxyl group has an R configuration 

the two aromatic protons will not be affected. The other assumption is that 

stereoisomers C and D (Figure 2.7) have an R configuration at C-1’/3 and different 

orientation of the hydroxyl group at chiral centre 5’. Stereoisomer C has an S 

configuration which is capable of affecting the two protons H-4 and H-6 on the aromatic 

ring, whereas when 5’-OH has an R configuration it does not affect the chemical 

environment of the aromatic protons. Therefore, it can be assumed that SFS1-a and SF1-

b differ in the orientation of only one chiral centre which is that of the secondary alcohol 

since it is the one affecting the aromatic protons no matter if the chiral centre at 1’/3 

has an S or R configuration. Although all the above can give an indication of how the 

chiral centres are orientated in space, it is essential to have the quantum chemical 

calculations in order to assign the stereochemistry of each compound by comparing the 

experimental to the calculated ECD spectra. However, as shown in Figure 2.6 the two 

isolated compounds have the same observed CD spectra which will make it impossible 

to assign the absolute configuration of both chiral centres through quantum chemical 

calculations. This is a perfect example of the challenges encountered when solving the 

structure of an isolated natural product. Unless crystals are obtained for 2.16 and 2.17, 

it will not be possible to identify the absolute configuration at both chiral centres 1’/3 

and 5. If the above assumptions are correct, in that the two stereoisomers only differ in 

the configuration of the secondary alcohol and ECD analysis will not be able to 

differentiate the spectra,  the modified Mosher’s method45 for 2.16 and 2.17, might not 
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be able to resolve the absolute configuration of the two stereoisomers either due to the 

absence of protons near the chiral secondary alcohol.  

 

Figure 2.7. The four possible stereoisomers of talaroflavone 

2.6.2 Isolation and structure elucidation of compound SFS2 

The EtOAc partition of the fungal culture afforded an additional pure compound 

by following the same fractionation steps as those described above for the isolation of 

2.15. The second isolated compound was recorded as SFS2 (1.3 mg) and was found to 

have the molecular formula C15H14O8 by HRESIMS m/z 345.0587 [M+Na]+ (calculated for 

C15H14O8Na, 345.0586). SFS2 (2.18) was isolated as a pale yellow powder and its 

structure was elucidated through 1D and 2D NMR experiments (1H, 13C, gCOSY, gHSQC, 

gHMBC).  

The methyl singlet at δ 3.88 (3H, -OCH3) showed a correlation in the HSQC 

spectrum with the carbon peak at δ 56.6; the chemical shift of the methyl singlet was 
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indicative of a methoxy group in the molecule. The HMBC experiment exhibited a 

correlation between the methyl protons of the methoxy group and the quaternary 

carbon at δ 168.4 (C-6’). This C-6’ carbon had HMBC correlations with two aromatic 

doublets at δ 6.48 (1H, H-5’) and δ 6.76 (1H, H-7’). From the above, a partial structure of 

SFS2 was assembled which included a benzene ring bearing a methoxy group at C-6’. 

Both doublets, H-5’ and H-7’, had a J coupling constant of 1.7 Hz, indicating that the two 

aromatic protons were meta-related. The proton at position 5’ showed HMBC 

correlation with two quaternary carbon at δ 106.4 (C-3α) and δ 159.3 (C-4’). The 

chemical shift of C-4’ in combination with the correlations from the HMBC experiments 

indicated that it was bearing a hydroxyl group. The H-7’ aromatic proton was attached 

to the carbon at δ 102.4 and had an HMBC correlation with the quaternary carbon at δ 

91.06 (C-2). This correlation was the key to connect the aromatic ring system with the 

rest of the molecule. A proton with chemical shift of 2.93 (1H, H-4) indicative of 

methylene groups, showed HMBC correlation with the quaternary carbon at position 2 

and had a COSY correlation with the other H-4 at δ 3.64 both of which were attached on 

a carbon at δ 42.1 (C-4). The methylene signal showed HMBC correlation with the 

carbonyl of the ester at δ 173.6 (C-5). Moreover, the presence of an additional carbon 

peak at δ 172.2 indicated the presence of a second carbonyl group which was part of the 

carboxylic acid moiety of the molecule and had an HMBC correlation with the methylene 

protons at δ 2.75 and δ 2. 87 both of which were attached on carbon at δ 40.72. A singlet 

that integrated for three protons at δ 1.77 was found to have an HSQC correlation with 

the carbon at δ 22.7 which in turn showed HMBC correlation with the methylene group  
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of the carboxylic acid. However, the HMBC correlation of the methyl proton at δ 1.77 

with the C-2 carbon determined the position of the 2-CH3 group (Figure 2.8) 

Interpretation of 1D and 2D NMR data led us to the conclusion that SFS2 was a spirocyclic 

compound with a carboxylic acid moiety as a side chain.  

 

Figure 2.8. Planar structure of SFS2 indicating key HMBC ( ) and COSY ( ) 

correlations 

After solving the planar structure of the isolated compound, a thorough literature search 

and comparison of proton and carbon chemical shifts (Table 2.3) confirmed that SFS2 

was related to the known metabolite altenuic acid II (2.19). The fungal metabolite 2.19 

with similar structure to talararoflavone, SFS1, was first reported in 1957 by Rosett et 

al.46 from Alternaria tenuis which was obtained from a mouldy tomato.47  
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Table 2.3 Comparison of SFS2 with altenuic acid II 

 

a Recorded at 500 MHz in CD3OD, b Recorded at 125 MHz in CD3OD, c Recorded at 400 
MHz in CD3OD, d Recorded at 100 MHz in CD3OD 

 

The structure of altenuic acid II was solved in 1973 when Williams and Thomas48 were 

able to obtain crystals and carry out X-ray crystallographic analysis. It was isolated as a 

racemic mixture having (S, S) and (R, R) configuration. Structure elucidation of altenuic 

acid II by means of NMR spectroscopy was first reported by Nemecek and co-workers 

less than a decade ago.49 However, the reported NMR data must refer to the racemate 

since the sample used for NMR analysis was provided by Thomas, even though it is not 

clearly mentioned in the publication.  
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Although SFS2 was almost identical to the reported proton chemical shifts of 

altenuic acid II, there were differences in the ppm values of protons at positions, 2-CH3, 

2-CH2CO2H and 4 which are close to the chiral centres of the molecule and led us to the 

assumption that SFS2 had different stereochemistry from the reported compound. 

Firstly, we had to exclude the presence of a racemic mixture and indeed measuring the 

optical rotation of SFS2, the obtained value was [α]20
D= -80 which indicated that SFS2 

represented only one stereoisomer. In order to identify which stereoisomer SFS2 was, 

NOESY experiment was carried out and the key correlations are shown in Figure 2.9 

        

Figure 2.9. NOESY correlations observed and relative configuration of 2.18 

From the above mentioned NEOSY experimental data and literature NMR data 

we were able to conclude that SFS2 (2.18) is a new diastereoisomer of altenuic acid and 

the relative configuration is (1’/3 S*, 2-CH3 R*) as shown in Figure 2.9. Nemecek and co-

workers49 have reported the (R, R) configuration of altenuic acid II (even though the 

sample they were given was probably a racemic mixture). In order to determine the 

absolute stereochemistry of 2.18, ECD analysis was carried out. However, chemical 
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quantum calculations that will provide the predicted spectra for all possible 

stereoisomers are still pending.  

Although altenuic acid II has been isolated since the early 1950s and Alternaria 

fungi are well-known for the production of toxins, no bioactivity has been reported for 

this compound. In our bioassay against the nosocomial MRSA strain, SFS2 was found to 

have very weak antibacterial activity at 200 μg/mL.  

2.6.3 Isolation and structure elucidation of compound SFS3 

As shown in Scheme 2.2 and as described above, the EtOAc partition of the fungal 

extract yielded five fractions after MPLC separation. Fraction D (360 mg) exhibited 

significant anti-MRSA activity at 5 μg/mL and therefore was subjected to reverse phase 

HPLC using a semi-preparative column and afforded eight sub-fractions. The 1H NMR 

spectrum second fraction from the HPLC analysis, indicated a pure compound which was 

recorded as SFS3 (32.2 mg). It was found to have the molecular formula C15H16O6 by 

HRESIMS m/z 293.1023 [M+H]+ (calculated for C15H17O6, 293.1025). The structure of the 

pure compound was elucidated by through 1D and 2D NMR experiments (1H, 13C, gCOSY, 

gHSQC, gHMBC). 
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Scheme 2.2. Isolation scheme of SFS3 

The methyl singlet at δ 3.84 with an HQSC correlation with the carbon at δ 56.30 

(5’-OCH3) was an indication of the presence of a methoxy moiety on the molecule. The 

same methyl signal showed correlation in the HMBC spectrum with carbon at δ 166.3 

(C-5) ring which in turn correlated with an aromatic doublet at δ 6.73 (H-6). This H-6 peak 

showed a COSY correlation with a second aromatic proton at δ 6.49 (H-4) and form their 

coupling constant, J=2.1 Hz it was concluded that H-4 and H-6 were meta-related. The 

carbon peaks at δ 102.9 and δ 101.9 were assigned as C-6 and C-4 respectively according 

to the HSQC spectrum. The proton H-4, showed HMBC correlation with a carbon peak at 

δ 163.5 (C-3) which was substituted with a hydroxyl group at δ 11.28, whereas H-6 had 

HMBC correlation with a quaternary carbon at δ 100.5 (C-2). A doublet at δ 6.29 (H-6’) 

had an HSQC correlation with a carbon peak at δ 131.5 (C-6’) a COSY correlation with the 

doublet at δ 3. 94 (H-5’) which indicated the presence of a double bond on the ring  
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system. The quaternary carbon at δ 139.7 (C-1’) was also on the double bond. The 

chemical shifts of H-5’as well as C-5’ at δ 70.0 indicated that C-5’ was bearing an oxygen 

atom. The same applied for the doublet at δ 3. 68 (H-4’) with an HSQC correlation at δ 

69.2 (C-4’). Indeed, two proton peaks that appeared as doublets in the 1H NMR spectrum 

in DMSO-d6 but were not recorded when CD3OD was used confirmed the presence of 

two hydroxyl groups at δ 5.13 and δ 5.29 which were identified as 4’-OH and 5’-OH 

respectively from the COSY spectrum. The peak corresponding for C’-4 showed an HMBC 

correlation with a methylene proton at δ 1.94 (H-3’) which in turn had an HSQC 

correlation with the carbon at δ 39.0 (C-3’) and had long-range correlations with a 

quaternary aromatic carbon at δ 139.7 (C-1) and a methyl carbon at δ 27.8. The methyl 

proton at δ 1.45 showed an HMBC correlation with C-1’ as well as with the carbon at δ 

100.5 which was assigned as C-2’ (Figure 2.10).   

 

Figure 2.10. Planar structure of SFS3 indicating key HMBC ( ) and COSY ( ) 

correlations 
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The planar structure of SFS3 was solved by means of NMR spectroscopy followed by 

comparison of the proton and carbon chemical shifts with those of reported compounds 

which confirmed that SFS3 was identical to the known metabolites altenuene (2.20) 

(Table 2.4). Altenuene was first isolated from Alternaria tenuis in 197150 and both carbon 

and proton chemical shifts were reported by Bradburn and co-workers in mid-90s.51 

Analysis of the coupling constants observed for SFS3, indicated that the isolated 

compound adopted the half-chair conformation with a pseudoequatorial orientation of  

the hydroxyl group at position 5’ (J=1.8 Hz) and near antiperiplanar relationship between 

H-3’ax and H-4’ax. The observed data was also in agreement with the crystallographic 

data reported for altenuene by McPhail and Miller.52 Therefore the relative 

configuration of SF3 (2.20) was assigned as shown below. SFS3 was screened against 

MRSA, however it was found inactive.  
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Table 2.4 Comparison of SFS3 with altenuene 

 

a Recorded at 400 MHz in DMSO-d6, b Recorded at 100 MHz in DMSO-d6, c Recorded at 
270.06 MHz in CDCl3-DMSO-d6 CD3OD, d Recorded at 67.80 MHz in CDCl3-DMSO-d6 
CD3OD, ◊ Signals at δ 130.9, 139.1, 143.6, 165.7, 168.7 were recorded, but not assigned   

 

2.7 Summary and conclusions 

A fungal isolate which was identified as Alternaria sp., was obtained from the 

leaves of a red mangrove tree collected in the Old Tampa Bay area, FL, USA in 2004. As 

part of a high-throughput screening project, mangrove-associated fungi were cultured 

in small-scale on solid media under three different conditions; the control treatment had 
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no epigenetic modifications and the modified treatments had either an HDAC or a DNMT 

inhibitor added into the fungal culture. A fungal library was compiled and was screened 

against the ESKAPE pathogenic bacteria. As a result, the control, HDAC and DNMT 

extracts of the Alternaria sp. isolate exhibited anti-MRSA activity at 10 μg/mL and the 

HDAC treatment was randomly selected for chemical investigated. Large scale culture of 

the HDAC treatment followed by extraction in organic solvents, and bioassay-guided 

fractionation by means of chromatographic methods led to the isolation of a suite of 

known and unknown secondary metabolites with weak anti-MRSA activity. The 

structures of the fungal metabolites were elucidates through 1D and 2D NMR 

spectroscopy. Compound 2.15 was identified as the known metabolite talaroflavone and 

was active at 100 μg/mL against MRSA. However, one additional round of HPLC revealed 

the presence of two separate compounds 2.16 and 2.17 that are believed to be 

stereoisomers of talaroflavone. The absolute or relative stereochemistry of 2.15 has not 

been reported in the literature. Unfortunately, we were not able to obtain crystals or 

good quality NOESY data, therefore ECD analysis combined with quantum chemical 

calculations was carried out and the computational results are still pending. A new 

stereoisomer 2.17 of the known altenuic acid II was also isolated and had very weak 

activity against MRSA. Additionally, the known fungal metabolite, altenuene was 

isolated through bioassay-guided fractionation from the HDAC treatment of the 

Alternaria sp. culture which was inactive when screened against MRSA pathogen. 
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Part B. Marine biodiscovery from Irish waters 

Ireland represents the third largest island in Europe and covers an area of 

approximately 84 000 Km2. However, the marine and undersea territory of Ireland is ten 

times the size of the land mass reaching 890 000 square kilometres 1. As shown in Figure 

3.1 there are three distinct underwater areas: the continental shelf, the continental 

slope and the abyss. The continental shelf is a flat area with slight slopes which extends 

around the edges of the continent and it consists of sediments washed out from rivers. 

The continental slope begins where the shelf stops and canyons can be found. The third 

area of the Irish seafloor is the Abyssal Plain, a cold, dark, marine environment under 

high pressure which continues beyond Ireland’s marine territory.1 

 

Figure 3.1 The real map of Ireland (©Marine Institute) 
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Furthermore, the Irish coastline is more than 7 000 Km long and is one of the 

longest in Europe.2 In 2010, the value of the country’s oceanic economy stood at €1.2 

billion, illustrating Ireland’s strong reliance on the treasures of Irish waters for their 

economic wellbeing.3 There are many sectors exploiting the Irish waters, oil and gas 

resource, renewable energy, fisheries, tourism, shellfish and seaweed aquaculture to 

name a few. However, little has been done in the field of marine natural products 

chemistry, i.e. studying Irish marine organisms as a source of new chemistry with 

potential biological activities. Currently there is a very small number of reported 

compounds isolated from Irish marine organisms.4-6  

Irish waters represent a habitat-diverse ecosystem hosting great biological 

diversity which has the potential for exciting chemistry but has been largely unexplored. 

This part of the thesis will focus on the chemical investigation of Irish marine organisms 

in an effort to prove their chemical and biological diversity. This chapter specifically 

discusses the collection, extraction, isolation and analysis of pure metabolites from an 

algal sample identified as Plocamium sp. collected from the intertidal zone in Co. Galway 

and a deep-sea coral collected during an expedition in the Whittard canyon aboard RV 

Celtic Explorer will be discussed. Moreover, a library of marine endosymbionts from Irish 

macro-organisms was also compiled and was screened against the ESKAPE pathogens. 

The results are reported herein. 
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Chapter Three. Chemical investigation of Irish 

Plocamium cartilagineum.  

3.1 A brief introduction to algae with an emphasis on Rhodophyta 

Algae is a broad term that covers a wide range of organisms that can be described 

as eukaryotic protists which are distinct from plants but are photosynthetic and can be 

found in aquatic environments.7 They can be either microscopic single-celled 

microalgae8 or more complex multi-cellular macroalgae. Macroalgae commonly known 

as seaweed, can be found alongshore on rocks or other hard substrates. They produce 

chlorophyll α as their main photosynthetic pigment and can be divided into three 

categories depending on the colour of their thallus; red algae (Phylum Rhodophyta), 

brown algae (Phylum Heterokontophyta) and green algae (Phylum Chlorophyta).9 Algae 

are vital in a marine ecosystem since they produce organic matter by capturing light 

energy, carbon dioxide and water in addition to forming the oxygen necessary for the 

surrounding organism.7 Estimating the number of algal species is not any easy task, as 

this figure range from 30 000 to 1 million species.10 According to a 2012 report by Guiry10 

it is estimated that there are 72 500 species of algae of which 44 000 have been 

published. Algal biodiversity in Ireland consists of almost 600 species of red, brown and 

green algae which are similar to those found in other regions of the North Atlantic with 

similar latitudes.2 
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Red algae or Rhodophyta are considered to be the oldest group of macroalgae; 

an assumption supported by the findings of a fossil sample of Bangiomorpha pubescens 

which was reported in 2011 and is believed to be 1.2 billion years old.9 Moreover, the 

most recent findings of fossils resembling red algae are those of Rafatazmia 

chitrakootensis and Rafatazmia chitrakootensis discovered in phosphorite deposits in 

India and are estimated to be 1.6 billion years old.11 Currently there are over 6 000 

species of Rhodophyta which are mostly marine with few exceptions of freshwater 

species.12 The abundance of red algae in polar and subpolar waters is lower than the one 

observed in tropical and temperate marine environments. Their size depends on their 

location with large species occurring in cold-water and smaller filamentous plants found 

in tropical regions.13 Red algae are capable of surviving at depths as great as 200 m where 

sunlight is not easy to reach by producing their pigments in different ratios.13 Their red 

colour is due to a pigment called phycoerythrin which absorbs the blue light that 

penetrates water. As a result red algae found in deep water may look almost black 

compared to those in shallow waters, because of the high concentration of 

phycoerythrin.14 

3.1.1 Applications of red algae 

Red algae are believed to be the oldest group of macroalgae and they have been 

used extensively over the years. There are several edible red algae with Palmaria 

palmata, commonly known as dulse, being very popular amongst the Irish population. It 

was being sold in Galway’s street market up until 195815 (Figure 3.2). Another example 

is Nori (Porphyra spp.) which is used in Asian cuisine and is the most well-known 
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seaweed for human consumption (Figure 3.2). In modern times, red seaweeds have 

played an important role in industry for the production of hydrocolloids. Specifically, 

Kappaphycus and Betaphycus spp. are the most important sources of carrageenans, a 

family of linear sulfated polysaccharides which are used in food industry for their gelling, 

thickening and stabilizing properties.15-16  

 

Figure 3.2. Commercially available edible dulse (left, image taken from 

www.thisisseaweed.com) and nori (right, image taken from www.amazon.com) 

Furthermore, red algae such as Gracilaria, Gelidium and Pterocladia spp. 

constitute a multi-million industry involved in the production of agar which is used 

worldwide as a solid substrate for culture media used in microbiology and as a solidifying 

culinary agent.16-17 Last but not least, red algae have found application in the 

biopharmaceutical industry with the production of Carragelose® which is sold as an 

antiviral nasal spray.18 Due to their long evolutionary history Rhodophyta exhibit genetic 

and morphological diversity which is accompanied by great chemical diversity exhibiting 

a wide range of biological activities.  
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3.1.2 Plocamium sp.; a prolific source of secondary metabolites 

Many algal species have been chemically investigated and red algae are no 

exception. They have been found to produce a wide range of halogenated secondary 

metabolites19 which represent the only examples in nature where one carbon atom is 

bears three different halogens (chlorine, bromine, iodine).20 A review paper by Kladi et 

al.21 highlights the variety of cyclic and linear halogenated monoterpenes mainly 

produced by species of the genera Plocamium, Laurencia, Chondrophycus, and 

Osmundea. The produced monoterpenes consist of two isoprene units and can have any 

number of halogenation. The maximum number of halogens reported on monoterpenes 

from marine sources is six.  

Plocamium is the largest genus of the order Plocamiales and it consists of 

approximately 40 species which are mainly found in temperate cold waters.12 Pioneers 

in the field of algal chemistry, like Prof. John Faulkner,22 originally investigated the genus 

Plocamium while isolating compounds from the digestive glands of the sea hare Aplysia 

californica.23 It was found that red algae of the genera Plocamium and Laurencia were 

producing the same halogenated monoterpenes as those found in the digestive tract of 

the sea hares, suggesting that red algae were an inevitable part of the animals’ diet.24 

Since then, many natural product chemists have focused their research on the chemistry 

produced by Plocamium spp. and so far almost 160 compounds have been isolated from 

this red alga, according to MarinLit Database.25 Some examples of halogenated terpenes 

extracted from Plocamium spp. are shown in Figure 3.3.  
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Figure 3.3. Polyhalogenated monoterpenes isolated from Plocamium spp.23, 26-29 

Due to the interesting chemistry produced by Plocamium sp., we focused our research 

on halogenated terpenes from Irish P. catrilagineum samples.  

3.2 FNV15-1; an Irish Plocamium catrilagineum sample 

Irish waters represent one of Europe’s most hospitable environments for algae 

and it is assumed that 600 algal species can be found along the Irish coastline.2 The 

eastern and southeastern part of the country is poor in algal diversity compared to the 

southwest due to the sandy shores. Marine algae require a solid substrate, such as rocks, 

for settlement and growth, which can be found in the southwest of the country. One of 

the areas known for richness in algal diversity is Finavarra in County Clare (Figure 3.4). 

Finavarra shore consists of limestone banks which are covered with coarse sand or mixed 

with alternating stretches of sand and rocks. This area is exposed to fluctuating high and 

low tide which is ideal for the settlement and growth of marine algae.2 All these factors 

combined make Finavarra a good collection site for algae.  
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Figure 3.4. Finavarra beach, Co. Clare (indicated by the yellow arrow) 

Winter in Ireland is the ideal time for collection of red algae since brown and 

green seaweeds are in low abundance Therefore, during low tide in January 2015 a 

lucrative field trip to Fianvarra yielded 6 Kg (wet weight) of red algal sample. The sample 

was sequenced and identified as Plocamium cartilagineum by Dr. Svenja Heesch; its cox1 

sequence was found identical to respective sequences of P. cartilagineum (e.g. 

JF271581) as described by Cremades et al.30 The algal sample was brought back to the 

lab where it was cleaned to discard rocks and entangled algae and was given a unique 

code name, FNV15-1, indicating the collection site and year.  
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3.3 Isolation and structure elucidation of monoterpenes from P. 

cartilagineum 

The collected algal sample was extracted overnight three times with DCM:H2O, 

3:1 and the crude extract was partitioned between DCM and H2O/brine to remove water 

soluble metabolites. The non-aqueous DCM partition (8.6 g) was subjected to normal 

phase MPLC and afforded fourteen fractions as shown in Scheme 3.1.   

 

Scheme 3.1. Extraction scheme of FNV15-1, Plocamium sp.  

The 1H MMR spectra of the highlighted MPLC fractions C (284.4 mg) and D (498.7 mg) 

indicated the presence of halogens as shown in Figure 3.5. 
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Figure 3.5. 1H NMR spectra of MPLC fractions C (top spectrum) and D (bottom spectrum), 

500 MHz, CDCl3 

Indeed the presence of halogenated compounds in the MPLC fractions of the Plocamium 

sp. was confirmed through GC/MS-QToF experiments using Negative Ion Chemical 

Ionisation mode (NCI). Halogens give distinct MS patterns making it easy to identify them 

when analysing MS spectra.  
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Figure 3.6. GC/MS-QToF (NICI) mass spectral data verifying the presence of halogenated 

compounds in the MPLC fraction FNV15-1(-8)-C 

Taking into consideration the spectroscopic and spectrometric data as well as the masses 

of fractions C and D, they were selected for chemical investigation and isolation of 

halogenated terpenes. This was achieved through HPLC analysis on normal phase. 

However, regular normal phase HPLC solvents such as hexane/ethyl acetate were too 

polar for the separation of terpenes of interest. After numerous trial HPLC methods using 

different solvent systems, we found that the ideal conditions for isolating the non-polar 

halogenated terpenes involved two semi-preparative normal phase silica columns in 

succession and using a long (120 min/run) and slow gradient with hexane as starting 

solvent A and 1-chlorobutane as solvent B.  
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3.3.1 Compound 3.1 

Fraction D which was obtained after the MPLC analysis was subjected to normal phase 

HPLC using the method that was described above and afforded eight fractions as shown 

in Scheme 3.2.  

 

Scheme 3.2. Isolation scheme of MPLC fraction D. 

The 1H NMR spectrum of sub-fraction D-1 (18.2 mg) indicated the presence of a 

halogenated terpene which was given the name SS1. The chemical shifts of SS1 were 

compared to reported compounds with the assistance of MarinLit database and as 

shown in Table 3.1 the isolated compound had identical chemical shifts to a previously 

reported halogenated terpene (3.1). Moreover, the values of the experimental value of 

optical rotation ([a]D
20= +35.6) was in accordance with the reported one ([a]D

20= +32.3), 
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which was one more way to confirm that the isolated halogenated monoterpene was 

identical to 3.1. One notable difference was observed between the reported structures 

at H-2 where the published multiplicity was a broad singlet; however, the obtained 1H 

NMR spectrum for SS1 showed a doublet for the same proton. This was due to the 

advanced NMR spectrometers we use today which have increased magnetic field (500 

MHz) and a cryoprobe compared to the simpler instruments with low magnetic field that 

were used back in the 70s. Compound 3.1 is a cyclic monoterpene bearing two chlorine 

and two bromine atoms and was isolated for the first time in 1977 by the Faulkner group 

from Plocamium cartilagineum collected from Isle of Wight, UK.31  

Table 3.1 Comparison of SS1 with 3.1 

 

a Recorded at 500 MHz in CDCl3, b Recorded in CDCl3 
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3.3.2 Compound 3.2 

The second compound that was isolated as a result of HPLC analysis of fraction D 

was sub-fraction D-2 (12.2 mg) which was labeled as SS2. The isolated compound was 

crystallised in hexane therefore the structure was elucidated via X-ray crystallography 

(Figure 3.7). 

 

Figure 3.7. The molecular structure of SS2 (3.2) as determined by SXRD 

Although this compound was not present in the crystal structural database32, a literature 

search revealed that SS2 was identical to a previously reported halogenated marine 

metabolite, 3.2 which was isolated from an Australian sample of Plocamium 

cartilagineum in 1977.33 The published 1H NMR chemical shifts of 3.2 were reported for 

benzene-d6 whereas CDCl3 was used for all NMR experiments for SS2. MarinLit database 

has proven to be an extremely useful tool in NMR data comparison since it predicted the 
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proton chemical shifts of 3.2 in deuterated chloroform (Table 3.2). Additionally, the 

optical rotation of the isolated compound was found to be [a]D
20 = -38.4 which was very 

close to the reported value, [a]D
20 = -35.7.  

Table 3.2 Comparison of SS2 with 3.2 

 
a Recorded at 500 MHz in CDCl3, b Recorded in benzene-d6 
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3.3.3 Compound 3.3 

An additional fraction, sub fraction D-6 was obtained after HPLC analysis and the 

1H NMR spectrum indicated the presence of a pure halogenated compound which was 

given the name SS3 (16.4 mg). The structure of the obtained compound was determined 

by means of X-ray crystallography after the compound was crystallised in hexane at 

room temperature (Figure 3.8). 

 

Figure 3.8. The molecular structure of SS3 (3.3) as determined by SXRD  

The isolated compound SS3 was not found in the crystallographic database however, it 

was identical to coccinene (3.3), a cyclic tetrahalogenated monoterpene which was 

isolated from a Spanish Plocamium coccineum sample.34 The structure was corrected a 

year later by the same research group by using 2D NMR and NOE difference 

spectroscopy which were innovative techniques back in 1985.35 Compound SS3 was 

found to have the same structure as 3.3 by comparing the NMR data and optical rotation 

of SS3 ([a]D
20 = -21) to those reported for 3.3 ([a]D

20 = -24). Moreover, the crystal data 

confirmed the corrected structure proposed by Sardina and co-workers35 and 

established the absolute configuration of the molecule.  
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3.3.4 Compound 3.4 

The MPLC fraction C was also purified through HPLC analysis using the same 

method with two semi-preparatory normal phase HPLC columns in succession. The 

following scheme, Scheme 3.3, shows all fractionation steps required for the isolation of 

additional halogenated monoterpenes from the Irish P. cartilagineum sample.  

 

Scheme 3.3. Isolation scheme of halogenated monoterpenes from MPLC fraction C. 
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Several rounds of HPLC yielded sub-fraction C-5-c-4 which was labeled as 

compound SS4 and its 1H NMR spectrum indicated the presence of a halogenated 

monoterpene. However, the NMR spectrum of SS4 was slightly different from the 

previously isolated compounds. The –CH2 proton peaks were missing but instead there 

were more protons peaks in the spectral area between 6.4 and 6.8 ppm as shown in 

Figure 3.9, which indicated the presence of vinyl protons bearing either a Cl or Br atom 

or non-halogenated olefins. Therefore, it was assumed that SS4 was a linear halogenated 

terpene.  

 

Figure 3.9. Comparison of 1H NMR spectra (500 MHz, CDCl3) of the cyclic halogenated 

monoterpene SS2 and the linear halogenated monoterpene SS4 
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Indeed, analysis and comparison of the 1H NMR data with reported chemical shifts and 

coupling constants led us to the assumption that SS4 (3.4) was identical to the known 

(1Z,3E,7E)-8,9-dibromo-(1Z,5R*,6R*,9)-tetrachloro-6-methyloctatriene (3.5). The 

polyhalogenated compound 3.5 was isolated from a Tasmanian P. cartilagineum sample 

as reported by Jongaramruong and Blackman.36-37 The relative stereochemistry of both 

chiral centres at C-5 and C-6 was assigned as R according to the empirical rules of 

Mynderse and Faulkner38 and Crews39 who proposed that there is a difference of 3 ppm 

of the 13C NMR methyl shift (C-10) between the (R, S) and (R, R) configuration. Indeed, 

the 13C NMR spectrum of the isolated compound 3.4 indicated that difference for C-10 

(Table 3.3). Moreover, the optical rotation value for 3.4 ([a]D
20 = -20) was different from 

the literature value reported for 3.5 ([a]D
20 = +49.1) which also suggested that the chiral 

centres of the two compounds had different configuration. Therefore, the relative 

stereochemistry of 3.4 was assigned as (5R, 6S) and it was concluded that 3.4 is a 

stereoisomer of the known metabolite 3.5. 
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Table 3.3 Comparison of SS4 with 3.4 

 

a Recorded at 500 MHz in CDCl3, b Recorded at 200 MHz in CDCl3 

 

3.3.5 Compound 3.6 

As shown in Scheme 3.3 after two rounds of HPLC, sub-fraction C-5-b (1 mg) was 

yielded and its 1H NMR spectrum was very similar to that of SS4/3.4. Consequently, it 

was assumed that sub-fraction C-5-b which was named SS5, was a linear 

polyhalogenated monoterpene. However, we were not able to match the chemical shifts 

of SS5 with any of the reported metabolites; therefore, SS5 (3.6) represents a new 

polyhalogenated acyclic monoterpene isolated from Irish P.cartilagineum. The major 
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difference between 3.4 and the new 3.6 was that the chemical shifts of the terminal vinyl 

bromine of 3.4 were shifted and that was the first indication of the presence of a 

different halogen attached to the terminal double bond. Due to the difference in 

electron density and radius of a chlorine versus a bromine atom, a terminal vinyl 

bromide will have different chemical shifts (δH ~ 6.6, δC ~ 110-115) compared to a 

terminal vinyl chloride (δH ~ 6.4, δC ~ 120-125).36-37 Indeed, these differences in the 

chemical shifts are demonstrated in Table 3.4 where we compare the 1H and 13C NMR 

data of 3.4 and 3.6. Moreover, GC/MS-QToF (NCI) analysis indicated the presence of five 

chlorine atoms and one bromine and 3.6 was found to have the molecular formula 

C10H10Cl5Br by HREMIS m/z 385.8229 [M]- (calculated for C10H10Cl5Br, 385. 8379). 

Table 3.4 Comparison of 3.4 with 3.6 

 

a Recorded at 500 MHz in CDCl3, b Recorded at 125 MHz in CDCl3 
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The structure of the new metabolite 3.6 was elucidated by means of 1D and 2D NMR 

spectroscopy. The singlet at δ 6.76 indicated a proton with no neighbouring hydrogens, 

therefore it was assigned as H-1 and it showed correlation in the HSQC spectrum with 

the carbon peak at δ 124.7 (C-1) which in turn had HMBC correlations with the proton 

peak at δ 6.39 (H-9). The singlets H-9 and H-1 showed correlations with the quaternary 

carbon at position 2 (δ 136.0). H-1 also correlated with the carbon peak at δ 124.5 (C-3) 

which was bearing the doublet at δ 6.64 (H-3) which in turn showed a COSY correlation 

with the doublet at δ 6.49 (H-4). The chemical shifts of those two doublets indicated the 

presence of a double bond, based on the coupling constant (J3,4=16.2 Hz), was assigned 

as trans. H-4 had a COSY correlation with the doublet at δ 4.58 (J=8.5 Hz) (H-5) which is 

indicative of a hydrogen on a halogenated carbon. Indeed, the chemical shift of the 

carbon at position 5, δ 69.2 confirmed the presence of a halogen at C-5 which matched 

with the chlorine at C-5 of compound 3.4. The halogenated H-5 exhibited correlations in 

the HMBC spectrum with the quaternary carbon at δ 70.4 (C-6) which was bearing a 

methyl group (H-10, δ 1.79 and C-10, δ 25.6) and a chlorine atom. The fragment of 3.6 

that is described up to this point, was almost identical to the one of 3.4. However, the 

proton and carbon chemical shifts of the C-10 methyl group (δ 1.79 and δ 25.6) 

suggested a (5R*,6S*) stereochemistry in accordance with the empirical rules of 
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Mynderse and Faulkner38 and Crews.39 H-5 had an HMBC correlation with a carbon peak 

at δ 135.0 that was correlated with the proton at δ 6.21 and it corresponded to position 

7 of the molecule. The H-7 doublet showed a COSY correlation with another doublet at 

δ 6.43 (H-8).  As shown in Table 3.4 the chemical shifts of both the proton and carbon 

peaks at positions 7 and 8 were shifted and indicated the presence of a terminal vinyl 

chloride instead of the vinyl bromide that compound 3.4 was bearing. The coupling 

constant of the second double bond (J7,8=13.3 Hz) led us to assign it as trans, same as in 

the reported halogenated monoterpene. The NOESY experiment established interaction 

between H-1 and H-9, H-3 and H-4, H-3 and H-5, H-7 and H-8, and H-8 and H-10.The 

chiral centre at C-9 was not possible to assign. Last but not least the optical rotation of 

3.6 was found to be [a]D
20 = +7.1. All correlations of the new algal metabolite 3.6 are 

shown in Table 3.5 and Figure 3.10 found below. 

Table 3.5 1H (500 MHz) and 13C (125 MHz) NMR Data in CDCl3 of 3.6 
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Figure 3.10. (a) Key HMBC ( ) and COSY ( ) correlations (b) NOESY correlations for 

compound 3.6 

3.3.6 Compound 3.7 

An additional compound was isolated after HPLC analysis of the MPLC fraction C 

of the algal extract. The 1H NMR spectrum of sub-fraction C-7-b (Scheme 3.3) indicated 

the presence of a polyhalogenated linear terpene, SS6 (1 mg). Thorough literature search 

and comparison of the chemical shifts of SS6 with those of already published metabolites 

led us to identify our isolated compound as the known polyhalogenated monoterpene 

3,7-dimethyl-1,8,8-tribromo-3,4,7-trichloro-1,5-octadiene (3.7) (Table 3.6). The known 

metabolite was isolated from the digestive glands of the sea hare Aplysia californica and 

it represents one of the first halogenated compounds that have been isolated from 

nature.24 Its structure was elucidated by means of X-ray crystallography by Faulkner et.al 

in the early 70s.23 Stallard and Faulkner were also able to isolate 3.7 from an algal sample 

of P. coccineum var. pacificura proving in this way that red algae constitute a large part 

of the sea hare’s diet.24  
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Table 3.6 Comparison of SS6 with 3.7 

 

a Recorded at 500 MHz in CDCl3, b Recorded in CDCl3 

 

 

Although compound 3.7 has been isolated since 1973 and its structure was elucidated 

via X-ray crystallography, only the 1H NMR chemical shifts have been reported in the 

literature. Herein, we report the structure elucidation of 3.7 based on 1D and 2D NMR 

spectroscopy for the first time. The singlet at δ 5.76 corresponds to H-1 since it is the 

only proton of the molecule that does not have neighbouring hydrogens, and it showed 

correlation in the HSQC spectrum with the carbon peak at δ 52.7 (C-1). H-1 had an HMBC 

correlation with the methyl carbon at δ 26.3 therefore it was established that that 
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carbon peak corresponds to position 9 of the molecule and the HSQC spectrum showed 

correlation with the singlet at δ 1.96 (H-9). Moreover, H-1 was correlated to the 

quaternary carbon at δ 71.41 (C-2) and to C-3 (δ 135. 9) which in turn showed an HSQC 

correlation with the olefinic proton peak at δ 6.12 (H-3). The COSY experiment showed 

a correlation between H-3 and H-4 (δ 6.08). The proton peaks at δ 6.43 and δ 6.56 were 

assigned to the second double bond of the molecule and on the basis of coupling 

constants (J3,4 15.2 and J7,8 13.6) both double bonds were assigned as trans. The proton 

at δ 6.56 was attached to the carbon peak at δ 110.3 which indicated that a bromine 

atom is attached, therefore it was assigned as position 8 of the halogenated terpene. 

Indeed, due to the difference in electron density and radius of a chlorine versus a 

bromine atom, a terminal vinyl bromide will have different chemical shifts (δH ~ 6.6, δC ~ 

110-115) compared to a terminal vinyl chloride (δH ~ 6.6, δC ~ 120-125). H-8 showed 

correlation in the HMBC spectrum with the quaternary carbon at δ 71.8 which was 

assigned as C-6 and had an HMBC correlation with the methyl group at δ 1.76, δ 25.6 (H-

10, C-10). The chemical shifts of the methyl group of SS6 were in accordance with the 

empirical rule of Mynderse and Faulkner,38 and Crews39 and agreed with the reported 

5S, 6R configuration of 3.7. The proton peak at δ 4.49 (H-5) was attached to the carbon 

δ 67.6 indicating the presence of a halogen attached to the same carbon which was 

assigned as C-5 (Table 3.7, Figure 3.11). NOESY correlations were observed in a similar 

manner as described by Jongaramruong et al.37 In specific, correlations were observed 

between H-3 and H-4, H-4 and H-10, H-3 and H-5, H-5 and H-10, and H-7 and H-8 (Figure 
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3.11). Unfortunately, due to no material left it was not possible to obtain the optical 

rotation of the isolated compound to compare it with the literature value of 3.7 ([a]D
20 = 

-50.2) 

Table 3.7 1H (500 MHz) and 13C (200 MHz) NMR data in CDCl3 of 3.7 

 

 

Figure 3.11. (a) Key HMBC ( ) and COSY ( ) correlations (b) NOESY correlations for 

compound 3.7 
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3.4 Biological screening 

Halogenated terpenes isolated from red algae have been shown to exhibit a wide 

a range of biological activities, such as antimalarial against Plasmodium falciparum, 

cytotoxic against several cancer cell lines, feeding deterrents and antibacterial.21, 40 

Therefore, we submitted the isolated compounds from the Irish P. cartilagineum sample 

to some of the available bioassays and assessed their biological activity.  

In particular, the first four extracted monoterpenes SS1-SS4 (3.1-3.4) were 

screened against a hyper virulent clinical strain of Clostridium difficile UK6, 41a bacterium 

that can cause symptoms ranging from diarrhea to life-threatening inflammation of the 

colon. The compounds were screened at different concentrations, ranging from 256 

μg/mL to 0.5 μg/mL. The Minimum Inhibitory Concentration (MIC) was determined for 

each compound and it was found that the isolated polyhalogenated monoterpenes do 

not show good inhibition to C. difficile. Compound 3.1 did not inhibit the pathogenic 

bacterium at all whereas 3.2 and 3.4 both had an MIC value of 64 μg/mL and 3.3 inhibited 

the growth of C. difficile at 128 μg/mL. Moreover, compounds 3.1-3.4 were screened 

against cervical (HeLa) and pancreatic (MiaPaCa-2) cancer cell lines. Interestingly, only 

the linear halogenated terpene 3.4 was active against the cancer cell lines. After treating 

HeLa cells with compound 3.4, only 30% of the cells survived, whereas the control 

compound, etoposide inhibited 85% of the cancer cells. The isolated compounds were 

also screened against a pancreatic cancer cell line, MiaPaCa-2, and a similar trend was 

found, with 3.4 being the cytotoxic compound.  
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Figure 3.12. Inhibition of halogenated monoterpenes against HeLa and MiaPaCa-2 cell 

lines. 

3.5 Summary and conclusions 

A large sample of Plocamium cartilagineum was collected in Co. Clare and was 

stored in the lab at -80°C. It was later extracted in organic solvents and chromatography 

techniques such as MPLC and HPLC were employed for the isolation of secondary 

metabolites. Interestingly, we used a rather unusual HPLC method which involved two 

semi-preparative normal phase columns in succession, and a long gradient of a non-polar 

solvent system consisting of hexane and 1-chlorobutane. Several rounds of HPLC 

afforded a suite of known and new polyhalogenated terpenes which were identified via 

GC/MS QToF spectrometry and the structures were elucidated either through 1D and 2D 

NMR spectroscopy for the new compounds and comparison of the NMR data to those 

already reported in the literature. In particular, the known cyclic halogenated terpenes 
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3.2 and 3.3 were also isolated from the Irish algal sample but herein we reported the X-

ray analysis of those two compounds for the first time. An additional cyclic terpene 

bearing two chlorine and two bromine atoms (3.1) was extracted from the same algal 

sample. Moreover the linear polyhalogenated terpene 3.4 was also isolated and based 

on 1H and 13C NMR data, it is believed that 3.4 is a new stereoisomer of the already 

reported 3.5 which was extracted from a Tasmanian Plocamium sp. collection. Herein 

we also report the structure elucidation of an additional linear terpene 3.7 which was 

isolated in the 70’s but no NMR data, except 1H NMR chemical shifts were reported since 

the authors obtained crystals. Last but not least a new linear monoterpene bearing one 

bromine and five chlorine atoms (3.6) was afforded and its structure was elucidated by 

means of NMR spectroscopy and mass spectrometry. Compounds 3.1-3.4 were assessed 

for cytotoxicity against cervical and pancreatic cell lines as well as antibacterial activity 

against C. difficile. Only compound 3.4 was exhibited cytotoxic properties against the 

cancer cell lines, however, none of the compounds showed inhibition of the pathogenic 

bacterium C. difficile.  

This is the first reported investigation of the chemistry produced by Irish 

Plocamium sp. and it goes without saying that the Irish algal species produces a plethora 

of polyhalogenated terpenes, both linear and cyclic. The NMR data of several remaining 

HPLC fractions indicated the presence of additional halogenated compounds, however, 

low masses made it difficult to proceed with further purification steps. 
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Chapter Four. Chemical investigation of an Irish 

deep-sea soft coral 

4.1 The deep-sea 

A global ten-year scientific project (The Census of Marine Life) aiming to explore 

the distribution and abundance of marine life in the oceans reported 250 000 known 

species and speculated that the total number is over one million excluding microbial 

species which are estimated to be hundreds of millions.1 Technological advancements 

since the end of the 20th century, such as remote operated vehicles (ROVs), image 

capturing and sampling technologies, have made it possible for scientists to reach and 

explore previously untapped marine environments. The deep-sea is a vast ecosystem, 

widely unexplored but from the little we know it is one of the most biodiverse and 

species-rich habitats not only in the marine but also in the terrestrial realm.2-3 

The deep-sea is an extreme environment since it is characterised by high 

pressures, low temperatures and limited light penetration. Pressure increases by 1 atm 

for every 10 m of depth and the deep-sea varies in depth from 100 m to 11 000 m; 

therefore pressure ranges between 10 atm and 1 100 atm.4 With the exception of 

hydrothermal vent communities where hot water is emitted into the cold waters, the 

deep-sea temperature remains roughly between -1 to +4°C (Figure 4.1).5  
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Figure 4.1. Variation of sea water temperatures with depth at low- and mid-latitudes.5-6 

The deep-sea begins below about 100 m, where sunlight becomes inadequate for 

photosynthesis. From there to about 1 000 m deep, sunlight continues to decrease until 

there is no light. The Challenger Deep at the Mariana Trench located in the Western 

Pacific Ocean is the deepest known point in Earth’s oceans and it reaches a depth of        

10 994 m. 

Deep-sea organisms have adapted and are able to survive in these extreme 

environmental conditions by adjusting their biochemical processes. From a chemical 

point of view macro-organisms and microbes found in deep- waters have been shown 

to produce chemically diverse secondary metabolites which exhibit a wide range of 

biological activities.3-5, 7 
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4.2 Secondary metabolites from soft corals 

The phylum Cnidaria consists of approximately 11 000 described species8 found 

worldwide and includes corals, sea anemones, jellyfish and hydroids. The name Cnidaria 

comes from the Greeek word “κνίδη” which means stinging nettle (Urtica dioica L.). The 

phylum is divided into five classes: Anthozoa (anemones, corals, and sea pens), 

Scyphozoa (jellyfish), Hydrozoa (hydroids), Cubozoa (box jellyfish) and Staurozoa 

(stalked jellyfish). Four out of five current cnidarian classes have been identified in the 

Cambrian fossil record, indicating that they existed 500 million years ago.9  

Cnidarians were already well known for their ability to produce toxins and 

venoms10 when researchers started isolating other smaller compounds too, the so called 

secondary metabolites.11 Interestingly, the phylum Cnidaria is the second largest source 

of marine natural products after sponges.12-14 The latest review by Blunt et al.15 reported 

143 new compounds isolated from cnidarians compared to 291 new secondary 

metabolites which derived from the phylum Porifera. Cnidarians found in tropical waters 

have been well investigated, however, cold-water5, 16 and deep-sea specimens3-4 have 

also been found to produce interesting chemistry. The class Anthozoa represents the 

most abundant class with over 6 500 species and the majority of the reported marine 

natural products have been isolated from the order Alcyonacea (soft corals).  

A few of the secondary metabolites isolated from deep-sea soft corals include 

the dollabelane diterpenoids17, a xenicade ditrpenoid18 and halogenated azulenes19 

(Figure 4.2).  
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Figure 4.2. Secondary metabolites isolated form deep-sea soft corals 

4.3 Primnoa sp.; an Irish deep-sea soft coral sample 

In our efforts to discover new and exciting chemistry from Irish marine 

organisms, a deep-sea coral sample was selected for chemical investigation. Specifically, 

during a deep-sea research expedition in June 2016 aboard the RV Celtic Explorer 

(CE16006) several coral samples were collected and some of them came back genetically 

identical and identified to the genus Primnoa. Although, further analysis needs to be 

carried out for the identification of the coral sample to species level, our expert team of 

taxonomists believe that it is Primnoa resaediformis but cannot be confirmed as of yet. 

The Primnoa sp. samples were combined to one individual sample named RMY209 

(Figure 4.3). They were collected by ROV Holland I during several events of the deep-sea 

cruise, at different depths and different locations all within Whittard Canyon (Table 4.1).  
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Figure 4.3. One of the collected Primnoa sp. samples, 1221 m. (©Marine Institute) 

Table 4.1 Primnoa sp. samples collected during the CE16006 research cruise 

 

* Each collected sample was given a unique biodiscovery number (BDV#) 

From a chemistry point of view corals of the genus Primnoa is relatively unknown 

according to MarinLit database20 which only references an inaccessible PhD thesis. 

However, thirteen secondary metabolites have been isolated from coral samples of the 

Primnoidae family. These include steroids and terpenoids such as cristaxenicin A18 

(Figure 4.2).  
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 4.4 Isolation and structure elucidation of a new ceramide 

The seven individual deep-sea Primnoa sp. samples (Table 4.1) were combined 

into sample RMY209 and after lyophilisation, 313 g of dry weight was yielded. Once 

freeze-dried, the coral was processed with a Soxhlet extractor with refluxing CH2Cl2. The 

crude extract was partitioned between hexane and aq. MeOH and the hexane partition 

was loaded onto silica gel and fractionated by normal-phase MPLC affording nine 

fractions as shown in Scheme 4.1. The MPLC fraction H (15.3 mg) was further purified by 

normal-phase HPLC equipped with UV and ELSD detection and yielded four fractions out 

of which the 1H NMR of fraction H-3 (1.7 mg) indicated the presence of what was 

originally thought to be a pure compound (4.1).  

 

Scheme 4.1. Purification scheme for the deep-sea coral sample RMY209. 



104 
 

Compound 4.1 was isolated as a white amorphous powder. The positive ion mode 

HRESIMS showed a pseudomolecular ion peak at m/z 558.4825 [Μ+Νa]+ which together 

with the pseudomolecular ion peak at m/z 570.4659 [M + Cl]− in the negative ion mode 

ESI-MS, enabled the determination of the molecular formula as C34H65NO3, with the help 

of NMR spectral data. In the 1H NMR spectrum of 4.1 an intense proton signal at δ 1.20 

- 1.30 in combination with two methyl signals at δ 0.86 (3H, d, J= 6.5) and δ 0.88 (3H, d, 

J= 6.8) indicated the presence of two long chain aliphatic moieties. A proton signal at 

6.24 (1H, d, J=7.4 Hz) and a carbonyl signal at 174.07 revealed the presence of a -CONH- 

group. The 1H, 13C and HSQC spectra suggested the presence of one primary [δC 62.6, δH 

3.95 (1H, dd, J= 3.7, 11.3), 3.70 (1H, dd, J= 3.3, 11.2)] and one secondary hydroxyl group          

[δC 74.9, δH 4.32 (1H, m)] along with two double bonds [δC 129.3, 133.7, 129.1, 131.5;  δH 

5.55 (1H, dd, J= 6.5, 15.5), 5.78 (1H, m), 5.36 (1H, m), 5.42 (1H,m)]. In the COSY spectrum 

the amide proton at δ 6.24 showed correlation with the proton at H-2 (δ 3.91) which in 

turn was coupled with the proton at δ 4.32 (H-3) which showed COSY correlation with 

H-4 (δ 5.55) of the double bond. The proton peak at δ 5.78 was assigned as H-5 due to 

the observed correlation with H-4 in the COSY spectrum. The proton at position 5 had a 

COSY correlation with the proton peak at δ 2.13 (H-6) which in turn correlated with H-7 

(δ 2.07). In addition, the COSY and HSQC spectra revealed the partial structure         

(OH)CH2–CH(NH)–CH(OH)–CH=CH–CH2–CH2–CH=CH–CH2–. The HMBC spectrum 

showed correlation between the amide proton at δ 6.24 and the carbonyl peak at δ 

174.07; therefore the carbonyl signal was assigned as position 1’. Moreover, the proton 

peak at δ 2.23 also showed HMBC correlation with the carbonyl peak and it was assigned 
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as H-2’ which correlated in the COSY spectrum with the proton peak at δ 1.64 (H-3’). The 

COSY, HSQC and HMBC spectra revealed the second partial structure of the molecule      

–NH–C=O–CH2–CH2–CH2–(Table 4.2). The lengths of the sphingoid long chain base (LCB) 

and the amide-linked long-chain fatty acid base (FAB) were determined to be composed 

of 19 and 15 carbons, respectively, based on the negative ion and positive ion ESI-MS 

fragment ions at m/z 112, 195, 197, 199 and 381 (Figure 4.4). 

Table 4.2. NMR data of 4.1 

Data collected in 500 MHz and 125 MHz, in CDCl3 
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Figure 4.4. Key COSY and HMBC correlations (A), together with ESI-MS fragments (B) of 

4.1. 

A literature search based on the molecular formula of 4.1 yielded 13 compounds 

with molecular masses that matched the criteria, however some were excluded based 

on their NMR data. Although the NMR data in combination with the HRMS spectra 

assisted in assigning the molecular formula of the ceramide, the final structure of the 

isolated compound was not finalised or confirmed. The HRMS data revealed the 

presence of a second ceramide with molecular formula C35H67NO3 as indicated by a 

pseudomolecular ion peak at m/z 572.4990 [Μ+Νa]+ in the positive ion mode ESI-MS and 

the pseudomolecular ion peak at m/z 584.4812 [M + Cl]− in the negative ion mode ESI-

MS. Therefore, it was concluded that 4.1 was a mixture of at least two compounds.  
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Moreover, due to time limitation and technical problems it was not possible to perform 

methanolysis on the compound. By treating the compound with MeOH in the presence 

of a strong acid, the amide bond breaks to yield the fatty acid methyl ester (FAME) and 

the corresponding long chain base (LCB) after neutralisation. The optical rotation of the 

obtained FAME and LCB are then compared to those of reported long chain aliphatic 

chains. This method can confirm the length of each aliphatic. Compound-mixture 4.1 

was also assessed for antimicrobial activity against the ESKAPE pathogens but it was 

inactive at 50 μg/mL.  

4.5 Marine ceramides 

Ceramides are a structurally heterogeneous and complex group of sphingolipids 

containing derivatives of sphingosine bases in amide linkage with a variety of fatty acids. 

They occur in high concentrations within the cell membrane and participate in a variety 

of cell functions such as proliferation/survival, autophagy, migration, inducing cell death, 

secretion and immunity.21 Over the years, a significant number of ceramides exhibiting 

a wide range of biological activities has been isolated from marine organisms. Marine 

ceramides with antimalarial, antifouling and anti-cholinesterase properties have been 

reported from the sponges Axinyssa djiferi22, Haliclona koremella23 and Mycale 

euplectellioides24 respectively. Moreover, marine bryozoans have been shown to be a 

prolific source of new cytotoxic ceramides.25-26 A summary of a few examples of marine 

ceramides and their biological activities is provided in the Table 4.3 below.  
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Table 4.3 Examples of marine ceramides and their biological activities 

Marine source Ceramide name Bioactivity Ref 

Sponge 

Axidjiferosides A, B, C Antimalarial 22 

C22 ceramide Antifouling 23 

MEC-1 anti-choline esterase 24 

Ceramide Mixture antiepileptic 27 

calyceramides A–C neuraminidase inhibition 28 

Bryozoan 

(2S,3R,4E,8E)-2-
(tetradecanoylamino)-4,8-
octadecadien-l,3-diol 

weak cytotoxicity 

25 
(2S,3R,2′R,4E,8E)-2-
(tetradecanoylamino)-4,8-
octadecadien-l,3,2′-triol 

weak cytotoxicity 

Neritinaceramides A–E selective cytotoxicity 26 

Ceramide-1 sulfates DNA topoisomerase I inhibition 29 

Coral 

N-[(2S,3R,E)-1,3-
dihydroxyhexacos-4-en-2-
yl]icosanamide 

anti-H5N1 virus 30 

ceramide anti-inflammatory 31 

2S,3R-4E,8E-2-
(hexadecanoylamino)-
docosa-4,8-diene-1,3-diol 

moderate cytotoxicity 32 
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4.6 Summary and conclusions 

Several samples of a deep-sea coral belonging to the genus Primnoa were 

collected from various depths during the 2016 research cruise in the Whittard Canyon, 

aboard the RV Celtic Explorer. The collected specimens were combined into one sample 

which was chemically investigated. In particular, the freeze-dried coral sample was 

extracted in a Soxhlet extractor with refluxing CH2Cl2. The crude extract was partitioned 

and further purified through MPLC and HPLC analysis yielding a mixture of at least two 

ceramides (4.1). NMR and HRESIMS data revealed the presence of the major ceramide 

with molecular formula C34H65NO3. Ceramides are commonly encountered in marine 

organisms and they consist of a sphingoid long chain base (LCB) and the amide-linked 

long-chain fatty acid base (FAB). Methanolysis is used to determine and confirm the 

length of each aliphatic chain, however in the case of 4.1 methanolysis was not possible 

to be performed. Therefore, the structure that we are proposing for 4.1 cannot be 

confirmed. Last but not least, 4.1 was screened against the ESKAPE but it showed no 

antibacterial activity.  
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Chapter Five. Building a library of Irish microbial 

endosymbionts 

5.1 Marine endosymbionts and their role in drug discovery 

As thoroughly mentioned in Part A and Chapter 2, microbes have played an 

important role in modern drug discovery. The abundance of marine microorganisms,   

106 microorganisms per milliliter of seawater and 108-109 per gram of sediment sample, 

has led natural product scientists to turn their research interest towards the potential of 

marine microbes as a source of bioactive secondary metabolites. Due to their great 

abundance marine microorganisms are greatly understudied. Moreover, only 0.1% of 

microbes are capable of growing in artificial environments1 i.e. culturing the organism in 

the laboratory; therefore a multidisciplinary approach which involves chemists, 

microbiologists, and biologists, is mandatory for unravelling their biopharmaceutical 

potentials.  

Originally, research in marine environments included microbial communities 

found in the water column or sediment samples. However, there have been cases where 

the compounds of interest originally isolated from marine macro-organisms have been 

found to originate from microbial symbionts living in association with the organism. 

Microbial endosymbionts are bacteria and fungi that live within an organism affecting 

both the ecology and evolution of their hosts. A well-known example of marine 

secondary metabolites isolated from endosymbionts are the bryostatins, such as 
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bryostatin 1 (5.1). They are potent protein kinase C inhibitors originally isolated from the 

bryozoan Bugula neritina but have been found to be produced by its bacterial symbiont, 

Endobugula sertula. Bryostatin 1 is currently undergoing Phase II clinical trials for 

Alzheimer’s disease.2  

 

Currently there are no reported secondary metabolites from Irish marine 

endosymbionts. However, several studies have been conducted on the microbiome of 

sponges collected in Irish waters for drug discovery. Bacterial isolates from sponges 

Suberites carnosus and Leucosolenia sp. collected in Lough Hyne, Co. Cork were screened 

against clinically relevant bacteria, and fungal test strains. Interestingly, Leucosolenia sp. 

seemed to host within its tissue novel bacterial strains and its microbiome exhibited 

antibacterial activity, whereas isolates from S. carnosus exhibited antifungal properties.3 

Moreover, a sample of Haliclona simulans collected in Gurraig Sound Kilkieran Bay, 

Galway was found to host a significant number of endospore-forming bacteria mainly 

belonging to the genus Bacillus.4  
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Interestingly, one of the Bacillus sp. isolates displayed resistance against erythromycin 

and tetracycline and it was found to possess a novel erythromycin-resistance plasmid.5-

6 Additionally, Pseudovibrio endosymbionts isolated from Irish marine sponges exhibited 

antimicrobial activity against several pathogens, such as Escherichia coli, MRSA, and 

Clostridium difficile.7 These studies on the antibacterial and antifungal activities of 

endosymbionts isolated from Irish marine sponges, show the great biopharmaceutical 

applications of marine organisms found in Irish waters. 

All the above, led us to investigate not only marine invertebrates and algae 

collected in Ireland, but also bacterial and fungal endosymbionts isolated from the 

tissues of the macro-organisms. Our ultimate goal was to build a library of microbial 

endosymbiont isolates which would be screened against several bioassays, assess their 

biological activities, investigate and isolate the metabolites responsible for the 

bioactivity. Moreover, we were interested in epigenetically modifying each microbial 

isolate by adding either an HDAC (sodium butyrate) or DNMT inhibitor (5-azacytidine) to 

the solid culture. Herein, we describe the process of collection, isolation and storage of 

microbial endosymbionts, the culturing techniques on normal and modified media as 

well as the extraction and preparation of crude extracts. 

5.2 Field collection  

The marine invertebrate and algae collection from which microbial 

endosymbionts were isolated, consists of sponges, tunicates, and soft corals that were 

collected from various bays in Co. Clare but mainly in Finavara and Coranroo bay. There 
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are also samples that were collected during a field trip in in the Cork harbour area and 

Co. Mayo. Marine organisms were collected either by SCUBA or hand collection during 

low tide season in the western part of the country. As shown in Figure 5.1 most of the 

collected samples were either sponges or red algae which were found in abundance in 

the western bays, such as Finavarra and Corranroo. The samples were kept in fresh 

seawater until further processed in the laboratory, where they were cleaned and 

voucher samples were prepared for taxonomical identification and isolation of marine 

endosymbionts.  

 

Figure 5.1. Total number of collected coastal, shallow-water marine invertebrates and 

algae  

5.3 Isolation and storage of microbial endosymbionts 

A small amount of each collected invertebrate and algal sample collected was 

kept in fresh seawater and transferred to the microbiology laboratory for the isolation 
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sterilisation was carried out by submerging the specimen in 100% isopropyl alcohol (IPA) 

followed by a rinse with sterile water in order to obtain only the microbes that live within 

the cell of the macro-organism. Sponges were sprayed with IPA because submerging 

them in alcohol would kill all endosymbionts due to their porous body. Once surface 

sterilisation was achieved, the sample was cut into 2x2 mm pieces and four of them were 

then placed onto the petri dish containing the solid medium.  

Cultivation efforts require a number of different solid media to ensure the growth 

of different microbes and maximise biodiversity. Seventeen media were used for the 

isolation of marine endosymbionts which included rich- and low- nutrient media 

prepared in seawater and/or d.H2O with the addition of sodium chloride. Potato 

Dextrose (PDA) medium is the most common for the isolation of fungi whereas 

Trypticase Soy Agar (TSA) is the most commonly used bacterium medium. Specialty 

media were also used such as Actinomycete Isolation Agar (AIA). Moreover, antifungal 

and antibacterial agents were added in some media in order to eliminate the growth of 

fungi on bacterial media and the growth of bacteria on fungal media respectively. 

Chloramphenicol (5.2) for example, was chosen because it has a very broad spectrum of 

activity against both Gram-positive and Gram-negative bacteria thus allowing fungi to 

develop without the presence of bacteria. Cycloheximide (5.3) and nystatin (5.4) were 

used as antifungal agents resulting in greater diversity of bacterial endosymbionts.  
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A table of all media used for the isolation of microbes from marine invertebrates and 

algae is shown below (Table 5.1).  
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Table 5.1 List of solid media used for the isolation of marine endosymbionts 

 

*agar: 18 g/L, NaCL: 27g/L, chloramphenicol, cycloheximide, nystatin, streptomycin, and 
penicillin: 50 mg/L. Where not mentioned, media were prepared according to 
manufacturer’s directions.  
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Microbial cultures were left to develop at ambient laboratory conditions and 

were monitored for growth daily. Any bacterial colonies that grew were isolated by 

selecting a single colony and transferring (streaking) it to a fresh petri dish containing 

Trypticase Soy Agar (TSA). In the case of fungi, growth was significantly slower than 

bacterial endosymbionts and when growth was observed a single strand of mycelium 

was aseptically cut and transferred to a new petri dish of PDA. The selection of fungal 

and bacterial colonies were based on variations in morphology, colour, and spores. All 

re-isolated strains were checked for growth and if impure each colony was re-transferred 

to fresh media until a pure colony was observed. Each microbial isolate was given a 

unique number indicating the code of the collection site, the macro-organism that was 

isolated from, the year, the medium and the number of isolate ( for example: 4, fourth 

microorganism isolated from that petri dish) 

All microbial isolates were stored in slant tubes with TSA and PDA for bacteria 

and fungi respectively and kept at room temperature. Microbial isolates can be stored 

in slant tubes for months up to couple of years provided no contamination occurs. For 

long term storage (up to 10-15 years) pure bacterial and fungal colonies were placed in 

1 mL cryotubes with 20% glycerol and stored at -80 °C.  
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5.4 Results and statistics  

After a year of numerous and successful field trips, we were able to collect a 

satisfactory amount of marine invertebrates and algae (Figure 5.1) from which a 

significant number of microbial endosymbionts was isolated. In total, 1 750 microbial 

strains were isolated from the collected marine macro-organisms out of which 73% were 

bacteria and the remaining 27% were fungi. Bacterial isolates were growing faster than 

fungi, usually within 2-3 days and it was also easier to identify any contaminants. Fungi 

on the other hand required 5-8 days to grow and in many cases it was not easy to observe 

whether the main colony was contaminated. In case of uncertainty, the petri plates 

discarded. It is worth noting that microbial colonies were selected and isolated based on 

the colour and the morphology of the colony; therefore there is no doubt that out of 1 

750 isolates there are colonies belonging to the same genus and species since no 

identification by means of DNA extraction and PCR analysis was carried out. The aim of 

this project was to build a microbial library from Irish marine organisms that would be 

used in high-throughput biological screening. Thus, identifying each microbial isolate 

was not set as a priority at that step of the project’s process. However, we were able to 

isolate a wide variety of different looking fungi (Figure 5.2) which suggested that the 

selection of the media and our isolation techniques were successful.  
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Figure 5.2. Various examples of isolated fungal endosymbionts (photo: R. Young)  

As expected, the majority of the obtained endosymbionts were isolated from 

sponges, tunicates and red algae due to the larger number of collected samples 

compared to bryozoans, and brown and green algae, but also because marine sponges 

and tunicates are known to host a variety of microbes within their tissue (Figure 5.3). 

 

Figure 5.3. Number of microbial isolates per organism  
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A large number of different solid media (Table 5.1) was used to maximise 

biodiversity and ensure the isolation of as many microbial strains as possible. The 

following figure (Figure 5.4) is clearly showing that media A, E, F, G, and H were used for 

the isolation of bacterial strains whereas media K, L, N, and Q favoured the growth of 

fungi. 

 

Figure 5.4. Number of microbial isolates on different media 

5.5 Small scale culture and preparation of crude extracts 
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endosymbionts by following the protocol used for the Floridian fungal endophytes, as 

mentioned in Chapter 2. Fungal isolates were transferred from the glycerol stock onto 

fresh solid medium but the culturing and extraction process differed from the one 

described for bacteria. In Chapter 2, section 2.5, the small scale culture on rice media in 

three different treatments (control, HDAC and DNMT) is thoroughly described.  Briefly, 

a plug of PDA supporting the mycelium was suspended in 1.25 mL of Potato Dextrose 

broth (PDB) and then added to a 20 mL scintillation vial with 2.5 g of rice (control 

treatment). For the HDAC and DNMT treatments, the fungal plug was suspended in 100 

μM solution of HDAC and DNMT respectively in TSB and was then added to 2.5 g of rice. 

Each culture was prepared in three treatments, left to grow at ambient laboratory 

conditions for 21 days and extracted overnight with 10 mL of EtOAc. Once the organic 

solvent was removed, the crude extracts were prepared in DMSO, placed in 96-well 

plates and sent for biological screening.  

5.6 Bioassay data  

Fungal colonies were cultured in three different treatments -control, HDAC, and 

DNMT- followed by extraction with EtOAc. The organic extract of each treatment was 

screened against the ESKAPE pathogens.  Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter species (ESKAPE) are responsible for the majority of nosocomial infections 

and so far they have been able to “escape” treatment by existing drugs.8-9 Therefore, the 

need of discovering new antibiotics capable to combat drug-resistant pathogens is more 

urgent and crucial than ever. Moreover, the bioassay against the ESKAPE pathogens as 
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designed by our collaborator Dr. Shaw and his research group, is in accordance with the 

main features that a high-throughput screening project should have which are fast and 

reliable results.   

More 400 fungal isolates were re-grown and cultured in small scale on ride 

medium in the control, HDAC and DNMT treatment, i.e. more than 1 200 extracts were 

assessed for their antimicrobial activity. In specific, 10.8% of the screened extracts came 

back active against the ESKAPE pathogens. The majority of the active extracts exhibited 

selective activity against Acinetobacter baumannii (36.9%) and Enterococcus faecium 

(35%). Almost 10% of the active extracts showed antimicrobial activity against more than 

one of the ESKAPE pathogens whereas no extract found to inhibit the growth of 

Enterobacter species and only one extract came back active against Klebsiella 

pneumoniae (Figure 5.5).  

 

Figure 5.5. Percentage of active extracts against the ESKAPE pathogens 
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The aim of this high-throughput screening project was not only to assess the 

biological activity of each individual extract, but to also monitor the effect of the HDAC 

and DNMT inhibitors when added to the fungal culture. One hundred and sixteen fungi 

that were cultured in all three treatments (116 x 3=348 extracts) and were assessed for 

antimicrobial properties, came back active in either all three, or just one or a 

combination of two treatments. Interestingly, only 14 fungal cultures were found to be 

active against the ESKAPE in all three treatments. For the majority of them, only one 

treatment (control, HDAC or DNMT) was found active indicating that when the fungal 

culture was epigenetically modified it was either increasing or completely losing its 

antimicrobial activity (Figure 5.6).  

 

Figure 5.6. Pie chart showing the treatment-activity relationship 
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the active extracts might afford secondary metabolites with promising activity against 

the ESKAPE pathogens. 

5.7 Summary and conclusions   

Herein we described the assembly of a microbial library consisting of endophytic 

fungi and bacteria that have been isolated from Irish marine algae and invertebrates. 

Several publications on Irish marine sponges have demonstrated the ability of these 

organisms to host a large number of microbes within their tissues that can exhibit 

potential biopharmaceutical applications due to the biological activities they exhibit. 

Therefore, during our field trips we collected sponges, tunicates, red, green and brown 

algae, as well as mollusks, bryozoans and soft corals from shallow waters or intertidal 

zones, which were all processed in the microbiology laboratory and we were able to 

isolate an outstanding number of microbial endosymbionts. We were able to isolate 

almost 2 000 bacterial and fungal strains on different solid media and all isolates were 

stored and archived. Our next step was to assess the biological potential of our isolates, 

therefore small–scale culture was carried out both for the fungi and the bacteria which 

were then extracted in organic solvents. However, we were not able to obtain sufficient 

amounts of bacterial crude extracts for biological screening, probably due to the small 

volume of liquid culture that we were using. Thus, we focused our efforts and studies on 

endophytic fungi and their epigenetic modification by adding HDAC and DNMT inhibitors 

in the small-scale cultures. Each fungal isolate was cultured on rice media under three 

different treatments: 1) control, 2) HDAC and 3) DNMT treatment. More than 1 200 

fungal extracts were prepared and screened against the ESKAPE pathogens.  
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Interestingly, 10.8% of the screened extracts were found active against the bacterial 

pathogens. The majority of the active extracts exhibited selective activity against 

Acinetobacter baumannii (36.9%) and Enterococcus faecium (35%) whereas no extract 

was found to inhibit the growth of Enterobacter species. Fourteen fungal cultures 

showed activity against the ESKAPE pathogens in all three treatments. It was also 

observed, that the same amount of cultures had only one of the treatments active and 

there were also cases where a combination of two out of three treatments exhibited 

antibacterial activity. These results indicated that epigenetic modification of the fungal 

cultures was, in most cases, affecting the biological activity of the crude extracts. There 

is always room for improvement in the culturing techniques but the screening of our 

microbial library suggests that there are great opportunities for the isolation of bioactive 

secondary metabolites from Irish microbial endosymbionts. 
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Chapter Six. Experimental 

6.1 General procedures and techniques 

MPLC was carried out on a Teledyne Isco Combiflash Companion using normal and 

reverse phase silica gel and C18 cartridges respectively, purchased from Teledyne Isco. 

HPLC was performed on a Shimadzu LC-20A multi-solvent delivery system connected to 

a Shimadzu SPD-M20A PDA detector and a Shimadzu ESLD-LTII using either a semi-

preparative Phenomenex Luna 5μ Silica (2) column (250 x 10 mm) and a Phenomenex 

analytical Luna 5μ Silica (2) column (250 x 4.6 mm) for normal phase chromatography or 

a semi-preparative Phenomenex Luna 5μ C18 (2) column (250 x 10 mm) and a 

Phenomenex analytical Luna 5μ C18 (2) column (250 x 4.6 mm) for reverse phase 

chromatography. Thin Layer Chromatography (TLC) was carried out using Merck 

Aluminum plates coated with fluorescent indicator F254. TLC plates were visualised with 

5% phosphomolybdic acid in ethanol (EtOH) with heating and visualisation under UV 

(254 nm and 366 nm). High resolution mass spectra were recorded on an Agilent 6230 

LC/MS-ToF electrospray ionisation spectrometer and on an Agilent 7890A GC/MS-QToF 

chemical ionisation spectrometer using a Phenomenex Kinetex 2.6μ C18 column (50 x 

2.1 mm) and a Phenomenex ZB-5HT inferno column (L=30 m, ID=0.25 mm, FT= 0.25 μm) 

respectively. Optical rotations were measured on Rudolph Research Analytical AUTOPOL 

IV digital polarimeter using Na lamp corrected to 20°C. Infrared and ultraviolet spectra 

were obtained with an Agilent Cary 630 FTIR spectrometer and an Agilent Cary 60 UV 

spectrometer, respectively. 1H and 13C NMR spectra were recorded on a Varian 500 MHz, 
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600 MHz or 800 MHz instrument using standard pulse sequences as well as residual 

protonated solvent as 1H internal standard of 13C absorption lines of solvents for 13C 

internal standards. All shifts were measured in ppm and coupling constants in Hz. NMR 

solvents were purchased from Cambridge Isotope Laboratories, InC. whereas solvents 

for extraction, HPLC, MPLC, LC/MS and GC/MS analysis were purchased from Sigma-

Aldrich. 

6.2 Experimental supporting Chapter 2 

Bacterial strains and growth conditions 

The ESKAPE pathogens were obtained from Moffit Cancer Center and Tampa General 

Hospital, Tampa, FL, USA.  The bacteria cultures were left to grow overnight and in 

Lysogeny Broth (LB) or Tryptic Soy Broth (TSB) at 37 °C, and when necessary, agar was 

added to a final concentration of 1.5% (w/v) for growth plates and 0.7% (w/v) for overlay 

media. Minimal inhibitory concentration assays were performed using cation adjusted 

Mueller Hinton Broth (CA MHB). 

Microtiter MIC determination assay 

The minimum inhibitory concentration (MIC) was determined according to the following 

protocol. Overnight strain cultures were grown as described above followed by 1 in 1000 

dilution in fresh media. A tiered MIC approach was used during which the initial 

screening started at 200 μg/mL and the active samples were ten tested at 100 μg/mL. 

Each active extract/fraction was then screened at 50 μg/mL, 25 μg/mL, 10 μg/mL and 5 

μg/mL.  
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Fungal identification  

DNA extraction: The fungal colony was grown in 6 mL of TSB for 3-7 days at 28 °C until 

adequate growth was observed for DNA extraction following manufacturer instructions 

(DNeasy Blood & tissue kit, Qiagen). 

PCR Amplification: The 18S rRNA gene was amplified by using TTA GCA TGG AAT AAT 

RRA ATA GGA as forward primer and TCT GGA CCT GGT GAG TTT CCas reverse primer. 

The products were purified using the using QIAquick PCR purification Kit (Qiagen) 

following the manufacturer instructions. The resulting sequences were compared to 

sequences obtained from NCBI Nucleotide BLAST for sequence similarity.  

Circular dichroism analysis 

For this experiment AVIV model 215 Circular Dichroism Spectrometer with a light source: 

150 watt suprasil Xenon lamp controlled by high stability, constant current, DC power 

supply was used. Moreover, the following parameters were used. 

Bandwidth        :  1.00 nm 

Temp. Set point   : 25.00 °C 

Wavelength Start: 300.00 nm 

Wavelength End   : 200.00 nm 

Wavelength Step:  1.00 nm 

Averaging Time   : 1.000 seconds 

Settling Time    : 0.333 seconds 

Multi-Scan Wait:  1.00 seconds 
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The samples were prepared in MeOH at a concentration of 0.5 mg/mL and were ran in 

triplicate using the 1 cm cuvette. The data were analysed using the AVIV Software v.3.45 

Compound data  

Talaroflavone (2.15): pale yellow powder; NMR data comparison verified known 

structure, 1H and 13C NMR data please refer to Table 2.1; HRESIMS m/z 299.0519 

[M+Na]+ (calculated for C14H12O6Na, 299.0532).  

SFS1-a (2.16): pale yellow powder; [a]20
D = -30 (c 1.0 MeOH); IR (thin film) 1748, 1617, 

1204, 1162, 1152, 1004 cm-1; 1H NMR data refer to Table 2.2, 13C NMR (CD3OD, 125 MHz) 

δ 202.2 (C, C-4’), 172.1 (C, C-2’), 170.1 (C, C-1), 168.4 (C, C-5), 150.5 (C, C-3a), 130.9 (CH, 

C-3’), 106.7 (C, C-7a), 104.2 (CH, C-4), 99.3 (CH, C-6), 93.7 (C, C-1’/3), 79.8 (CH, C-5’), 

56.2(-OCH3), 13.8 (CH3); HRESIMS m/z 299.0519 [M+Na]+ (calculated for C14H12O6Na, 

299.0532).  

SFS1-b (2.17): pale yellow powder; [a]20
D = +120 (c 1.0  MeOH); IR (thin film) 1748, 1617, 

1204, 1162, 1152, 1004 cm-1; 1H NMR data refer to Table 2.2, 13C NMR (CD3OD, 125 MHz) 

δ 202.1 (C, C-4’), 171.6 (C, C-2’), 170.4 (C, C-1), 168.4 (C, C-5),  161.2 (C, C-7),  150.8 (C, 

C-3a), 131.3 (CH, C-3’), 106.5 (C, C-7a), 103.7 (CH, C-4), 100.5 (CH, C-6), 94.1 (C, C-1’/3), 

79.8 (CH, C-5’), 56.4 (-OCH3), 13.5 (CH3); HRESIMS m/z 299.0519 [M+Na]+ (calculated for 

C14H12O6Na, 299.0532).  
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SFS2 (2.18): pale yellow powder; [a]20
D = -80 (c 0.5 MeOH); IR(thin film) 2920, 1752, 1617, 

1206, 1172, 1152, 1004 cm-1; 1H and 13C NMR data refer to Table 2.3; HRESIMS m/z 

345.0587 [M+Na]+ (calculated for C15H14O8Na, 345.0586).  

Altenuene (2.20): dark yellow oil; 1H and 13C NMR data refer to Table 2.4; HRESIMS m/z 

293.1023 [M+H]+ (calculated for C15H17O6, 293.1025).  

6.3 Experimental supporting Chapter 3 

Clostridium difficile bioassay protocol 

Overnight culture of a hyper virulent clinical strain C. difficile UK6 was transformed into 

fresh BHIS medium at a volume ratio of 1:1000. After pre-incubation at 37 °C under an 

anaerobic atmosphere for 2 h, the bacterial culture was divided into a sterile 96-well 

plate and each well contained 100 μL bacterial culture. Then 100 μL fresh BHIS medium 

containing different concentrations (512 μg/ml, 256 μg/ml, 128 μg/ml, 64 μg/ml, 32 

μg/ml, 16 μg/ml, 8 μg/ml, 4 μg/ml, 2 μg/ml, and 1 μg/ml) of compounds was added into 

each well and mixed thoroughly. The plate was incubated at 37 °C in an anaerobic 

chamber for 48 h. Control groups including wells containing fresh medium only and 

bacterial culture only were also included. The final results were shown as +/- (clear or 

turbid (OD600) culture). 

Cancer cell lines bioassay protocol 

Cells were seeded into 96 well plates (~20 cells per well) and treated with the indicated 

compound, the cells were allowed to grow for 10~14 days. The cells were fixed with a 

10% methanol, 10% acetic acid solution for 15 minutes at room temperature, followed 
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by staining with crystal violet. Dried colonies were dissolved and resuspended with 

Sorensen buffer (0.1M sodium citrate, 50% ethanol), then the colorimetric intensity of 

each solution was quantified using Gen5 software on a Synergy 2 (BioTek, Winooksi, VT) 

plate reader (OD at 595 nm). The experiment was carried out in triplicate.  

Compound data 

3.1: colourless oil, [a]20
D = +35.6 (c 1.0 CHCl3)1H NMR data refer to Table 3.1, 13C NMR 

(CDCl3, 125 MHz) 138.2 (CH, C-9), 116. 9 (CH, C-10), 70.1 (C, C-5), 60.5 (CH, C-4), 56.1 

(CH, C-2), 47.9 (CH2, C-6), 41.4 (C, C-1), 39.3 (CH2, C-3), 33.4 (CH3, C-7), 30.4 (CH3, C-8).; 

HRESIMS m/z 363.8829 [M]- (calculated for C10H14Br2Cl2, 363.8819).  

3.2: white needles, [a]20
D = -38.4 (c 1.0 CHCl3) 1H NMR data refer to Table 3.2, 13C NMR 

(CDCl3, 125 MHz) 131.3 (CH, C-9), 121.1 (CH, C-10), 71.2 (C, C-5), 67.5 (C, C-1), 58.0 (CH, 

C-4), 57.2 (CH2, C-6), 53.7 (CH, C-2), 36.4 (CH2, C-3), 33.7 (CH3, C-8), 28.1 (CH3, C-7); 

HRESIMS m/z 363.8838 [M]- (calculated for C10H14Br2Cl2, 363.8819).  

3.3: white needles, [a]20
D = -21 (c 1.0 CHCl3)1H NMR (CDCl3, 500 MHz) 6.18 (m, 2H, H-

9/10), 4.14 (dd, J=4.1, 14.0, 1H, H-4), 3.83 (dd, J=4.0, 12.9, 1H, H-2), 2.65 (dt, J=4.1, 14.0, 

1H, H-3), 2.57 (dd, J=6.2, 13.6, 1H, H-6), 2.37 (m, 1H, H-3), 2.20 (d, J=14.4, 1H, H-6), 1.67 

(s, 3H, H-10), 1.26 s, 3H, H-9), 13C NMR (CDCl3, 125 MHz) 135.5 (CH, C-7), 120.7 (CH, C-

8), 70.8 (C, C-5), 67.0 (CH, C-4), 56.8 (CH, C-2), 55.4 (CH, C-6), 43.5 (CH2, C-1), 41.2 (CH2, 

C-3), 30.15 (CH3, C-9), 26.8 (CH3, C-10) ); HRESIMS m/z 317.9358 [M]- (calculated for 

C10H14Br2Cl2, 317. 8879) 
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3.4: colourless oil; [a]20
D = -20 (c 2.0 CHCl3); 1H and 13C NMR data refer to Table 3.3; 

HRESIMS m/z calculated for C10H10Br2Cl4, 431.7853.  

3.6: colourless oil; [a]20
D = +7 (c 1.0 CHCl3) 1H and 13C NMR data refer to Table 3.5; 

HRESIMS m/z 385.8229 (calculated for C10H10BrCl5, 385.8379). 

3.7: colourless oil; 1H NMR data refer to Table 3.7, 13C NMR (CDCl3, 125 MHz) 138.8 (CH, 

C-7), 135.9 (CH, C-3), 129.1 (CH, C-4), 110.3 (CH, C-8), 71.8 (C, C-6), 71.4 (C, C-), 67.6 (CH, 

C-5), 52.8 (CH, C-1), 26.3 (CH3, C-9), 25.6 (CH3, C-10),; HRESIMS m/z 475.7482 (calculated 

for C10H12Br3Cl3, 475.7534) 

X-ray Crystallography 

The X-ray diffraction data were measured on Bruker D8 Venture PHOTON 100 CMOS 

system equipped with Cu Ka ICOATEC ImuS micro-focus source (λ= 1.54178 Å). Indexing 

was performed using Apex3. Data integration and reduction were performed using 

SaintPlus 6.01. Absorption correction was performed by multi-scan method 

implemented in SADABS. Space groups were determined using XPREP implemented in 

APEX3. Structures were solved using SHELXT and refined using SHELXL-2014 (full-matrix 

least-squares on F 2) through OLEX2 interface program. All non-hydrogen atoms were 

refined anisotropically. All hydrogen atoms were placed in geometrically calculated 

positions and were included in the refinement process using riding model with isotropic 

thermal parameters. Crystal data and refinement conditions are shown in Tables 1 and 

2. SS_FNVIS_1_8_D_2_runb (3.2): The contribution of heavily disordered solvent 
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molecules (hexane) in structural voids was treated as diffuse using Squeeze procedure 

implemented in Platon program. 

Table 6.1 Crystal data and structure refinement for SS_FNVIS_1_8_D_2_runb (3.2). 

Identification code SS_FNVIS_1_8_D_2_runb 

Empirical formula C10H14Br2Cl2 

Formula weight 364.93 

Temperature/K 100 

Crystal system hexagonal 

Space group P65 

a/Å 18.2763(5) 

b/Å 18.2763(5) 

c/Å 7.3238(3) 

α/° 90 

β/° 90 

γ/° 120 

Volume/Å3 2118.57(14) 

Z 6 

ρcalcg/cm3 1.716 

μ/mm-1 10.475 

F(000) 1068.0 

Crystal size/mm3 0.041 × 0.03 × 0.005 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.584 to 154.95 

Index ranges -21 ≤ h ≤ 23, -22 ≤ k ≤ 22, -9 ≤ l ≤ 9 

Reflections collected 21384 

Independent reflections 2963 [Rint = 0.0982, Rsigma = 0.0491] 

Data/restraints/parameters 2963/1/129 

Goodness-of-fit on F2 1.051 

Final R indexes [I>=2σ (I)] R1 = 0.0349, wR2 = 0.0706 

Final R indexes [all data] R1 = 0.0434, wR2 = 0.0741 

Largest diff. peak/hole / e Å-3 0.44/-0.67 

Flack parameter 0.06(3) 
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Table 6.2 Crystal data and structure refinement for SS_FNVIS_1_8_D6 (3.3). 

Identification code SS_FNVIS_1_8_D6 

Empirical formula C10H14BrCl3 

Formula weight 320.47 

Temperature/K 99.97 

Crystal system orthorhombic 

Space group P212121 

a/Å 6.2895(3) 

b/Å 12.8588(5) 

c/Å 15.7484(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1273.66(9) 

Z 4 

ρcalcg/cm3 1.671 

μ/mm-1 9.870 

F(000) 640.0 

Crystal size/mm3 0.213 × 0.06 × 0.059 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.878 to 154.806 

Index ranges -6 ≤ h ≤ 7, -16 ≤ k ≤ 16, -19 ≤ l ≤ 19 

Reflections collected 18949 

Independent reflections 2675 [Rint = 0.0688, Rsigma = 0.0348] 

Data/restraints/parameters 2675/0/129 

Goodness-of-fit on F2 1.073 

Final R indexes [I>=2σ (I)] R1 = 0.0241, wR2 = 0.0509 

Final R indexes [all data] R1 = 0.0264, wR2 = 0.0519 

Largest diff. peak/hole / e Å-3 0.36/-0.26 

Flack parameter 0.047(14) 
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6.4 Experimental supporting Chapter 4 

Bacterial strains and growth conditions 

The ESKAPE pathogens were obtained from Moffit Cancer Center and Tampa General 

Hospital, Tampa, FL, USA.  The bacteria cultures were left to grow overnight and in 

Lysogeny Broth (LB) or Tryptic Soy Broth (TSB) at 37 °C, and when necessary, agar was 

added to a final concentration of 1.5% (w/v) for growth plates and 0.7% (w/v) for overlay 

media. Minimal inhibitory concentration assays were performed using cation adjusted 

Mueller Hinton Broth (CA MHB). 

Microtiter MIC determination assay 

The minimum inhibitory concentration (MIC) was determined according to the following 

protocol. Overnight strain cultures were grown as described above followed by 1 in 1000 

dilution in fresh media. A tiered MIC approach was used during which the initial 

screening started at 50 μg/mL. 

Compound data  

4.1: white amorphous powder, [a]20
D = -12 (c 1.0 CHCl3); IR(thin film) 3300, 2920, 2850, 

1610, cm-1 1H and 13C NMR data refer to Table 4.1. HRESIMS m/z 558.4825 [M+Na]+, 

536.5022 [M+H]+ , 570.4659 [M+Cl]-(calculated for C34H65NO3, 535.4964).  
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Appendix A. NMR data supporting Chapter 2 

 

 

Figure A.1. 1H and 13C NMR spectra of SFS1, talaroflavone (2.15), 800 MHz and 200 MHz, 
CDCl3 
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Figure A.2. HSQC (top) and HMBC (bottom) NMR specta of SFS1, talaroflavone (2.15), 
800 MHz, CDCl3 
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Figure A.3. 1H and 13C NMR spectra of SFS1, talaroflavone (2.15), 500 MHz and 125 MHz, 
CD3OD 
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Figure A.4. 1H and 13C NMR spectra of SFS1-a (2.16), 500 MHz and 125 MHz, CD3OD 
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Figure A.5. 1H and 13C NMR spectra of SFS1-b (2.17), 500 MHz and 125 MHz, CD3OD 
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Figure A.6. 1H and 13C NMR spectra of SFS2 (2.18), 500 MHz and 125 MHz, CD3OD 
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Figure A.7. COSY (top), HSQC (middle) and HMBC (bottom) NMR spectra of SFS2 (2.18), 
500 MHz, CD3OD 
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Figure A.8. 1H and 13C NMR spectra of SFS3, altenuene (2.20), 400 MHz and 100 MHz, 
DMSO-d6 
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Appendix B. NMR data supporting Chapter 3 

 

 

Figure B.1. 1H and 13C NMR spectra of SS1 (3.1), 500 MHz and 125 MHz, CDCl3 
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Figure B.2. 1H and 13C NMR spectra of SS2 (3.2), 500 MHz and 125 MHz, CDCl3 



153 
 

 

 

Figure B.3. 1H and 13C NMR spectra of SS3 (3.3), 500 MHz and 125 MHz, CDCl3 
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Figure B.4. 1H and 13C NMR spectra of SS4 (3.5), 500 MHz and 125 MHz, CDCl3 
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Figure B.5. 1H and 13C NMR spectra of SS5 (3.6), 500 MHz and 125 MHz, CDCl3 
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Figure B.6. COSY (top) and HSQC (bottom) NMR spectra of SS5 (3.6), 500 MHz and 800 
MHz respectively, CDCl3 
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Figure B.7. HMBC (top) and NOESY (bottom) NMR spectra of SS5 (3.6), 500 MHz and, 
CDCl3 
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Figure B.8. 1H and 13C NMR spectra of SS6 (3.7), 500 MHz and 200 MHz respectively, 
CDCl3 
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Figure B.9. COSY (top) and HSQC (bottom) NMR spectra of SS6 (3.7), 500 MHz and 800 
MHz respectively, CDCl3 
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Figure B.10. HMBC (top) and NOESY (bottom) NMR spectra of SS6 (3.7), 500 MHz and, 
CDCl3 
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Appendix C. NMR data supporting Chapter 4 

 

 

Figure C.1. 1H and 13C NMR spectra of 4.1, 400 MHz and 100 MHz, CDCl3 
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Figure C.2. COSY (top) and HSQC (bottom) NMR spectra of 4.1, 400 MHz, CDCl3 
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Figure C.3. HMBC NMR spectrum of 4.1, 400 MHz, CDCl3 

 

 

 

 

 

 

 

 

 


