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Abstract 

 

Cyanobacteria are often considered proliferative in relation with the global change 

affecting oceans worldwide and especially in the coral reefs of the Pacific Ocean. The 

bloom of the cyanobacteria in the Pacific Ocean are leading to health issues and economic 

concerns to local communities in French Polynesia and New Caledonia. Only few 

scientific data have been reported on the chemical investigations of these blooms forming 

cyanobacterial species from this area. Therefore, this research work focused on the 

chemical diversity of the bloom forming species of cyanobacteria from French Polynesia 

and New Caledonia. The main objective of this thesis was to describe the chemical 

diversity of the three cyanobacterial species: Pseudanabaena sp, Leibleinia gracilis and 

Lyngbya majuscula, variability in the metabolome of cyanobacterium L. gracilis and 

assess the biological activities of isolated metabolites. Furthermore, cyanobacteria are 

known to produce a range of secondary metabolites with structural diversity. The 

ecological role of these metabolites is still largely unknown but their bioactivity are often 

of interest for different applications especially in the therapeutical field of research.  

 

An allenic fatty acid, puna’auic acid was isolated from a marine cyanobacterium 

Pseudanabaena sp. collected from the shallow lagoon of Tahiti and Moorea, French 

Polynesia. The stereochemistry of puna’auic acid assessed through molecular modelling 

of NMR and ECD spectra and confirmed through total synthesis.  

 

The second part of my work was dedicated to study the variability in metabolome of 

cyanobacterium L. gracilis through LC-MS based non-targeted metabolomics and 

molecular networking analysis built through MS/MS analysis. L. gracilic were found 

overgrowing the proliferative microalga Turbinaria ornata or dead corals in the lagoon 

of Tahiti, French Polynesia. Replicates of L. gracili were collected in the same location 

before and after rainy event, both on dead corals and on T. ornata.  Significant variation 

in the metabolome were observed with impact of change in environmental factors. 

Erucamide was found as a main chemical marker, which is highly present when 

cyanobacterium grows on the macroalga. Further chemical investigation of L. gracilic led 



viii 

 

to identification of oxidized fatty acid derivative 11-oxopalmitelaidic acid as a major 

metabolite.   

 

The project CYCLADES was supported by the Pacific Fund to give some insights into 

recent events of dermatitis associated with cyanobacterium L. majuscula blooms in the 

Drehu island of New Caledonia. Therefore, the last study of my thesis was focused on 

chemical investigation of L. majuscula. Five new compounds and two known compounds 

were identified including two cyclic peptides, two modified linear peptides, one alkaloid 

and two fatty acid derivatives from L. majuscula.  

 

In total, three marine cyanobacterial species were chemically investigated and led to the 

identification of ten secondary metabolites from which eight are new natural products. 
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1 General introduction 

1.1 Cyanobacteria 

Cyanobacteria are a diverse group of organisms, also referred to blue-green algae. They 

are the oldest group of organisms having existed from 3.5 billion years, and they play a 

vital role in the oxygen accumulation of Earth’s early environment, making a favourable 

environment for aerobic life forms [1]. Cyanobacteria resemble the eukaryotic algae in 

several ways, including morphological attributes and ecological niche, and were at one 

time treated as green algae.  Algae have since been included into the group protists, and 

the prokaryotic nature of the blue-green algae has led them to be characterized 

with bacteria in the prokaryotic realm Monera [2]. The name of the cyanobacteria came 

from the colour of the bacteria (Greek: κυανός, romanized: kyanós, lit. 'blue').  

Cyanobacteria play a very significant role in the biological cycle, as they are 

photosynthetic prokaryotes, which contain only one form of chlorophyll that is 

chlorophyll a, which states a green pigment in cyanobacteria. Also, they comprise various 

yellowish carotenoids, the blue pigment phycobilin, and in some species, the red pigment 

phycoerythrin. The mixture of phycobilin and chlorophyll creates the specific blue-green 

colour from which these organisms derived their well-known name [2].  

 

The morphology of cyanobacteria may differs between species. It may be unicellular to 

multicellular, colonial or filamentous. Every single filament contains a mucilage sheath 

and one or more trichome (chain of cells).  The trichome may vary among the different 

genera. For example, the genus Oscillatoria has a homocystous trichome while Nostoc a 

has heterocystous trichome (Figure 1) [3].  The majority of cyanobacteria are oxygenic 

photoautotrophs and their life processes mainly require water, carbon dioxide, light and 

some inorganic substances. Some species of cyanobacteria are obligate phototrophs 

(cannot survive and grow without light), while some species are facultative phototrophs 

in the absence of light or the presence of glucose to act as a carbon and energy source.  

 
 

https://www.britannica.com/science/bacteria
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Figure 1 Common filamentous blue-green algae [4] 

 

All through their long evolutionary history, cyanobacteria diversified into a variety of 

species with numerous morphologies and niche habitats. They represent a diverse range 

of morphotypes, including unicellular, surface-attached, filamentous colony-forming and 

mat-forming species. Some species form significant symbiotic associations with further 

micro as well as macro eukaryotes [5]. These interactions include many pathways and 

biological cycles, such as the production of secondary metabolites and nitrogen cycles.  

Cyanobacteria inhabit a diverse range of terrestrial and aquatic habitats, encompassing 

from deserts to freshwater and marine ecosystems through a series of eutrophic and 

oligotrophic surroundings. They can also be found in extreme environmental conditions, 

such as Antarctic dry valleys, the Arctic, and thermophilic lakes [5, 6], as well as unlikely 

habitats for phototrophs, such as in the subsurface of calcareous rocks and lava caves [7, 

8]. Some cyanobacteria are a massive source of several secondary natural products with 

applications in the pharmaceutical, food, cosmetic, agriculture, and energy sectors [9].   

 

Cyanobacteria are composed of a wide range of bacteria with different size and shape, 

and can be found in diverse habitats in the terrestrial and marine ecosystem. According 

to the Linnaean classification system, cyanobacteria were described as a simple algae. 

After the first classification system by Gomont 1892 [10] and Bornet & Flahault 1886-

1888 [11, 12],  Geitler et al 1932, established a classification with three orders: 

Chroococcales, Chamaesiphonales, and Hormogonales, based on the morphology of field 

collected specimens of cyanobacteria from that time period. This system had several 

modification in the bonding of the non-branching filamentous taxa into one order [13]. In 
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1979, Rippka et al. [14], established the study of the first collection of pure cyanobacterial 

strains for classification, based on strains from the Pasteur Culture Collection of 

cyanobacteria, which has,  for a long time, worked as the main classification source for 

the Bergey’s Manual of Systematic Bacteriology [15]. Based on the polyphasic approach, 

the proposed systematic classification distributes cyanobacteria into eight orders: 

Gloeobacterales, Synechococcales, Spirulinales, Chroococcales, Pleurocapsales, 

Oscillatoriales, Chroococcidiopsidales, and Nostocales [13, 16] (Figure 2).     
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Figure 2 Phylogenetic tree of cyanobacteria adjusted from MareŠ 2018. [16] 
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1.2 Proliferation of the cyanobacteria  

Cyanobacteria can be found in a diverse range of habitats, including freshwater to marine, 

hydrothermal springs, and glacial environments. In the aquatic ecosystem, cyanobacteria 

can proliferate and form blooms under favourable surroundings in the presence of light, 

high nutrition, and extreme weather conditions. These blooms have been reported for 

more than 130 years in the literature [17]. In recent years, the intensity and incidence 

associated with these bloom have increased in both marine and freshwaters [18]. It is well 

known that due to agriculture and urbanization, the eutrophication of water bodies has 

resulted in the proliferation of some species of cyanobacteria [19]. Moreover, climate 

change and water pollution by herbicides are also responsible for the frequency and 

intensity of the proliferation of cyanobacterial bloom [18, 20].  

 

Factors that influence the cyanobacterial bloom occurrence include physical parameters 

(such as temperature, turbulence, mixing, and stability), biological interaction (grazing) 

and chemical characteristic (nitrogen, phosphorus, and iron) [21]. The buoyancy 

characteristics can benefit bloom formation over microalgae in stable and turbid 

environments. In general, the eutrophication system is able to support excessive 

cyanobacterial growth. According to the OECD 1982 [22], a lake is considered eutrophic 

when chlorophyll a concentrations are greater than 10 µg/L. More lakes and coastal 

marine ecosystems have become eutrophic and experienced an increase in cyanobacterial 

blooms in recent decades mainly due to human influence  [23].  However, within the 

eutrophic system, nutrient regimes can lead to bloom in several possible ways. Firstly, 

under ideal light, temperature, and nutrient conditions, cyanobacteria can develop one of 

the nutrient acquisition mechanisms to gain advantage and form blooms. In addition, 

different species of cyanobacteria are capable of those adaptations in different 

environments. For example, Anabaena has the capability to fix nitrogen, while 

Microcystis does not. However, Microcystis has a phosphorus acceptance mechanism and 

buoyancy capabilities. Paerl et al., [21] suggested that lower ratio of nitrogen and 

phosphorus may promote cyanobacterial dominance and bloom formation over other 

eukaryotic algae.  Thus, even in the presence of the all nutrients such as nitrogen, 

phosphorus, and iron in high amounts, the influence of other factors such as light, 

temperature and grazing can still play an important role in the proliferation of 

cyanobacteria.  
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There are numerous adverse effects associated with cyanobacterial bloom, including 

nuisance taste, and odour. The toxic effects of cyanobacterial bloom on humans, animals, 

plants and the environment are known as cyanobacteria harmful algal bloom 

(cyanoHAB).  In 1878, Francis [17] reported the first scientific investigation of the toxic 

cyanobacterial bloom of  Nodularia spumigena from the River Murray and on the shores 

of Lake Alexandrina, South Australia.  Taranu et al., [24] determined that cyanobacterial 

pigments in sediment cores from over 100 lakes in North America and Europe show that 

cyanobacteria have increased significantly in almost 60 % of the lakes since the industrial 

revolution, and that the abundance of cyanobacteria has increased excessively compared 

to other phytoplankton. Recent studies from 11 years of analysis of satellite data of the 

cyanobacterial bloom proliferated in Lake Taihu in China, show that the high temperature 

and nutrient concentration promote the cyanobacterial growth in spring, while lower 

atmospheric pressure supports the development of surface bloom [25].   

 

Benthic cyanobacterial blooms are becoming more dominant in shallow marine habitats. 

Increased anthropogenic inputs of nitrogen and phosphorus to coastline seawater have 

been implicated in the proliferation of harmful algal bloom [26]. The growth of  Lyngbya 

majuscula was enhanced by phosphate addition in Guam [27]. In addition, carbon fixation 

in L. majuscula is believed to be stimulated by nitrogen and phosphate addition in Florida 

coastal waters [28]. The Baltic Sea is covered by massive summer blooms of nitrogen-

fixing cyanobacteria, mainly Nodularia spumigena and Aphanizomenon sp. Fossil 

cyanobacterial pigments indicate that blooms have arisen in thousands of years in the 

Baltic Sea [29].  The cyanobacterial genus Trichodesmium, is a nitrogen-fixing 

cyanobacteria that forms a large surface blooms in tropical and subtropical region [30]. 

An extensive bloom of the marine cyanobacteria Trichodesmium erythraeum was 

reported for the first time in the Mediterranean Sea in 2010 [31].  In recent years, Lyngbya 

sp. blooms appear to have been increasing in frequency and distribution in tropical and 

subtropical marine waters [32]. These blooms affect the natural biota and recreational 

activities in coastline area.  Massive blooms of Lyngbya majuscula in Moreton Bay, 

Australia [33] and off the Hawaiian Islands [34] caused eye, skin and respiratory effects 

on recreational users of the waters.  As opposed to the fresh water cyanobacterial species, 

the marine cyanobacteria have not shown serious health issues with the only exceptions 

of Lyngbya majuscula, which is responsible for sporadic outbreaks of a contact dermatitis 

known as swimmers itch as we will see later [35].    
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1.3 Cyanobacteria in the Pacific Ocean 

The Pacific Ocean covers almost 35 % of the Earth’s surface and exhibits a wide variety 

of hydrographic conditions with high temperatures throughout the year in tropical region 

[36]. In tropical regions, cyanobacteria occupy a wide range of niches in the marine 

ecosystem, with a high specificity of the cyanobacteria flora. The highest diversity of 

cyanobacteria is observed in the littoral zones as opposed to the open ocean, where they 

form intertidal and infralittoral mats. The occurrence of extensive mats of cyanobacteria 

is observed in tropical and subtropical coastal regions. The diversity of cyanobacterial 

mats inhabiting different environments has been the focus of several studies. In recent 

years, benthic cyanobacteria have been observed more frequently in coral reefs and 

tropical lagoons in response to climate change [37]. However, benthic cyanobacteria are 

known to produce massive blooms in response to an increase in nutrient fluxes [38].  

 

 

 

Figure 3 Pacific Ocean map locating French Polynesia and New Caledonia [39] 

 
 

 Cyanobacteria in French Polynesia 

Many studies have reported on benthic cyanobacteria in the lagoons and coral reefs of 

French Polynesia [40, 41]. To explore the distribution of benthic marine cyanobacteria, 

polyphasic approaches have been used in the Tikehau atoll in French Polynesia [42] and 

New Caledonia [43]. In French Polynesia, the Tikehau atoll’s mats were dominated by 
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Symploca hydnoides Spirulina subsalsa, Hydrocoleum cantharidosmum, and various 

species of Phormidium [42] whereas, the mats in New Caledonia were dominated by 

heterocystous (Nodularia harveyana)and non-heterocystous (Hydrocoleum 

cantharidosmum) cyanobacteria in New Caledonia [43]. The cyanobacterial mat in 

French Polynesia called ‘’Kopara’’  has been previously described by Trichet 1967 [44], 

and studied by Defarge et al from a geochemical point of view [45]. These mats 

dominated by cyanobacteria were remarkable for their production of a large number of 

thick layers because of the excretion of exopolysaccharides [46]. A recent study identified 

21 bloom-forming cyanobacteria species in the north coast of Moorea Island, French 

Polynesia, although these species occurred mostly in environmentally affected area [47]. 

These cyanobacterial blooms were dominated by Anabaena sp., Hydrocoleum majus, and 

Lyngbya majuscula.  Figure 4 indicates the map of the coast of Moorea Island (French 

Polynesia) [47].   

 

 
 

 

Figure 4 Map of the coast of Moorea Island (French Polynesia) showing the location of 

the diversity inventory stations (orange plots 1-34), the monitoring stations 

with  healthy (blue starlets) and degraded habitats (purple starlets), and the 

cyanobacterial blooms collected arouns the Island (red Starlets): one star 

corresponds to one bloom [47]. 
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 Cyanobacteria in New Caledonia 

Summer blooms of  Trichodesmium have frequently occurred in  New Caledonia, with 

the trichomes of this non-heterocystous cyanobacteria varying from red to yellow in 

colour depending on the age of the bloom and concentration of the cyanobacterial species 

[48]. To detect the Trichodesmium bloom in the western tropical south pacific, Rousset 

et al used a series of new cruises and airborne surveys from  the satellite images [49].  In 

the tribe of Hunëtë in Lifou, New Caledonia, benthic cyanobacterial mats were dominated 

by the benthic cyanobacteria Hydrocoleum lyngbyaceum Kutzing ex Gomont [50]. In 

addition, blooms of the benthic cyanobacteria Lyngbya majuscula occurred frequently in 

Chateaubriand Bay, Lifou, New Caledonia (Figure 5). The toxicological experiment of 

blooms of the Trichodesmium sp. in New Caledonia confirms the production of 

ciguatoxin like activity [48]. Blooms of these Oscillatoriales toxins led to intoxication 

suffered by the New Caledonian population following the ingestion of fish contaminated 

with ciguatoxins. In terms of the cyanobacterial chemical diversity, many studies have 

reported that these blooms are potential sources of toxic compounds. These cyanobacteria 

play an important role in the production of the toxic secondary metabolites called 

cyanotoxin, which pose a major treat to the ecosystem and human health.  

 

 
 

Figure 5  Bloom of Lynbya majuscula in Chateaubriand Bay, Lifou, New Caledonia  

                 (© Mayalen Zubia) 
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1.4 Chemical diversity of cyanobacteria 

The current knowledge on the chemical diversity of cyanobacterial metabolites has been 

already reported in many reviews during the past years [51-54]. Cyanobacteria are prolific 

producers of natural products leading to an enormous chemical diversity. The high degree 

of chemical diversity from cyanobacteria is due to its wide range of secondary 

metabolites. These secondary metabolites represent the diverse chemical structure, and 

many of them showing potential bioactivities such as anticancer,  antifungal, antibacterial, 

neurotoxic, hepatotoxic activity, trypsin inhibitors and potent nutritional property [55-

57]. In 1500s BC, cyanobacterial Nostoc species were used to treat gout, fistula, and 

several forms of cancer [58]. The Aztec population of Mexico consumed cyanobacteria 

spirulina in their routine diet [59], and Chadian people used them as one of their 

substantial food sources [60].  Cyanobacterial cells represent supportable resources for 

the biotechnology field because of their photosynthetic, nitrogen fixation, and autotrophic 

capabilities, which have the potential for use in pharmaceutical, cosmetics, agriculture, 

food industry and as a biofuel [57, 61].  Due to the high interest in the search for new 

chemical entities in the pharmaceutical industry, natural resources are more than 

desirable. An intensive study suggests a chemical description of only 20-30% of 

cyanobacterial secondary metabolites has been reported, and even less recognized for 

their toxicity potential [62]. Species of cyanobacteria belonging to order Oscillatoriales, 

Nostocales, Chrococcales and Synechococcales have been well explored, while the 

remaining  cyanobacterial orders Pleurocapsales, Chroococcidiopsidales and 

Gloeobacterales remain poorly studied in terms of chemical diversity [51].  Figure 6 

indicates that the orders Oscillatoriales and Nostocales produce the vast majority of toxic 

secondary metabolites, as compared to other orders of cyanobacteria. 
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Figure 6  Number of cyanobacterial metabolite  families of each genus by taxonomical 

level [51]. 

 

Members of the cyanobacterial orders Nostocales and Oscillatoriales are extremely active 

in the production of secondary metabolites. They exhibit a  diverse range of chemical 

scaffolds [63].  Within the Oscillatoriales, 326 secondary metabolites have been reported 

to date for members of the genus Lyngbya, which is over 60% of  the total secondary 

metabolites isolated from marine cyanobacteria [64]. This genus is widely spread through 

the marine ecosystem and mostly studied because of the toxicity of its metabolites and 

also because of the implication that they are cause of many dermatitis cases around the 

world [65, 66]. Therefore, marine cyanobacteria have inspired microbiologist and natural 

product chemist to understand the ecological role played by the cyanobacterial 

metabolites and search for a new chemical scaffold that may be useful for therapeutic 

purpose.  

 
 
 

Natural products produced by cyanobacteria and their biological 

activities 
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Secondary metabolites isolated from cyanobacteria have unique structural scaffolds that 

include mainly cyclic peptides, acyclic peptides, alkaloids, and lipids.    

 
 

Cyclic peptides  

Cyclic peptides form a class of natural product with structural diversity and 

pharmacological applications. Many cyclic peptides have been isolated from marine 

cyanobacteria in the past twenty years. The structural characteristics of the cyclic peptides 

of marine cyanobacteria predominantly shown an enormous variety of new skeleton, 

halogen containing molecules and complex spatial arrangements [67].  The most 

frequently studied class of hepatotoxins are microcystins (1) and nodularins (2) [68] 

(Figure 7). Microcystins were first isolated from the cyanobacterium Microcystis 

aeruginosa, but they were also produced by other genera of cyanobacteria [9]. 

Microcystins are a cyclic peptide containing seven amino acids, including characteristic 

amino acid ADDA 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid. 

Although compound 2 has structural similarity to compound 1, they are absent of the 

amino acids following the dehydro-residue in microcystins [69]. Both 1 and 2 are capable 

of inhibiting protein phosphatase 1 and 2A to varying degrees and of inducing protein 

hyperphosphorylation, cytoskeletal collapse,  massive hepatic bleeding and penetrate the 

liver cells via carrier-mediated transport [70-72]. The genera that are mostly responsible 

for the production of the microcystins are Microcystis, Planktothrix, and 

Dolichospermum, while the cyanotoxin nodularin are mainly produced by the 

cyanobacterium  Nodularia  [73].   
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Figure 7 Structure of microcystin-LR (1) and nodularin (2) 

 

Cryptophycin-1 (3) (Figure 8) was isolated from the cyanobacterium Nostoc sp. ATCC 

53789 as an antifungal activity and later, in 1992, re-isolated from another Nostoc sp. 

GSV 224 as an anticancer agent [74].  Several analogues of cryptophycin were either 

naturally isolated or chemically synthesized. Cryptophycin-52(LY355073) (4) entered 

phase II clinical trials for the treatment of platinum-resistant ovarian cancer. Two other 

analogue, Cryptophycin 249 and 309, were considered for second generation clinical 

trials due to their improved chemical stability and aqueous solubility [74].  
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Figure 8 Structure of cryptophycin 1 and 52 

 

A family of cyclic lipopeptides, apratoxins A-G (5-11) (Figure 9), have been isolated 

from the marine cyanobacterium Lyngbya sp. with potent cytotoxic activities [75-79]. 

Apratoxin A (5) showed potent in vitro cytotoxicity against KB (IC50 = 0.52 nM) and 

LoVo (IC50 = 0.36 nM) cancer cells. Moreover, the existence of the hydroxyl group and 

N-methylated isoleucine at C-35 is an important feature for cytotoxicity.   Similar 

analogues apratoxin B (6) and C (7) were found to be less cytotoxic than compound 5. 

An in vitro cytotoxicity assay of apratoxin D (8) against H-460 human lung cancer cells 

showed an IC50 value of 2.6 nM, which is of equal potency to apratoxin A. Apratoxin F 

(10) and G (11) exhibited the cytotoxicity against H-460 cancer cell with IC50 values of 

2 nM and 14 nM, respectively.  
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Figure 9 Structure of apratoxin A-G (5-11) 
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A group of closely related family of bis-thiazoline containing the cyclic depsipeptides 

called grassypeptolides (12-18) (Figure 10), have been isolated from marine 

cyanobacteria. Grassypeptolide A (12) was purified from the marine cyanobacterium 

Lyngbya confervoides off Grassy Key in Florida [80]. Grassypeptolides inhibit the growth 

of cancer lines with IC50 values ranging from 1.0 to 4.2 µM. In addition, Liu et al., [81] 

accomplished the total synthesis of  grassypeptolide A (12).  Two other analogues 

Grassypeptolides B (13) and C (14) were isolated from marine cyanobacterium Lyngbya 

confervoides from Florida Keys [82]. The structure activity relationship between the 

analogues indicates that once the ethyl substituents of the compound 12 is changed to a 

methyl substituents in 13, cytotoxic activity is slightly reduced (3-4-fold), while inversion 

of the Phe unit flanking the bis-thiazoline moiety consequences in 16-23-fold have greater 

potency. Compound 12 and 14 cause cell cycle arrest in the G1 phase at lower 

concentration, followed by G2/M phase arrest at higher concentration which binds Cu2+ 

and Zn2+. Grassypeptolides D (15) and E (16) were isolated from Leptolyngbya sp. 

collected from the SS thistlegorm shipwreck in the red sea [83]. Both compounds 

exhibited significant cytotoxicity to HeLa (IC50 = 335 and 192 nM, respectively) and to 

mouse neuro-2a blastoma cells (IC50 = 599 and 407 nM, respectively). Popplewell et al., 

found grassypeptolides F (17) and G (18) from Palauan cyanobacterium Lyngbya 

majuscula with moderate inhibitory activity against the transcription factor AP-1(IC50= 

5.2 and 6.0 µM, respectively)  [84].  
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Figure 10 Structure of grassypeptolides A-G (12-18) 

      

A chemical study on the marine cyanobacterium Lyngbya majuscula collected from Pulau 

Hantu Besar, Singapore, led to the isolation of the cyclodepsipeptide hantupeptin A-C 

(19-21) (Figure 11) [85, 86].  Compound 19, 20 and 21 exhibited cytotoxicity against 

MOLT-4 leukaemia cells (IC50 = 32 nM, 0.2µM and 3.0 µM, respectively) and MCF-7 

breast cancer cells (IC50 = 4.0 µM, 0.5 µM and 1.0 µM, respectively). In addition, 

compound 19, 20 and 21 showed 100% brine shrimp toxicity at 10 and 100 ppm. This 

was significantly higher than their closest analogue trungapeptin A, which was mild toxic 

to brine shrimp toxicity [87]. Trungapeptin A (22) was inactive against KB and LoVo 

cells at 10 µg/ml. It might be noted that trugapeptins have 2S, 3R absolute configuration, 

while the related stereocentres in hantupeptin are 2R, 3S. A SCUBA collection of Lyngbya 

bouillonii in Milne Bay, Papua New Guinea, led to the discovery of alotamide A (23) 

[88]. Compound 23 shows an unusual calcium influx activation profile in murine 

cerebrocortical neurons with an EC50 of 4.18 µM. The molecular target and mechanism 
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for the bioactivity of 23 is still not clear, hence compound 23 will attract attention to the 

further study of the new type of cyanobacterial neurotoxin.       

 

  

       

Figure 11 Structure of hantupeptin A-C (19-21), trungapeptin A (22), and              

Alotamide A (23) 

     

The cyanobacterium Moorea bouillonii was collected from the northern coast of New 

Britain, Papua New Guinea, and led to the identification of a novel cytotoxic cyclic 

depsipeptide bouillonamide (24) [89] (Figure 12). A planar structure was generated using 

NMR analysis, which includes two N-methyl phenylalanine residues (N-Me-Phe), one N-

methyl threonine residue, one valine residue (Val), a 2-methyl-6-methylamino-hex-5-

enoic acid (Mmaha) moiety, and a 3-methyl-5-hydroxy heptanoic acid (Mhha) unit. The 

absolute configuration of N-Me-Phe and Val residues, were identified using the Marfey’s 

method with L-forms amino acids. Compound 24 exhibited moderate cytotoxic activity 

with an IC50 of 6.0 µM against neuro-2a mouse neuroblastoma cell lines. Medusamide A 

(25), a cyclic depsipeptide, was isolated from the new marine cyanobacterial genus, 

collected from Coiba Island off the Pacific coast of Panama [90]. The spectral analysis 
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suggested the presence of one α-amino acid, four β-amino acids and two α-hydroxy acid 

residues followed by representative residues with confirmed stereochemistry as being 

(2R, 3R) Amha 1-4, D-OLeu (leucic acid) and D-Val (Valine) and L-Hiva (α-

hydroxyisovaleric acid). Compound 25 was found to be inactive against cancer cell 

growth. A cyclic depsipeptide containing β-amino acid,  urumamide (26), was isolated 

from the marine cyanobacterium Okeania sp from Ikei Island, Okinawa [91]. Compound 

26 showed weak growth inhibitory activity against human cancer cells and inhibited 

chymotrypsin. A cyclic depsipeptide odoamide (27), was isolated from the Okinawan 

marine cyanobacterium Okeania sp. From Japan [92]. The chemical structure determined 

by the NMR analysis confirms the presence of N-methyl alanine (N-Me-Ala), N-methyl 

glycine (N-Me-Gly), N-methyl phenylalanine (N-Me-Phe), isoleucine (IIe), alanine (Ala), 

2-hydroxy-3methylpentanoic acid (Hmpa) and 5,7-dihydroxy-2,6,8-trimethyl-undec-2-

enoic acid (Dtuea). The absolute configuration of the amino acids L-N-Me-Ala, L-IIe, D-

N-Me-Phe, L-Alaand D-allo-Hmpa were deduced using the Marfey’s method and HPLC 

analysis. Compound 27 exhibited a potent cytotoxicity against HeLa S3 human cervical 

cancer cells (IC50 = 26.3 nM).  
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Figure 12 Structure of bouillonamide (24), medusamide A (25), urumamide (26), and  

odoamide (27) 

 
 

Cyclic peptides isolated from the different species of marine cyanobacteria are great 

interest because of their potent biological activities. The cytotoxicity assisted isolation of 

the bioactive metabolites from the marine cyanobacterium Symploca cf. hydnoides from 

Cetti Bay, Guam, led to the identification of seven new hexadepsipeptide veraguamides 

A-G (28-34) (Figure 13) [93]. Veraguamides A-G Compound 28, 29, 30, 31, 32, 33, and 

34 exhibited moderate to weak cytotoxicity against HT29 colorectal adenocarcinoma and 

HeLa cell lines, and their cytotoxicity was determined at several sensitive positions in the 

veraguamide structure. Similar molecules  veraguamides H-J (35-37)  were isolated  by 

Mevers et al., [94]  from a collection of  Oscillatoria cf. margaritifera from the Coiba 

National Park, Panama. Compound 28 showed potent activity in the H-460 cytotoxicity 
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(LD50 = 141 nM). The total synthesis of the anticipated structure of 28 was achieved  by 

Wang et al., [95]. However, the 1H and 13C NMR spectra were significantly different 

from the isolated natural product.  

  
       

 

 
                                          

 

Figure 13 Structure of veraguamide A-J (28-37) 
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Acyclic peptides  

Dolastatin 10, a cytotoxic peptide containing unique amino acids was initially identified 

from the sea hare Dolabella auricularia [96].  Later on, dolastatin 10 (38) (Figure 14) 

was  isolated from the marine cyanobacteria Symploca sp [97]. The dolastatin 10 synthetic 

analogue monomethyl auristatin E was conjugated with an antibody (chimeric human-

murine IgG1) to obtain the antibody drug brentuximab vedotin (Adcetris®) (39), which 

indicated effective action against human colon adenocarcinoma. It was approved by the 

FDA in 2011 and later in 2015 in Europe for use in the treatment of lymphomas [98].  

 

    

 
 
 
 

Figure 14 Chemical structure of dolastatin 10, and the marketed monoclonal antibody 

derivative brentuximab vedotin (Adcetris®). 

                   

                      

Dragonamide A (40) and the similar analogues carbamin A (45), dragomabin (46), and 

dragonamide B (41), were isolated from the marine cyanobacterium Lyngbya majuscula 

[99, 100] and dragonamide C - D (42-43) [101] and E (44) [100],  were isolated from the 

marine cyanobacterium Lyngbya polychroa (Figure 15). Compound 40, 45, and 46 

showed good antimalarial activity at IC50 = 7.7, 4.3, and 6.0 µM respectively, while 41 
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was inactive against malaria. Their lack of activity suggests that at the carboxy terminus, 

aromatic amino acids are necessary for antiparasitic activity in this series. Compound 40 

and 44 revealed antileishmanial activity with IC50 values of 6.5, 5.1 µM respectively.  

Compound 42 and 43 exhibited weak activity in cancer cell viability assays with 50 % 

growth inhibition (GI50) values of 56 and 59 µM against U2OS osteosarcoma cells, 22 

and 32 µM against HT29 colon adenocarcinoma cells, and 49 and 51 µM against IMR-

32 neuroblastoma cells, respectively.  

 

     

      

 

Figure 15  Structure of dragonamide A (40), and its analogues (41-46) [102]. 
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A bioassay guided screening of the Panamanian collection of the marine cyanobacterium 

Lyngbya majuscula led to the isolation of the highly linear N-methylated lipopeptides  

almiramide A-C (47-49)(Figure 16) [103]. Compound 48 and 49 revealed strong in vitro 

activity against the parasites Leishmania donovani, with IC50 = 2.4 and 1.9 µM. No 

activity of 47 was revealed up to 13.5 µM. It suggests that the lake of activity indicates 

the absence of unsaturated terminus on the side chain. The screening of the marine 

cyanobacterium in search for antitumor activity led to the isolation of bisbromoamide 

(50) from Lyngbya sp. harvested from Okinawa Prefecture [104]. Compound 50 exhibited 

potent cytotoxicity against HeLa S3 cells (IC50 = 0.04 μg/mL) and a panel of 39 human 

cancer cell lines (termed JFCR39) (average GI50 = 40 nM). In addition, compound 50 

inhibited the phosphorylation of ERK in NRK cells by PDGF (platelet-derived growth 

factor) stimulation by treatment with 10−0.1 μM.   

 

             
                   

Figure 16 Structure of almiramide A-C (47-49) and bisebromoamide (50) 
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In an effort to search for bioactive compounds from the marine cyanobacteria Lyngbya 

majuscula from Hector's Bay, Jamaica led to the isolation of mixed of polyketide-peptide 

neurotoxins named jamaicamides A-C (51-53) (Figure 17) [105].  Compounds 51, 52 

and 53 revealed cytotoxicity towards H-460 human lung and Neuro-2a mouse 

neuroblastoma cell lines (LC50s = 15µM).  In additions, compound 51, 52 and 53  also 

exhibited sodium channel blocking activity, but, no activity was displayed to activate the 

sodium channel at the tested concentration. Compound 52 was active with 100% lethality 

at 5 ppm after 90 minutes, followed by 53 at 10 ppm in the goldfish toxicity assay, which 

is used to detect the neurotoxic activity in crude extract and isolated compounds. 

Moreover, 53 showed moderate activity at 10 ppm in the brine shrimp toxicity assay 

[106].  

 

                   
                        

Figure 17  Structure of jamaicamides A-C (51-53) 

 

The statin unit (γ-amino-β-hydroxy acid) containing linear peptide, grassystatin A–C (54-

56) (Figure 18) were discovered by Kwan J C et al., [107],  from the cyanobacterium 

Lyngbya cf. confervoides, collected from Grassy Key in Florida. Compound 54 and 55 

selectively inhibited the cathepsin D (IC50 =26.5 nM and 7.27 nM, respectively) and 

cathepsin E (IC50 = 886 pM and 354 pM, respectively). Compound 54 was able to 

decrease the antigen production by dendritic cells, a process thought to rely on cathepsin 

E.  The truncated peptide analogue 56, which consists of two residues less than 54 and 

55, was less potent against both cathepsin D and E, but was still selective for cathepsin 

E.  The selectivity of 54, 55 and 56 for cathepsin E over D (20-38 fold) suggest that the 

natural product can be a useful tool to probe the cathepsin E function. Moreover, 
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compound 54, 55 and 56 were active inhibitors of the metalloprotease tumour necrosis 

factor α-converting enzyme (TACE) with IC50 of 1.23 µM, 2.23 µM and 28.6 µM, 

respectively.           

     

                                   

 

Figure 18 Structure of grassystatin A-C (54-56) 

 
 

The chemical and phylogenetic investigation of the marine cyanobacterium Oscillatoria 

nigro-viridis from Panama led to the isolation of two new lipopeptides,  viridamide A 

(57) and B (58) with a methyl ester at the C- terminus and a methoxylated fatty acid with 

a terminal acetylene functionality at the N-terminus (Figure 19) [108]. Compound 57 

exhibited antitrypanosomal activity (IC50 value of 1.1 µM) and antileishmanial activity 

(IC50 value of 1.5 µM).  
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Figure 19 Structure of viridamide A (57), and B (58) 

 
 

Alkaloids 

Alkaloids, a chemically diverse group of nitrogen containing compounds are produced by 

a variety of marine organisms. Alkaloids are known for their immense structural diversity 

with no uniform distribution while relating to different types of natural products. The 

cyclic guanidine alkaloid cylindrospermopsin (59) is also a type of hepatotoxin, 

neurotoxin and cytotoxin, and it was originally isolated from the cyanobacterium 

Cylindrospermopsis raciborskii (Figure 20) [109]. However, the mechanism of action is 

different, being a protein synthesis inhibitors, with a significant impact on liver cells, also 

damaging other organs such as kidney, spleen, thymus, intestine, and heart in vertebrates, 

in agreement with the more general perception of cytotoxicity [68].  Most of the  

neurotoxins are produced by cyanobacterial species and strains of Anabaena, 

Aphanizomenon, Oscillatoria and Trichodesmium [110]. The first described cyanotoxin 

belongs to the class of neurotoxins, anatoxin-a-ANTX-a- (60), a potent neuromuscular 

blocking agent, and postsynaptic cholinergic nicotinic agonist [68]. Because of the rapid 

death of animals after intoxication by anatoxins,  was initially named ‘Very Fast Death 

Factor’ (VFDF) [111].  Dermatotoxic alkaloids, lyngbyatoxins (61), Lyngbyatoxins were 

frequently reported by surfers due to the causative agent of a blistering dermatitis called 

‘swimmers itch’ and are also  potent tumour promoters that activate by competitively 

binding to protein kinase C [112].  
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Figure 20 Chemical structure of cylindrospermopsin (59), anatoxin-a (60), and 

lyngbyatoxin A (61) 

 

The bioactivity guided isolation of the cf. Caldora penicillata from the Pacific island of 

Saipan, Nothern Mariana Island, led to the isolation of a new thiazoline containing 

alkaloids, laucysteinamide A (62) (Figure 21). Compound 62 was determined to be 

mildly cytotoxic to H-460 human non-small lung cancer cells with an IC50 value of 11 

µM [113]. The biodiversity and bioassay guided approach explores a new alkaloid named 

carriebowlinol (63) (5-hydroxy-4-(chloromethyl)-5,6,7,8-tetrahydroquinoline), which 

was isolated from a nonpolar extract of a cyanobacterial mat collected from the coral reefs 

of Carrie Bow Cay, Belize [114]. Compound 63 showed potent antibacterial activity 

against Vibrio sp. and antifungal activity against Dendraphiella salina, Lindra thalassiae, 

and Fusarium sp. with IC50 values of 0.5 µM, 0.4 µM, and 0.2 µM, respectively. 
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Figure 21 Chemical structure of laucysteinamide A (62), and carriebowlinol (63) 

 
 

The bioassay guided approach was used for the investigation of four new nitrile 

containing fischerindoles (Figure 22), namely 12-epi-fischerindole I (64) and descholoro 

12-epi-fischerindole I nitrile (65), 12-epi-fischerindole W (66) and deschloro 12-epi-

fischerindole W (67) form the cyanobacterium Fischerella sp. [115]. Moreover, 

compound 66 and 67 shows different carbon skeleton with a six membered ring replaced 

with five membered ring, which is commonly found in fischerindole-type alkaloids [115]. 

All four compounds were tested against human cancer cells and for 20S proteasome 

inhibition. However, only 65 nitrile displayed weak cytotoxicity against HT-29 cells 

(ED50 = 23 µM).   
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Figure 22 Chemical structure of 12-epi-fischerindole I (64), and descholoro 12-epi-

fischerindole I nitrile (65), 12-epi-fischerindole W (66) and deschloro 12-epi-

fischerindole W (67) 

                         

Four novel hapalindole type alkaloids, fischambiguines A (68) and B (69), ambiguine P 

(70) and ambiguine Q (71) nitrile (Figure 23) were produced from cultured 

cyanobacterium Fischerella ambigua [116]. Compound 69 exhibited inhibitory activity 

against Mycobacterium tuberculosis with MIC value of 2 µM and with no noticeable 

cytotoxicity in the Vero cell assay.  In search for antimicrobial metabolites from the two 

cultured cyanobacteria, Westiellopsis sp. and Fischerella muscicola led to the isolation of 

three hapalindole type alkaloids termed, hapalindole X (72), deschloro hapalindole I (73) 

, and 13-hydroxy dechlorofontonamide (74) [117]. Compound 72 showed antimicrobial 

activity against Mycobacterium tuberculosis and candida albicans with an IC50 value of 

2.5 µM and moderate cytotoxicity in the Vero cell assay with an IC50 value of 35.2 µM. 

It also exhibited moderate cytotoxicity against HT-29 (colon), MCF-7 (breast), NCI-
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H460 (lung) and SF268 (CNS) cancer cells and IMR90 (lung) cells with IC50 value of 

24.8 µM, 35.4±2.8 µM, 23.0±4.6 µM, 23.5±9.5 µM, and 113.2±13.2 µM, respectively.  

 
 

    

                  

  

Figure 23 Chemical structure of fischambiguines A (68), fischambiguines B (69), 

ambiguine P (70), ambihuine Q (71), hapalindole X (72), 

deschlorohapalindole I (73), and 13-hydroxy dechlorofontonamide (74)  
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One of the tropical cyanobacteria genus Lyngbya was recently stated with a new name 

Moorea gen. nov. by polyphasic perspectives [118].  Gerwick et al., [119],  first isolated 

Curacin A (75) (Figure 24), from marine cyanobacterium  Lyngbya majuscula from 

Curacao, which appeared to be a potent antiproliferative and cytotoxic activity against 

colon-, renal-, and breast cancer derived cell lines [120].     

 
 

                            

                                                              

Figure 24 Chemical structure of curacin A 

 

Lipids 

The fatty acids from cyanobacteria demonstrated interesting structural modifications, and 

several metabolites possess potent biological activities. The cyanobacterial fatty acids 

from some species are diverse in terms of size, pattern of their unsaturation, degree of 

oxidation, and alkylation [121].  

 

A mass spectrometric and genomic approach led to the discovery of a new class of di- 

and tri-chlorinated amides cannabinomimetic compounds (Figure 25) termed 

columbamide A-C (76-78), which were produced from the threes species of cultured 

cyanobacteria [122]. Compound 77 was different from 76 due to the presence of an 

additional chlorine atom at the terminal C-16 and the lack of the acetoxy group at the C-

20 position in 78. Compound 76 and 77 showed potent ligands for the CB1 and CB2 

receptors with IC50 values of 0.59 ± 0.08 µM, 0.41±0.06 µM and 1.03 ± 0.12 µM, 0.86 ± 

0.09 µM, respectively.   
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Figure 25 Chemical structure of columbamide A-C (76-78) 

 

A NMR guided fractionation of the marine cyanobacterium Lyngbya majuscula from 

Papua New Guinea and Oscillatoria sp. from Panama led to the isolation of serinolamide 

A (79) and propenediester (80) (Figure 26) [123]. In a radioligand binding assay, both 

compounds were analysed for human cannabinoids receptors (G-protein coupled 

receptor). However, only 79 showed moderate affinity for the CB1 cannabinoid receptors 

with an IC50 value of 2.3 µM, although it was found to be inactive with an IC50 value >10 

µM, for the CB2 receptor.  

                         

        

Figure 26 Chemical structure of serinolamide A (79) and propenediester (80) 
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A new chloro-lipid, pitiamide A (81) was isolated from a mixed marine cyanobacterial 

assemblage by Nagel et al [124]. Subsequently, two isomers of 81, namely 1E-pitiamide 

B (82) and 1Z-pitiamide B (83) were isolated  from marine cyanobacterium from Piti 

Bomb Holes, Guam, Mariana Island (Figure 27) [125]. However, the difference between 

the two isomers were observed as Z and E configuration at the terminally chlorinated 

conjugated diene.  Pitiamide A and B exhibited antiproliferative effects on HCT116 

colorectal cancer cells with IC50 value of 5.1 µM and 4.5 µM, respectively.   

 
 
 

                
                         
                 

 

Figure 27 Chemical structure of pitiamide A (81), 1E-pitiamide B (82) and 1Z-pitiamide 

B (83)        
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The ability to produce different types of toxins from cyanobacteria known as cyanotoxins, 

which have been intensively studied in the last decade, including detection methods, 

biosynthetic routes, and also possible preventions investigated [112]. Cyanobacterial 

toxins occur in fresh, brackish, and marine water, which have a chemically diverse range 

of compounds with their toxic effects on plants, animals, and humans [126]. Aplysiatoxin 

(84) and debromoplysiatoxin (85) (Figure 28)produced by the benthic marine 

cyanobacteria lyngbya, Schizothrix and Oscillatoria cause several types of dermatitis 

among swimmers [127]. Compound 84 and 85  are potent tumour promoters and protein 

kinase C activators [128].  

 

                      
 

Figure 28 Chemical structure aplysiatoxin (84), and debromoaplysiatoxin (85) 

 

As demonstrated by one of the most severe outbreaks of cyanobacterial poisoning, 

cyanotoxin can have a real toxic effect on humans.  In February 1996, in Brazil,  around 

52 patients died after exposure to hepatotoxins through renal analysis [129]. Due to 

drinking water consumption, some cases of human poisioning have been reported in some 

countries as a consequence of the inefficacy of water treatment [130] and also reported in 

the USA after recreational activities [131].  However, animal poisoning reports reach a 

higher number in comparison with several acute effects on human health [70, 132]. 

Fischerellin A (86), produced by the cyanobacterium Fischerella muscicola, which 

exhibited an inhibitory effect on the photosynthesis of other cyanobacteria [133]. These 

activities have normally been related to the ingestion of toxins produced by planktic 

bloom forming cyanobacteria [70].  In contrast, benthic cyanobacteria can detach from 

the surface and reach the shore, hence placing human and animal life at risk on direct 

contact. Moreover, early methods for the detection of the toxin were mostly based on  
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animal assays using intravenous injection on mice [134]. The recent developments in 

chromatography and mass spectrometry have allowed more precise assignment of 

sensitive physiochemical methods [135]. In this thesis, I only describe the chemical 

diversity of the marine cyanobacteria and used new tool untargeted metabolomics to 

describe the variability of metabolome and annotations of compounds. 

 
 

Figure 29 Chemical structure of fischerellin A (86) 

 
 

1.5 Aim of the study 

The aim of the thesis was to study the chemical diversity of the bloom forming species of 

marine cyanobacteria from Tahiti, French Polynesia and New Caledonia and their 

potential for application in therapeutic purpose. The objectives of the study were therefore 

the following:  

 To evaluate the chemical diversity of the collected cyanobacterial species from 

Tahiti, French Polynesia   

 To describe the variability in the metabolome of proliferative  species of the 

cyanobacteria through metabolomics approach from Tahiti, French Polynesia  

 To evaluate the chemical diversity of toxic bloom of Lyngbya cf. majuscula 

Collected from New Caledonia 

 To assess the biological activity of the isolated compounds  
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2 Stereochemical Study of Puna’auic Acid, an Allenic Fatty 

Acid from the Eastern Indo-Pacific Cyanobacterium 

Pseudanabaena sp 

 

2.1 Introduction 

Despite outstanding advances in computational chemistry, the determination of the spatial 

arrangement of atoms in a molecule remains a challenge for natural product chemists. In 

nature, chirality has attracted much attention due to its importance for applications in the 

pharmaceutical sector. While central chirality is widespread, the occurrence of axial 

chirality in natural products is more limited and mostly represented by biaryl 

atropisomers.[1-3] Allene is the simplest cumulene and the most common case of non 

atropisomer molecules with an axial chirality, as first suggested by van’t Hoff,[4] and 

then confirmed by Maitland and Mills.[5] The first allenic natural product was discovered 

by Celmer and Solomons,[6, 7] and since then, about 200 allenic substances were isolated 

from natural sources, representing only a small part of the natural chemical diversity.[8, 

9] While natural allenes were first described in unsaturated fatty acids, most of them are 

now identified in terpenoids, such as some carotenoid pigments mainly produced by fungi 

and plants.[9] In marine environments, such a chemical feature is mainly encountered in 

halogenated allenes from algae. 

 

In the context of ongoing projects aimed at the description of the chemical diversity 

present in marine organisms, and especially, cyanobacteria of the Eastern Indo-Pacific 

Ocean, we report herein the isolation and structure elucidation of a new allenic fatty acid 

called puna’auic acid (1) isolated from the cyanobacterium Pseudanabaena sp. collected 

off Puna’auai, French Polynesia. The full assessment of its configuration was addressed, 

first, through a complete theoretical study, and further ascertained by an enantioselective 

total synthesis using a CuI-catalyzed key step to build the chiral allene moiety.[10] The 

final discovery of a close enyne analogue in this species finally led us to propose a 

possible biosynthesis for the allene moiety. 
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2.2 Materials & Methods 

Biological material 

The cyanobacterium Pseudanabaena sp. Lauterborn (1915) was collected the 28th 

January 2016, by snorkeling in the lagoon of Puna’auia (Tahiti, French Polynesia; 

17°38.494’S, 149°36.632’W) at a depth of 1 m. To the voucher sample was assigned the 

reference « THT-093 » and it was deposited at the French Polynesia University 

Collection.   

 

For morphological identification, an aliquot was collected and preserved in a solution of 

buffered formaldehyde in seawater (3%). The specimen was identified as Pseudanabaena 

sp: thallus in form of gelatinous purple-red mats; trichomes straight or curved constricted 

at cross-walls, 0.8-1.4 µm wide with fine mucilaginous envelopes. Cells cylindrical with 

rounded ends, longer than wide, 2-4.6 µm long.   

 

The cyanobacterium could not be assigned to a known species and it may represent a new 

species. Illustrations are shown in the figures below.   

 
 

 
Figure 30  Illustrations of the species Pseudanabaena sp.: A-Photography in situ 

(Puna’auia, Tahiti), BMicrophotography of the trichomes. 
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For molecular analyses, subsamples of the field collection were stored in EtOH at room 

temperature and then at 4 °C before DNA extraction. The genomic 16S rDNA sequence 

(360 bp) has been submitted in GenBank database with the accession number MG807090.  

For chemical analysis, samples were freeze dried.   

 

General Experimental Procedure for natural product chemistry  

Electronic Circular Dichroism (ECD) spectrum was acquired on a Jasco J-810 

spectrophotometer. Optical rotation measurements were obtained at the sodium D line 

(589.3 nm) with a 10-cm cell at 20 °C on a UniPol L1000 polarimeter. Nuclear Magnetic 

Resonance (NMR) spectra were acquired on an Agilent 600 MHz spectrometer equipped 

with a cryoprobe with pulse field gradient, and signals were referenced in ppm to the 

residual solvent signals (CD3OD, at δH 3.31 and δC 49.0). High Resolution Electrospray 

Ionsition Mass Spectrometry (HRESIMS) data were obtained with a HR-qTOF Agilent 

6540 mass spectrometer. Semi-preparative High Performance Liquid Chromatography 

(HPLC) was performed using Waters 2690 equipped with a Ultra-Violet (UV) detector 

2487 and also by using Agilent 1260 Analytical HPLC.   

 

Extraction and purification.  

The freeze-dried material (70.3 g) was extracted with a mixture of MeOH/DCM (1:1) 

under sonication three times using 600 mL of solvent in total at room temperature. The 

resulting extract (6.88 g) was fractionated by C18 reversed phase vacuum liquid 

chromatography (LiChroprep® RP-18, 40-63 µm) using a mixture of solvent and the 

elution gradient of 1). H2O, 2). H2O/MeOH (1:1), 3). H2O/MeOH (1:3), 4). MeOH, 5). 

MeOH/DCM (1:1) using 500 mL of solvent for each fraction. Because Fraction V3 (1.6 

g) was still highly complex it was fractionated a second time by C18 reversed phase 

vacuum liquid chromatography (LiChroprep® RP-18, 40-63 µm) using the following 

solvents: 1). H2O, 2). H2O/MeOH (4:1), 3). MeOH using 400 mL of solvent for each 

fraction. Purification of the fraction V3V3 was performed on a Waters 2695 Semi-prep 

Reversed-Phase (RP)-HPLC using a C-18 Column (Waters SymmetryPrepTM, 7 µm, 

7.8*300 mm) with flow of 4 mL.min-1 with the following gradient of solvent A 

(H2O+0.1%TFA), solvent B (CH3CN+ 0.1%TFA): t = 3 min (10%B), t = 10 min (50 

%B), t = 38 min(60%B) t = 40 (10%B) leading to pure compound 1 (RT 14.7 min; 3.8 

mg) and 14 (RT 18.2 min; 1.2 mg).  
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2.3 Result & Discussion 

The cyanobacterium Pseudanabaena sp. is abundant in the shallow lagoons of Tahiti and 

Moorea (French Polynesia), where frequent blooms negatively impact coral reefs of this 

fragile marine ecosystem. The chemical investigation of this species started with a 

fractionation by reversed phase Vacuum Liquid Chromatography (VLC) of the 

CH2Cl2/MeOH extract obtained from different specimens collected in the lagoon of 

Puna’auia, Tahiti. 

 

The main metabolite 1 of the MeOH fractions showed an intense molecular ion peak at 

m/z 311.2237 [M–H]–, corresponding to the molecular formula C18H32O4 for the neutral 

molecule (Figure 31). Together with the 1H NMR spectra, these data were in accordance 

with a fatty acid derivative containing two unsaturations. However, integration of the 

olefinic protons only accounted for two protons. While a cycle was first suspected to be 

responsible to the second hydrogen deficiencies, the presence of signals at δC 92.3 (C-

11), 93.0 (C-9) and 205.3 (C-10) did not fit with the molecular formula and HMBC 

correlations. (Table 1). 

 
 
 

                
 
 
 

Figure 31 Chemical structure of pana'auic acid (1) 
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Table 1 1H (600 MHz) and 13C (150 MHz) NMR data of 1 in CD3OD. 

 

  1 

no. δH, mult. (J in Hz) δC 

1 - 178.5 

2 2.26, t (7.0) 35.6 

3 1.60, quint (7.0) 26.3 

4 1.35, m 30.0 

5 1.35, m 30.3 

6 1.36, m 30.3 

7 1.45, quint (7.0) 30.3 

8 2.04, m 29.7 

9 5.20, m 93.0 

10 - 205.3 

11 5.18, m 92.3 

12 3.94, ddd (7.5, 4.5, 2.0) 75.2 

13 3.51, dt (8.5, 4.5) 75.9 

14 
1.55, m 

33.6 
1.39, m 

15 
1.54, m 

26.6 
1.33, m 

16 1.32, m 33.1 

17 1.34, m 23.7 

18 0.92, t (7.0) 14.4 

 
 
 

The deshielded carbon C-10 could correspond either to a carbonyl group or an allene. The 

latter hypothesis was in good agreement with the chemical shifts of two methines of an 

allene at C-9 and C-11. Location of the allene on the C18 fatty acid chain was expected 

to be challenging but, fortunately, COSY, HSQC and HMBC correlations from the 

methyl terminus through the signals of two oxygenated methines at C-13 and C-12 placed 
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the allene between C-9 and C-11. Intense fragment ions observed in HRMS/MS at m/z 

129.0935 and 181.1245 [M–H]– were attributed to C-7/C-8 and C-11/C-12 bond breaks 

respectively and came as a confirmation of the location of the allene. All together 

puna’auic acid contains two chiral centers and one axis of chirality around the allene, 

therefore leading to eight possible stereoisomers. Because no clear interpretation of the 

data could help in the configuration assignment, we first relied on computational studies 

and comparisons with experimental NMR and chiroptical data. 

 

To assign both the relative and absolute configurations of 1, predictions of the theoretical 

NMR chemical shifts and Electronic Circular Dichroism (ECD) were performed using 

density functional theory (DFT). For the relative configuration, the B3LYP hybrid 

functional was used at the 6-31g (d) level on the four possible diastereoisomers. Several 

metrics were implemented to compare both theoretical and experimental 13C NMR 

chemical shifts, and the results are summarized in (Table 2).  

 

Table 2 Comparison of theoretical and experimental 13C NMR chemical shifts. 

 

configurations 

of 1 

MAE 

(ppm) 

R2 DP4 

(%) 

Ra*,12R*,13R* 4.2  0.9987 1.1 

Ra*,12S*,13R* 4.5  0.9984 0 

Ra*,12R*,13S* 3.7  0.9991 98.1 

Ra*,12S*,13S* 3.2  0.9986 0.8 

 

 

Using the mean average error (MAE), the most common metrics, Ra*,12S*,13S*-1 was 

the most probable relative configuration while the configurations Ra*,12R*,13S*-1 were 

deduced from both the R2 values and the recently proposed DP4 probability.[11] Due to 

the recent developments and efficiencies of DP4, we relied more on the latter 

configurations. Subsequently, the absolute configuration of 1 was obtained by 

comparison between experimental and TD-DFT theoretical ECD spectra. As shown in 

Figure 32 Experimental and theoretical ECD spectra of 1., a perfect match was observed 

between the experimental spectrum of natural 1 and the TD-DFT predicted spectrum of 
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the Ra,12R,13S enantiomer. A single Cotton Effect was observed at ca. 220 nm, which 

was assigned to the π→ π* transition of the allene moiety. In the recent literature, many 

examples of relative and absolute configurations of natural products have been deduced 

from DFT calculations only.[12] However, as this was the first application of this method 

to the determination of the configurations of a natural allene, we decided to embark into 

the total enantioselective synthesis of 1.  

 

          

Figure 32 Experimental and theoretical ECD spectra of 1. 

 
 

For the asymmetric synthesis of puna’auic acid (1), Emmanuel Roulland started from a 

building block of the chiral pool. To construct the desired α-hydroxyallene function in a 

diastereoselective manner, he anticipated that the CuI-catalyzed conjugated hydride 

addition to propargylic epoxides described by Deutsch et al. would lead to the core 

moieties of 1.[10] Starting from acetal 2 obtained from 2-deoxy-D-ribose,[13] a Wittig 

olefination,[10] followed by hydrogenation yielded the primary alcohol 3 (Scheme 1). In 

parallel, the terminal alkyne 6 was obtained from the commercially available alcohol 

5.[14] The corresponding lithium acetylide was then condensed on aldehyde 4 derived 

from alcohol 3 after Swern oxidation.[15] Both 7-syn and 7-anti diasteroisomers were 
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then obtained in a 69/31 ratio and an overall yield of 61% over two steps.[16] Alcohol 7-

anti was then transformed into the corresponding mesylate 8. Under acidic catalysis, the 

acetonide protective group of 8 was removed, and the addition of K2CO3 after completion 

of the reaction led to the epoxy-alcohol 9, featuring an efficient one-pot two-step 

approach. Gratifyingly, the Krause’s CuI-catalyzed conjugated hydride addition allowed 

transformation of the epoxy-alcohol 9 into the desired allene 10 in 84% yield with a high 

diastereomeric ratio (95/5) and no need for a protective group.[10] To our knowledge, 

this is the first implementation of this method in an asymmetric synthesis of a natural 

product. The sequence DDQ-promoted MPM removal[17]/selective TEMPO-catalyzed 

oxidation[18] was found incompatible with a non-protected allenic alcohol function. 

Therefore, diol 10 was first transformed into the diacetate 11 before the removal of the 

MPM protective group, leading to alcohol 12 in good yield. The latter was then oxidized 

quantitatively into carboxylic acid 13 through a two-step Swern[15]/Lungren-Pinnick[19] 

sequence. Finally, both acetate protective groups were removed by saponification, 

delivering fatty-acid 1. The 1H, 13C NMR and mass spectra of synthetic 1 were in perfect 

agreement with those of the naturally occurring product confirming the relative 

configuration of 1, while the chiroptical properties confirmed its absolute configuration. 

The enantioselective synthesis of 1 secured the assignments of both the absolute and 

relative configurations and, at the same time, it demonstrated the reliability of the 

molecular modelling method to assess the absolute configuration of chiral allenes. 
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                Scheme 1. Asymmetric total synthesis of the proposed structure of 1 

 

Due to their low occurrence in natural products, the biosynthesis of allenes has not been 

clearly demonstrated; feeding experiments have only been performed and the preliminary 

results suggest enynes as precursors of the allenes in fungal metabolites.[20] Remarkably, 

some natural allenes have been found, together with their alkyne analogues in two other 

families of marine fungal metabolites: truncateol from the sponge-associated fungus 

Truncatella angustata,[21] oxirapentyns from marine-sediment-derived fungus Isaria 

feline, underpinning this hypothesis.[22] With the intent of identifying some possible 



Chapter 2  Pseudanabaena sp. 

57 

 

intermediates in the biosynthesis of 1, we inspected the minor metabolites of our fraction. 

Gratifyingly, we could isolate and identify the corresponding enyne 14. This metabolite 

is a new natural product already used as an intermediate in the synthesis of (13S)-coriolic 

acid.[23, 24] It is worth noting that the S absolute configuration at C-13 for 14 is in 

agreement with the one found for 1. This observation led us to propose that the 

biosynthesis of 1 is likely to include a stereoselective reductive addition on the 

propargylic epoxyde derived from the enyne 14, a reaction analogous to Krause’s copper-

catalyzed conjugated hydride addition used in our enantioselective synthesis (Scheme 2). 

Consequently, this key reaction might mimic a natural process for the formation of allenes 

in fatty acids or polyketides. 

 

 

 

Scheme 2. Biosynthetic hypothesis for 1 

 

Chirality in nature is still a fascinating property and the determination of configurations 

an exciting challenge for chemists. In this work we demonstrated the complementarity of 

approaches including molecular modelling and asymmetric synthesis[25] to ascertain the 

chiral properties of the first allenic fatty acid found in a cyanobacterium. 
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3 Insight into the metabolome of the cyanobacterium 

Leibleinia gracilis from the lagoon of Tahiti and first 

inspection of its variability  

 

3.1 Introduction 

Cyanobacteria represent old and essential constituents of aquatic ecosystems where they 

play key ecological roles as primary producers [1], fixing carbon (oxyphototrophy) as 

well as nitrogen (diazotrophy), and therefore they serve as a support for numerous 

planktonic and benthic heterotrophs [2]. In coral reefs of the Pacific Ocean, and under 

normal oligotrophic conditions, some cyanobacterial populations are observed on 

dispersed lifeless or living substrates, forming colonies and local benthic blooms. In 

recent years, larger blooms of benthic cyanobacteria have occurred with increasing 

frequency in coral reefs and tropical lagoons, probably in response to natural and man-

made environmental disturbances [3, 4]. Blooms of cyanobacteria have been shown to 

impair coral recruitment [5, 6], and some cyanobacteria of the genera Geitlerinema, 

Leptolyngbya, Phormidium, Pseudoscillatoria were also identified as pathogens in coral 

“Black Band Disease” [7-9]. 

 

Some negative impacts of blooms of cyanobacteria have been related to the production 

of bioactive metabolites. Species of the genera Lyngbya or Moorea were for instance 

identified as outstanding producers of bioactive metabolites with over 800 compounds 

identified so far [10, 11]. These metabolites can be toxic to humans, but they can also 

have negative impacts on other interacting species. In some cases, allelopathy was 

proposed to explain the effect of some metabolites on other organisms of the coral reefs 

therefore shaping the benthic community of these ecosystems [12]. A well-known 

function of cyanobacterial metabolites is to provide chemical protection from abundant 

and diverse herbivores [13-15]. Then, selective grazing of macroalgae by herbivorous 

fishes can remove potential competitors and favor the establishment of unpalatable, 

benthic cyanobacteria in reef habitats [16, 17]. Recently, Morrow, Paul [18] demonstrated 

that allelochemicals of the cyanobacteria Lyngbya majuscula and Lyngbya polychroa 

affect the composition and abundance of coral-associated microorganisms that control 
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host responses and adaptations to environmental change, including susceptibility to 

bacterial diseases.  

 

French Polynesia is not an exception in the occurrence of cyanobacteria blooms which 

are likely to increase with global change and anthropogenic pressures on these fragile 

marine ecosystems [6]. Only a limited number of studies have been reported on the 

diversity, and blooms of marine cyanobacteria populations in this part of the tropical 

Pacific Ocean [2, 19-25]. Chemical studies performed on benthic cyanobacteria present 

in this area are restricted to both dominant species Lyngbya majuscula and Anabaena 

torulosa present in the Moorea lagoon [26-29]. The present study focuses on the less 

studied cyanobacterium Leibleinia gracilis (Rabenhorst ex Gomont) Anagnostidis & 

Komáerek, formerly known as Lyngbya gracilis Rabenhorst ex Gomont and then 

Phormidium gracile (Rabenhorst ex Gomont) Anagnostidis, largely distributed in the 

lagoon of Tahiti nowadays. While the first chemical investigations on this species 

reported the presence of a macrolide debromoaplysiatoxin [30] and the alkylpyridine 

louludinium chloride [31] from Lyngbya gracilis collected in the Marshall Islands and 

Hawaii respectively, the only chemical study performed on Phormidium gracile provided 

the cyclic depsipeptide hoiamide A from a consortium of species collected in Papua New 

Guinea [32]. Inconsistencies in the taxonomy of this species prompted us to first 

undertake a full chemical study of the strain present in the lagoon of Tahiti. We then 

wanted to study the variability of the metabolome of this species when changing some 

environmental factors. 

 

Metabolomic approaches have become highly relevant to study the variability in the 

metabolome of marine organisms especially when they are in interaction [33-35]. The 

increasing sensitivity and resolution of analytical techniques such as LC-MS allow the 

observation of a large array of metabolites representing key phenotypic characters of the 

studied organisms. Therefore, this approach gives highly relevant insights into the fitness 

of the organisms and the variability of its metabolome. Thus, the variability in the 

metabolome of this species was then investigated before and after a rainy event affecting 

the surrounding environmental conditions, but also with a change in the substrate. 

Leibleinia gracilis is indeed observed as epiphyte of different substrates such as dead 

coral, rubbles and various macroalgae of the genera Halimeda, Galaxaura, Dictyota and 

Turbinaria. Turbinaria ornata (Turner) J. Agardh is a brown alga species (Fucales, 
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Sargassaceae) widely distributed in tropical and subtropical areas of the Pacific and 

Indian Oceans. The alga forms monopodial axes attached to the substratum by stilt-like 

haptera, is 3-20 cm tall and 5 cm broad, coarse and firm. Over the past three decades, T. 

ornata has bloomed in French Polynesia, accompanied with reef degradation [36, 37]. 

These changes have very likely decreased coral recruitment, and T. ornata is now 

dominant in several parts of reefs in Tahiti Island. Turbinaria ornata has been recently 

reported as a proliferative brown alga in the lagoon of Tahiti and we wanted to inspect 

the possible change in the metabolome (according to the substrate macroalga) of the 

cyanobacterium commonly found as epiphyte of this macroalga [36-38]. Annotation of 

the highly variable metabolites is often the main challenge towards a full understanding 

of the biochemical processes involved in the detected changes. We therefore built 

molecular networks based on MS/MS data and GNPS as this new method has recently 

opened new avenues for the annotation of cyanobacterial metabolites [39-41]. 

 
 

3.2 Materials and Methods 

Study site 

The study took place in the lagoon of Tahiti, the main island of the Society Archipelago 

in French Polynesia (17,64402°S, 149,61430°W; Figure 33A). The climate in this region 

is characterized by two seasons: a dry and cold season from April to October with trade 

winds, and a hot and rainy season from November to March. The western side of the 

island is rimmed by a barrier reef system, with, in some locations, a deep channel and 

fringing structures that are heavily impacted by human activities. The sampling was 

performed during the hot and rainy season in the barrier reef of Punaauia near the reef 

crest in the same location on 11th and 19th February 2016, respectively. Heavy rains 

occurred on 14th February 2016 during few days so the environmental conditions in the 

barrier reef have strongly changed between these two collections. The collection site is 

characterized by a habitat composed of dense compact coral heads (Figure 33B) and a 

very strong hydrodynamism. The floral assemblages were characterized by Turbinaria 

ornata, Sargassum pacificum, Padina boryana, Dictyota bartayresiana and Halimeda 

spp.  
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Figure 33 Localization of Tahiti Island (A) and illustrations of habitat (B) (© Mayalen 

Zubia) 

 
 

Biological material 

Leibleinia gracilis (Rabenhorst ex Gomont) Anagnostidis & Komárek 1988 (Figure 34A) 

is a cyanobacterium (Oscillatoriales, Oscillatoriaceae) commonly found in tropical waters 

and largely distributed in the Pacific Ocean (Komárek and Anagnostidis, 2005). Thallus 

are pink, tufty, dense, floccose and mucilaginous, generally up to 2 cm high (some 

specimens reach more than 10 cm). Trichomes are rose coloured or pinkish, slightly 

constricted at cross-walls, 5-8 μm wide, not attenuated at the apex (Figure 34B). Cells 

are isodiametric or shorter than wide, usually 5 μm long with small granules within the 

plasma. Sheaths are thin, firm, smooth and colourless. A representative specimen was 

sequenced (method described in [22]), and the barcoding results are stored on GenBank 

under the accession number MT406770. 
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Figure 34 Leibleinia gracilis illustrations. A. Tufts of L. gracilis overgrowing on the 

brown algae Turbinaria ornata. B. Light microscopic images showing cell 

arrangements with fine constrictions at the cross-walls. 

 

Sampling 

The biomass and the replicates for metabolomics of L. gracilis were collected by 

snorkeling in the barrier reef of Punaauia (Figure 33A). Once harvested, the biomass was 

stored in plastic bags and placed on ice for transport to the laboratory. In the laboratory, 

the cyanobacteria were washed with demineralized water to remove epiphytes, epifauna, 

sand and other detritus and stored at -20 °C. Cyanobacteria were then freeze-dried and 

ground into powder before extraction.  

 

Six replicates of the cyanobacteria were collected in the same site before and after a rainy 

event, and they were all separated by a minimum of 2 m. Before and after the rainy event 

(codes T1 and T2, respectively), cyanobacteria were collected both on the macroalga and 

the dead corals (codes MA for macroalga and DC for dead coral). For each of the four 

sets of samples, the replicates were collected, washed and stored on ice immediately in 

the field. For each sample, a subsample was preserved in a solution of buffered 

formaldehyde in seawater (3%) for microscopic examination to verify the identity of L. 

gracilis. The biomass of the remaining cyanobacteria was then freeze-dried and ground 

into powder before extraction. 
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Chemical diversity of L. gracilis 

A freeze-dried biomass of the cyanobacterium L. gracilis (36 g) collected in the same site 

was extracted with a mixture MeOH/DCM (1:1) under ultrasound. The resulting 5.7 g 

extract was fractionated by C18 reversed phase Vacuum Liquid Chromatography into five 

fractions after elution with a gradient of H2O-MeOH from 100:0 to 0:100 and 

MeOH/DCM (50:50) (v/v). Fractions were analyzed by NMR (500 MHz, Agilent) and 

analytical HPLC using an Agilent 1260 Infinity HPLC equipped with DAD and ELSD 

detectors. Purification of the fraction F2 (H2O/MeOH 1:1) was performed by reversed 

phase semi-preparative HPLC (Symmetry, C18 column, 100 Å, 7 µm, 7.8 x 300 mm), 

with a gradient of solvent A: H2O+0.1%TFA, Solvent B: CH3CN+0.1%TFA, 0-3 min: 

20%B, 3-30 min: 100%B. Fraction F4 was purified by reversed phase semi-preparative 

HPLC (using Phenyl-Hexyl, 100 Å, 7 µm, 7.8 x 300 mm) with a gradient of solvent A:  

H2O+0.1%TFA, Solvent B: CH3CN+0.1%TFA, 0-5 min: 95%B, 5-25 min: 100%B. 

Structure elucidation was performed by NMR (600 MHz equipped with a cryoprobe, 

Varian) and high resolution mass spectrometry (Agilent UHPLC-qToF 6540). 

 

Comparative metabolomics and molecular network 

Sample preparation and analyses. A biomass of approx. 500 mg of freeze-dried material 

per replicate of L. gracilis was extracted three times with a mixture DCM/MeOH (1:1) 

under sonication. Solid Phase Extraction of the extracts obtained after evaporation of the 

solvents was carried out using 1 g C18 cartridges with three consecutive eluents: H2O, 

MeOH and DCM (two cartridge volumes each). After evaporation of the MeOH fractions 

under vacuum, the fractions were dissolved in 500 µL of MeOH and filtered on a 0.2 µm 

PTFE filter prior to metabolomics analyses. 

 

Analyses were carried out on an Agilent 1290 UHPLC equipped with a pump, auto 

sampler, and UV diode array detector and coupled to a high-resolution Agilent 6540 Q-

ToF mass spectrometer equipped with a dual AJS ESI source. Mass spectra were acquired 

in positive mode from m/z 100 to 1500 for all samples at a scan rate of 3 spectra/s. This 

mass range enabled the presence of two reference mass ions including purine (C5H4N4 at 

m/z 121.0509) and hexakis (1H, 1H, 3H-tetrafluropentoxy) phosphazene 

(C18H18O6N3P3F24 at m/z 922.0098). The elution rate was set at 0.35 mL.min−1 and the 

injection volume 3 μL. LC-MS grade chromatographic solvents were composed of A: 

water with 0.1% formic acid (FA) and B: acetonitrile 0.1% formic acid. Elution was 
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performed on a reversed phase pentafluorophenyl column (Waters, 1.7 μm, 130 Å, 100 × 

2.1 mm) maintained at 40 °C and using the following gradient: 20% CH3CN (+0.1% FA) 

during 2 min; from 20% CH3CN (+0.1% FA) to 100% CH3CN (+0.1% FA) in 14 min; 

hold at 100% CH3CN (+0.1% FA) for 2 min; and back to the initial conditions and 

equilibration for the last 4 min. The quality control (pool) was prepared by mixing 50 µL 

of all 24 replicates. MS parameters were set for positive mode as follows: capillary 

voltage 3500 V, nebulizer pressure 35 psi, drying gas 12.0 L.min−1, gas temperature 300 

°C, SheathGasTemp 300 °C, SheathGas 8.0 L·min−1,  fragmentor 175 V, skimmer1 65.0 

V, octopole RF Peak 750 V, vaporizer 200 V, voltage charge 2,000 V. 

 

Data analyses for the metabolomic study.  

Raw datasets from UHPLC-HRMS were first converted to .mzML files using the 

MSConvert software. These files were then treated by XCMS under R version 3.3.3 

software. XCMS parameters were used as follows: peak picking (method =“centwave”, 

ppm = 15, peakwidth = c (5, 20), snthresh = 1000, retention time correction (method = 

“obiwarp”), matching peaks across the samples (bw = 2, minfrac = 0.5, mzwid = 0.015).  

The data were combined into a single matrix by aligning with the peak intensity, m/z 

values and retention times. The matrix was filtered according to coefficient of variation 

(CV) of the features calculated on pool samples (CV > 25%) were removed and missing 

values removed manually. Data analyses were performed using the MetaboAnalyst online 

software [42]. Log transformation and pareto scaling were used for Normalization. 

Observation of the results was realised using PLS-DA statistical analysis. Permutational 

Multivariate Analysis was also performed to identify significant factors linked to 

metabolites diversity. Raw data are stored on the MetaboLights platform under the 

accession number MTBLS1462 [43]. 

 

Data analyses for the molecular network. 

MS/MS raw data were converted into a .mzXML file using the MSConvert software. The 

Molecular Network was constructed on the GNPS webserver [44] using the following 

parameters: cosine threshold set at 0.65 value, precursor mass tolerance of 2.0 Da, 

fragment mass tolerance of 0.5 Da. Cystoscape 3.6.1  was used to visualize network. The 

node color represents source of the precursor ion and the edge thickness illustrated 

interpretation of the cosine similarity score. Sub networks created to show details of nodes 
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connectivity. Annotation was performed manually using the MarinLit database after 

creating a molecular network. 

 

3.3 Results 

Major metabolites from the cyanobacterium Leibleinia gracilis 

The freeze-dried cyanobacterium L. gracilis collected in the lagoon of Tahiti, French 

Polynesia, was extracted with a mixture of MeOH/DCM (1:1). A desalting fractionation 

process was performed by reversed phase vacuum liquid chromatography using a gradient 

elution of H2O then MeOH then CH2Cl2. The fractions were analyzed by HPLC-MS and 

the major metabolites of fraction F2 (H2O/MeOH 1:1) were then purified by reversed 

phase HPLC, the other fractions showing only primary metabolites. 

 

The major compound 1 in the ELSD chromatogram of F2 was characterized by a HRMS 

spectrum with a protonated ion at m/z 269.2126 corresponding to a molecular formula 

C16H28O3 for the molecule. Inspection of the 1H NMR spectrum evidenced a modified 

fatty acid derivative with characteristic signals of saturated methylenes at δH 1.30 and a 

methyl at δH 0.90 (t, J = 7.0 Hz, H3-16) (Figure 35,Table 3). Additionally, a conjugated 

olefin was inferred from signals at δH 6.91 (dt, J = 16.0, 7.0 Hz, H-9) and δH 6.11 (d, J = 

16.0, H-10). The 13C NMR spectrum revealed the presence of a ketone with a 

characteristic signal at δC 203.8. HMBC correlations between the olefinic signals and this 

carbonyl moiety placed the double bond conjugated to the ketone. The location of this 

conjugated system was deduced from key H-13/C-11 and H-12/C-11 correlations 

following the assignment of signals corresponding to H-13 and C-13 through COSY, 

HSQC and HMBC correlations from the methyl C-16. The 3JH9/H10 coupling constant 

value of 16 Hz was indicative of a E configuration for the olefin and therefore the name 

of 1 is 11-oxopalmitelaidic acid. 

             
 

Figure 35 Structure of 11-oxopalmitelaidic acid 



Chapter 3  Leibleinia gracilis 

71 

 

Table 3 13C (150 MHz) and 1H (600 MHz) NMR data of compound 1 in CD3OD. 

 

Position δC, mult. δH, mult. (J in Hz) 

1 177.8, qC - 

2 34.8, CH2 2.29, t (7.0) 

3 25.8, CH2 1.61, m 

4 29.9, CH2 1.38, m 

5 30.0, CH2 1.31, m 

6 29.9, CH2 1.38, m 

7 29.0, CH2 1.51, quint (7.0) 

8 33.4, CH2 2.26, q (7.0) 

9 149.7, CH 6.91, dt (16.0, 7.0) 

10 131.3, CH 6.11, d (16.0) 

11 203.8, qC - 

12 40.6, CH2 2.59, t (7.0) 

13 25.5, CH2 1.58, m 

14 32.8, CH2 1.31, m 

15 23.5, CH2 1.32, m 

16 14.3, CH3 0.91, t (7.0) 

 

 
 

Comparative metabolomics study  

A metabolomics approach was then applied to study the variability in the metabolome 

before and after a change of environmental conditions but also depending on the substrate 

of this cyanobacterium. A total of 24 samples (4 conditions 6 biological replicates) 

collected before and after a rainy event (codes T1 and T2, respectively) both on the 

macroalga Turbinaria ornata and the dead corals (codes MA for macroalga and DC for 

dead corals) were analysed from the same site in the lagoon of Tahiti. After filtration and 

normalization of the data obtained by UHPLC-HRMS, a total of 180 features were listed 

from the 24 samples. We first used an unsupervised principal component analysis (PCA) 

to study the chemical variability according to the change of environmental conditions 

(Figure 36A) and then the substrate of the cyanobacterium (Figure 36 Principal 

Component Analysis (PCA) on the metabolomic profiles of all samples: (A) before (T1) 
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and after the rainy event (T2); and (B) according to the substrate macroalga (MA) or dead 

corals (DC).). 

 

 
Figure 36 Principal Component Analysis (PCA) on the metabolomic profiles of all 

samples: (A) before (T1) and after the rainy event (T2); and (B) according to 

the substrate macroalga (MA) or dead corals (DC). 

 

 

The results of the PCA analyses evidenced a better separation of the two groups in the 

situation 35A following a change in environmental condition. The impact of the substrate 

on the change in the metabolomic profiles is clearly lower as shown by a large overlap 

between the two groups in Figure 36B. The PCA also demonstrated a large chemical 

variability along PC1 before and after the rainy event with 42.9% variability and almost 

no change according to PC2 (Figure 36A). The situation is different for the influence of 

the substrate on the metabolomic profile (Figure 36B). In this case, the separation is not 

observed along PC1, and PC2 explains 14.6% of the global variability. 

 

Turning our interest towards the influence of the substrate on the metabolomic profiles of 

the cyanobacteria, we decided to assess the significance of the results obtained in the latter 

case. A supervised PLS-DA was therefore obtained and statistically analyzed (Figure 

37A) The critical model parameter R2 was found higher than 0.6 using only one 

component and the accuracy was found always higher than 0.7 revealing the good 

predictability of the model. The separation was also found statistically significant using 
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a permutation test (1000) with a p value of 0.033. The significance of this result 

demonstrated an influence of the substrate on the metabolome of the cyanobacterium L. 

gracilis independently of the change in environmental conditions studied. The 15 

Variable Importance in the PLS-DA (VIP) of highest value were then listed in order to 

highlight any family of metabolites over or underexpressed with a change of substrate 

(Figure 37B). We were not able to identify the isolated metabolite 11-oxopalmitaleidic 

acid as a VIP, but its concentration was higher after the rainy event and on the dead coral 

(Figure 37C). For the annotation of the VIP, we first decided to search in databases of 

metabolites from cyanobacteria recently made available as in the CyanoMet mass list [45] 

or the CyanoMetDB [46]. Unfortunately, no match was found in these two databases of 

metabolites. The VIP of highest score 2.8 was putatively assigned to (Z)-docos-13-

enamide also known as erucylamide/erucamide with m/z 675.6787 and found as a dimer 

of m/z 338.3449 (Figure 37B) using the XCMS online Metlin database [47]. 

Interestingly, this compound is largely used as a slip agent in polymer science and may 

originate from a contamination but we cannot rule out a natural origin [48]. When looking 

at its relative area in the four different conditions, a higher concentration was observed 

on the macroalga and after the rainy event (Figure 37D). Most of the other VIP were 

found as minor metabolites and even if molecular formula could be proposed with 

confidence their annotation could not be performed. Some annotations were tentatively 

performed for the VIP at m/z 505.4267 with a molecular formula [2*C16H28O2+H]+ that 

could correspond to the dimer of a fatty acid in C16 containing two unsaturations. This 

proposition is also supported by the presence of the new fatty acid discovered as a major 

compound in the metabolome of this species. The other VIP at m/z 559.3971 provides a 

molecular formula of [2*C16H28O3+Na]+ corresponding to the sodium adduct of the dimer 

of the previously isolated compound (9E)-11-oxopalmitoleic acid. Interestingly, the latter 

compound is overexpressed on dead coral while the less oxidized compound is more 

present on the macroalgal substrate (Figure 37B).  
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Figure 37 (A) Partial Least-Squares-Discriminant Analysis (PLS-DA) of the metabolome 

of the cyanobacteria on macroalga (MA) or dead corals (DC). (B) VIP 

responsible for the discrimination and their scores. (C) Relative concentration 

of 11-oxopalmitelaidic acid (m 

 

Following the preliminary observation of a strong influence of environmental conditions 

on the metabolome of the cyanobacterium, we then decided to run two separate statistical 

analyses on the samples before (T1) and after the rainy event (T2), focusing only on the 

variability according to the substrates in these two distinct environmental conditions. Two 

supervised PLS-DA were then obtained for both conditions (Figure 38). The separation 

between the two groups was clear for both analyses but more pronounced after the rainy 

event (Figure 38B). This was mainly explained by a change in the area of erucamide on 

macroalgae after the rainy event. 
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Figure 38 Partial Least-Squares-Discriminant Analysis (PLS-DA) for: (A) samples 

before the rainy event (T1) & (B) samples after the rainy event (T2) in both 

substrates (MA and DC). 

 
 

Molecular networking 

The use of fragmentation patterns obtained by LC-HRMS/MS has appeared as a powerful 

tool to aid in dereplication processes to quickly annotate known metabolites using 

databases of MS/MS spectra [49]. HRMS/MS data are also at the basis of molecular 

networks that enable the visualization of structurally closely related metabolites grouped 

in clusters sharing similar fragments. In this study, we then performed an LC-HRMS/MS 

study of the methanol fraction of the cyanobacterium in the 4 conditions and built a 

molecular network to support the identification of the major metabolites. To this end, we 

used the natural products platform GNPS and the databases present to visualize the 

molecular network of the metabolome of this species [44]. The major compound (9E)-

11-oxopalmitoleic acid isolated in the preliminary study was found in a cluster of fatty 

acid derivatives together with its dehydrated fragment at m/z 251.2 and a homologue at 

m/z 283.2. Erucamide in C18 was found in a small cluster of two compounds confirming 

its artefactual origin. Finally, the largest cluster in terms of nodes was identified as a 

cluster of glycoglycerolipid derivatives after the node at m/z 557.2 was annotated in the 

database of natural products of GNPS and Marinlit as a known sulfoquinovosyl 

monoacylglycerol. Two other large clusters of closely related metabolites could not be 

annotated through Marinlit, a database of marine natural products. 
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Figure 39 LC-HRMS/MS molecular network of the cyanobacterium L. gracilis built 

using GNPS with cosine similarity score cutoff 0.65. In green the compound 

isolated, and in orange compounds assigned using databases or analogy. 

 
 
 

3.4 Discussion 

The specialized metabolome of the studied benthic cyanobacteria Leibleinia gracilis 

collected in the lagoon of Tahiti was found to be composed of a very limited number of 

major metabolites (See appendix B for the HPLC profile). The main metabolite was 

purified and identified by NMR and MS as an oxidized fatty acid derivative, the 

uncommon (E)-11-oxopalmitelaidic acid. This compound has only been reported once 

from the leaves of the plant Ziziphus jujuba but without NMR data, and there is no report 

so far of its presence in the marine environment [50]. Fatty acids are commonly found in 

cyanobacteria and C14, C16 and C18 derivatives have been identified as key chemical 
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markers enabling the distribution of species into 5 main groups depending on their fatty 

acid profiles [51]. In the case of L. gracilis fatty acids in C16 do seem favored and, while 

the unsaturation at C-9 is quite common for cyanobacterial fatty acids, the conjugated 

ketone at C-11 is only rarely found. The molecular network built upon the metabolome 

of this species highlights a small cluster of derivatives in C16 produced in low quantity. 

Some modified fatty acids have also been isolated as major metabolites from species of 

other benthic cyanobacteria. For instance, the allenic acid puna’auic acid in C18 was also 

found as a major constituent of the metabolome of the cyanobacterium Pseudanabaena 

sp. collected in French Polynesia [52]. This fatty acid is also characterized by an 

unsaturation at C-9 and further oxidations at higher positions. The lyngbyoic acid in C14 

featuring an uncommon cyclopropane moiety was identified as the major metabolite of a 

Caribbean species of Lyngbya cf. majuscula [53]. Interestingly, this major metabolite 

exhibited effects on the quorum sensing of the pathogenic bacteria Pseudomonas 

aeruginosa through the downregulation of a pigment biosynthesis but also of the 

expression of genes involved in quorum sensing. Even though we did not demonstrate 

this effect with 11-oxopalmitelaidic acid, the major fatty acid of the studied species L. 

gracilis, we could hypothesize similar activities for this metabolite allowing the species 

to thrive in a highly competitive microenvironment.  

 

Metabolomics has proven to be a useful tool to assess the variability of the metabolome 

of cyanobacteria but it has mainly been applied using GC-MS approaches dedicated to 

the analysis of the primary metabolites [54]. More recently, metabolomic approaches 

coupled to genomic data were demonstrated as a promising tool to describe the 

specialized metabolome of cyanobacteria in depth [11, 55-57]. The specialized 

metabolome of cyanobacteria is also known to be very variable with changes in 

environmental parameters but studies using LC-MS metabolomic approaches are scarce 

and they are mostly restricted to cyanobacteria in culture [58]. Weather conditions 

strongly affect the environmental parameters in coral reefs and we therefore studied the 

change in the specialized metabolome of L. gracilis before and after a rainy event. The 

variability of the metabolome between these two conditions was found significantly 

higher than the variability induced by the substrate as some samples were found 

overgrowing dead corals but also the widespread macroalga Turbinaria ornata. At a 

lower extent, the substrate significantly influenced the metabolomic composition of the 

cyanobacterium revealing again the metabolomic plasticity of these microorganisms. 
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Among the 15 most important VIP of the PLS-DA analysis none could be annotated using 

the recently developed cyanobacterial databases of more than 2,000 specialised 

metabolites [45, 46]. This negative result points out the importance to build more 

extensive databases of cyanobacterial metabolites that should include fatty acid 

derivatives. Searching in other databases of metabolites, the main chemical marker of the 

substrate was found to be a fatty acid amide named erucamide in C22. This compound is 

largely used as a slip agent present in several polymers and may therefore have an 

anthropic origin [48], even though a natural origin cannot be totally rule out as 

cyanobacteria have been shown to contain fatty acid amides but usually largely modified 

and with shorter alkyl chain [59]. Its presence could be related to an adsorption on the 

surface of the macroalga as it is highly concentrated when L. gracilis is found as epiphyte 

of the macroalga. Macroalgae are known to accumulate organic matter at their surface 

and this organic matter may transfer the contaminants to the microorganisms found as 

epibionts. If we consider an unnatural origin, this result highlights the care that must be 

taken when using metabolomic studies to assess the variability of the metabolome in a 

species in the field as chemical markers might not be produced by the studied organisms 

but rather present as environmental contaminants. We finally used HRMS/MS spectra of 

the metabolites present in the cyanobacterium first to help in the annotation of the VIP 

but also to visualize the clusters of closely related compounds present using the platform 

GNPS [44]. The molecular network built from the methanol fraction contained 33 clusters 

composed of two to 74 nodes. Glycoglycerolipids were potentially annotated to the main 

cluster while other large clusters where left non annotated. This lack of result highlights 

the need for the construction of databases of MS/MS spectra of marine natural products 

including also primary metabolites and especially lipids that seem to represent a large 

percentage of the metabolites present. 

 

 
 
 
 
 
 
 
 



Chapter 3  Leibleinia gracilis 

79 

 

3.5 References 

1. Ford, A.K., et al., Reefs under Siege—the Rise, Putative Drivers, and Consequences of 

Benthic Cyanobacterial Mats. Frontiers in Marine Science, 2018. 5: p. 18. 

2. Charpy, L., et al., Cyanobacteria in Coral Reef Ecosystems: A Review. Journal of Marine 

Biology, 2012. 2012: p. 259571. 

3. O’Neil, J.M., et al., The rise of harmful cyanobacteria blooms: The potential roles of 

eutrophication and climate change. Harmful Algae, 2012. 14: p. 313-334. 

4. Paerl, H.W. and V.J. Paul, Climate change: Links to global expansion of harmful 

cyanobacteria. Water Research, 2012. 46(5): p. 1349-1363. 

5. Birrell, C., et al., Effects Of Benthic Algae On The Replenishment Of Corals And The 

Implications For The Resilience Of Coral Reefs, in Oceanography and Marine Biology. 

2008. p. 25-63. 

6. Kuffner, I.B. and V.J. Paul, Effects of the benthic cyanobacterium Lyngbya majuscula on 

larval recruitment of the reef corals Acropora surculosa and Pocillopora damicornis. 

Coral Reefs, 2004. 23(3): p. 455-458. 

7. Frias-Lopez, J., et al., Cyanobacteria Associated with Coral Black Band Disease in 

Caribbean and Indo-Pacific Reefs. Applied and Environmental Microbiology, 2003. 

69(4): p. 2409-2413. 

8. Myers, J.L., R. Sekar, and L.L. Richardson, Molecular Detection and Ecological 

Significance of the Cyanobacterial Genera Geitlerinema and Leptolyngbya in Black Band 

Disease of Corals. Applied and Environmental Microbiology, 2007. 73(16): p. 5173-

5182. 

9. Kramarsky-Winter, E., et al., The Possible Role of Cyanobacterial Filaments in Coral 

Black Band Disease Pathology. Microbial Ecology, 2013. 67(1): p. 177-185. 

10. Jones, A.C., et al., The unique mechanistic transformations involved in the biosynthesis 

of modular natural products from marine cyanobacteria. Natural Product Reports, 2010. 

27(7): p. 1048-1065. 

11. Leao, T., et al., Comparative genomics uncovers the prolific and distinctive metabolic 

potential of the cyanobacterial genus Moorea. Proceedings of the National Academy of 

Sciences of the United States of America, 2017. 114: p. 3198-3203. 

12. Capper, A., et al., Palatability and Chemical Defences of Benthic Cyanobacteria to a Suite 

of Herbivores. Journal of Experimental Marine Biology and Ecology, 2016. 474: p. 100-

108. 

13. Nagle, D.G. and V.J. Paul, Production of secondary metabolites by filamentous tropical 

marine cyanobacteria: ecological functions of the compounds. Journal of Phycology, 

1999. 35(6): p. 1412-1421. 

14. Pennings, S.C., S.R. Pablo, and V.J. Paul, Chemical defenses of the tropical, benthic 

marine cyanobacterium Hormothamnion enteromorphoides: Diverse consumers and 

synergisms. Limnology and Oceanography, 1997. 42(5): p. 911-917. 

15. Paul, V.J., et al., Benthic cyanobacterial bloom impacts the reefs of South Florida 

(Broward County, USA). Coral Reefs, 2005. 24(4): p. 693-697. 

16. Thacker, R., D. Ginsburg, and V. Paul, Effects of herbivore exclusion and nutrient 

enrichment on coral reef macroalgae and cyanobacteria. Coral Reefs, 2001. 19(4): p. 318-

329. 

17. Tsuda, R.T. and H.T. Kami, Algal Succession on Artifical Reefs in a Marine Lagoon 

environment in Guam. Journal of Phycology, 1973. 9(3): p. 260-264. 

18. Morrow, K.M., et al., Allelochemicals produced by Caribbean macroalgae and 

cyanobacteria have species-specific effects on reef coral microorganisms. Coral Reefs, 

2011. 30(2): p. 309. 

19. Abed, R.M.M., et al., Identity and speciation in marine benthic cyanobacteria: The 

Phormidium-complex. Algological Studies, 2003. 109(1): p. 35-56. 



Chapter 3  Leibleinia gracilis 

80 

 

20. Abed, R.M.M., et al., Characterization of microbialite-forming cyanobacteria in a tropical 

lagoon: Tikehau Atoll, Tuamotu, French Polynesia. Journal of Phycology, 2003. 39(5): 

p. 862-873. 

21. Palińska, A.K., et al., Opportunistic Cyanobacteria in benthic microbial mats of a tropical 

lagoon, Tikehau Atoll, Tuamotu Archipelago: minor in natural populations, major in 

cultures. Fottea, 2012. 12(1): p. 127-140. 

22. Zubia, M., et al., Benthic cyanobacteria on coral reefs of Moorea Island (French 

Polynesia): diversity response to habitat quality. Hydrobiologia, 2019. 843(1): p. 61-78. 

23. Roué, M., et al., Marine Cyanotoxins Potentially Harmful to Human Health, in 

Outstanding Marine Molecules, S. La Barre and K. J.‐M., Editors. 2014, Wiley-VCH 

Verlag GmbH & Co.: Weinheim, Germany. p. 1-22. 

24. Villeneuve, A., et al., Molecular Characterization of the Diversity and Potential Toxicity 

of Cynaobacteria Mats in Two Tropical Lagoons in the South Pacfic Ocean. Journal of 

Phycology, 2012. 48(2): p. 275-284. 

25. Laurent, D., et al., Ciguatera Shellfish Poisoning (CSP), a new ecotoxicological 

phenomenon. , in Cyanobacteria to Humans via Giant clams, M.A. Jensen and D.W. 

Muller, Editors. 2012, Nova Science Pubishers: New York (NY). p. 1-44. 

26. Bornancin, L., et al., Isolation and Synthesis of Laxaphycin B-Type Peptides: A Case 

Study and Clues to Their Biosynthesis. Marine Drugs, 2015. 13(12): p. 7065. 

27. Bonnard, I., et al., Total Structure and Inhibition of Tumor Cell Proliferation of 

Laxaphycins. Journal of Medicinal Chemistry, 2007. 50(6): p. 1266-1279. 

28. Bornancin, L., et al., Structure and Biological Evaluation of New Cyclic and Acyclic 

Laxaphycin-A Type Peptides. Bioorganic & Medicinal Chemistry, 2019. 27(10): p. 1966-

1980. 

29. Levert, A., et al., Structures and Activities of Tiahuramides A–C, Cyclic Depsipeptides 

from a Tahitian Collection of the Marine Cyanobacterium Lyngbya majuscula. Journal 

of Natural Products, 2018. 81(6): p. 1301-1310. 

30. Mynderse, J.S., et al., Antileukemia activity in the Oscillatoriaceae: isolation of 

debromoaplysiatoxin from Lyngbya. Science, 1977. 196(4289): p. 538-540. 

31. Yoshida, W.Y. and P.J. Scheuer, Louludinium chloride, an azabicyclononane alkaloid 

from the marine cyanophyte Lyngbya gracilis. Heterocycles, 1998. 47(2): p. 1023-1027. 

32. Pereira, A., et al., Hoiamide A, a Sodium Channel Activator of Unusual Architecture 

from a Consortium of Two Papua New Guinea Cyanobacteria. Chemistry & Biology, 

2009. 16(8): p. 893-906. 

33. Dixson, D.L., D. Abrego, and M.E. Hay, Chemically Mediated Behavior of Recruiting 

Corals and Fish: A Tipping Point that May Limit Reef Recovery. Science, 2014. 

345(6199): p. 892-897. 

34. Vieira, C., et al., Allelopathic interactions between the brown algal genus Lobophora 

(Dictyotales, Phaeophyceae) and scleractinian corals. Scientific Reports, 2016. 6: p. 

18637. 

35. Greff, S., et al., The interaction between the proliferating macroalga Asparagopsis 

taxiformis and the coral Astroides calycularis induces changes in microbiome and 

metabolomic fingerprints. Scientific Reports, 2017. 7: p. 42625. 

36. Stiger, V. and C.E. Payri, Spatial and temporal patterns of settlement of the brown 

macroalgae Turbinaria ornata and Sargassum mangarevense in a coral reef on Tahiti. 

Marine Ecology Progress Series, 1999. 191: p. 91-100. 

37. Stiger, V. and C.E. Payri, Natural settlement dynamics of a young population of 

Turbinaria ornata and phenological comparisons with older populations. Aquat. Bot., 

2005. 81(3): p. 225-243. 

38. Boada, L.D., et al., Ciguatera fish poisoning on the West Africa Coast: An emerging risk 

in the Canary Islands (Spain). Toxicon, 2010. 56(8): p. 1516-1519. 

39. Via, C.W., et al., The Metabolome of a Cyanobacterial Bloom Visualized by MS/MS-

Based Molecular Networking Reveals New Neurotoxic Smenamide Analogs (C, D, and 

E). Front. Chem., 2018. 6: p. 316. 



Chapter 3  Leibleinia gracilis 

81 

 

40. Ding, Y.C., et al., MS/MS-Based Molecular Networking Approach for the Detection of 

Aplysiatoxin-Related Compounds in Environmental Marine Cyanobacteria. Marine 

Drugs, 2018. 16(12): p. 505. 

41. Winnikoff, J.R., et al., Quantitative molecular networking to profile marine 

cyanobacterial metabolomes. The Journal of Antibiotics, 2014. 67(1): p. 105-112. 

42. Chong, J., D.S. Wishart, and J. Xia, Using MetaboAnalyst 4.0 for Comprehensive and 

Integrative Metabolomics Data Analysis. Current Protocols in Bioinformatics, 2019. 

68(1): p. e86. 

43. Solanki, H. Metabolomic Study on the cyanobacterium Leibleinia gracilis. 2020  [cited 

2020 20 April 2020]; Available from: 

https://www.ebi.ac.uk/metabolights/editor/www.ebi.ac.uk/metabolights/MTBLS1462. 

44. Wang, M., et al., Sharing and community curation of mass spectrometry data with Global 

Natural Products Social Molecular Networking. Nature Biotechnology, 2016. 34(8): p. 

828-837. 

45. Le Manach, S., et al., Global Metabolomic Characterizations of Microcystis spp. 

Highlights Clonal Diversity in Natural Bloom-Forming Populations and Expands 

Metabolite Structural Diversity. Frontiers in Microbiology, 2019. 10: p. 791. 

46. Jones, M.R., et al., Comprehensive database of secondary metabolites from 

cyanobacteria. bioRxiv, 2020: p. 2020.04.16.038703. 

47. Zhu, Z.-J., et al., Liquid chromatography quadrupole time-of-flight mass spectrometry 

characterization of metabolites guided by the METLIN database. Nature Protocols, 2013. 

8: p. 451. 

48. Getachew, P., et al., The slip agents oleamide and erucamide reduce biofouling by marine 

benthic organisms (diatoms, biofilms and abalones). Toxicol. Environ. Health Sci., 2016. 

8(5): p. 341-348. 

49. Gerwick, William H. and Bradley S. Moore, Lessons from the Past and Charting the 

Future of Marine Natural Products Drug Discovery and Chemical Biology. Chemistry & 

Biology, 2012. 19(12): p. 85-98. 

50. Bai, L., et al., Hepatoprotective standardized EtOH–water extract of the leaves of 

Ziziphus jujuba. Food & Function, 2017. 8(2): p. 816-822. 

51. Los, A.D. and S.K. Mironov, Modes of Fatty Acid Desaturation in Cyanobacteria: An 

Update. Life, 2015. 5(1): p. 554–567. 

52. Roulland, E., et al., Stereochemical study of puna'auic acid, an allenic fatty acid from the 

Eastern Indo-Pacific cyanobacterium Pseudanabaena sp. Organic Letters, 2018. 20(8): 

p. 2311-2314. 

53. Kwan, J.C., et al., Lyngbyoic acid, a “tagged” fatty acid from a marine cyanobacterium, 

disrupts quorum sensing in Pseudomonas aeruginosa. Molecular BioSystems, 2011. 7(4): 

p. 1205-1216. 

54. Schwarz, D., et al., Recent applications of metabolomics toward cyanobacteria. 

Metabolites, 2013. 3(1): p. 72-100. 

55. Kim Tiam, S., et al., Insights into the Diversity of Secondary Metabolites of Planktothrix 

Using a Biphasic Approach Combining Global Genomics and Metabolomics. Toxins, 

2019. 11(9): p. 498. 

56. Baran, R., et al., Functional Genomics of Novel Secondary Metabolites from Diverse 

Cyanobacteria Using Untargeted Metabolomics. Marine Drugs, 2013. 11(10): p. 3617-

3631. 

57. Kleigrewe, K., et al., Combining Mass Spectrometric Metabolic Profiling with Genomic 

Analysis: A Powerful Approach for Discovering Natural Products from Cyanobacteria. 

Journal of Natural Products, 2015. 78(7): p. 1671-1682. 

58. Thacker, R.W. and V.J. Paul, Are benthic cyanobacteria indicators of nutrient 

enrichment? Relationships between cyanobacterial abundance and environmental factors 

on the reef flats of guam. Bulletin of Marine Science, 2001. 69(2): p. 497-508. 

59. Cai, W., et al., Pitiamides A and B, Multifunctional Fatty Acid Amides from Marine 

Cyanobacteria. Planta medica, 2016. 82(9-10): p. 897-902. 

https://www.ebi.ac.uk/metabolights/editor/www.ebi.ac.uk/metabolights/MTBLS1462


 

82 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 4  Lyngbya majuscula 

83 

 

                                                     Chapter 4 

 

 

 

Chemical diversity of the toxic bloom of cyanobacterium lyngbya 

cf. majuscula from New Caledonia 

 
 

 

 

                                             Lyngbya cf. majuscula (© Mayalen Zubia) 

 
 

 

 
 
 
 
 
 
 
 
 

 

 



Chapter 4  Lyngbya majuscula 

84 

 

Chemical diversity of the toxic bloom of cyanobacterium Lyngbya 

cf. majuscula from New Caledonia 

 

The result included in this chapter is under preparation for publication. The manuscript will 

be submitted to Organic Biomolecular Chemistry: Hiren Solanki, Laurence Jennings, Kevin 

Calabro, Mayalen Zubia,  and Olivier P. Thomas.  
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4 Chemical diversity of the toxic bloom of cyanobacterium 

Lyngbya cf. majuscula from New Caledonia 

This chapter describes the chemical diversity of bloom forming species of marine 

cyanobacterium Lyngbya majuscula from New Caledonia. The project CYCLADES was 

recently supported by the Pacific Fund to give some insights into recent events of dermatitis 

associated with these blooms in the Drehu island of New Caledonia. As a result of a chemical 

investigation of the marine cyanobacterium L. majuscula led to five new metabolites and two 

known metabolites including dolastatin 3, a potent anticancer agent.  

 
 

4.1 Introduction 

Marine cyanobacteria are often considered proliferative to the global change affecting oceans 

worldwide and mainly responsible for harmful algal blooms in the coral reefs of the Pacific 

Ocean. Cyanobacteria appeared as a dynamic producer of modified amino acids. These amino 

acids are incorporated in a wide range of bioactive natural products including anticancer [1], 

antiparastic [2], antifungal [3]. Interestingly, a majority of the compounds isolated from 

cyanobacteria possess anticancer activity, emerged as a potential therapeutic leads [4]. The 

benthic cyanobacterium L. majuscula proven as a potential source with a diverse class of 

bioactive compounds reported from this species [5].  L. majuscula has been collected because 

it was fouling corals and leading to health issues to the local communities in New Caledonia. 

L. majuscula has been recognised as a rich source of bioactive secondary metabolites, 

especially peptides such as cyclic peptide dolastatin 3, kororamide [5] , lagunamide A and B 

[6] and acyclic peptides  such as dragonamide, carmabin dragomabin [7].   

 

Here in this study, we described chemical guided isolation and structure elucidation of 

compounds 1-7 from marine cyanobacterium L. majuscula. 
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4.2 Materials & methods 

General experiment procedures 

UV and ECD data were recorded on a Chirascan V1000 spectrophotometer (Applied 

Photophysics). NMR data were acquired on a 500 MHz (Varian) and a 600 MHz (Agilent) 

spectrometer equipped with cryoprobe with pulse field gradient. Signals were referenced in 

ppm to the residual solvent signals (DMSO-d6 at δH 2.50, δC 39.52 and CD3OD at δH 3.31, δC 

49.00). HRESIMS data obtained by Agilent UHD - qTOF 6540 mass spectrometer. HPLC 

purification was carried out on a JASCO HPLC equipped with a PU4087 pump and a UV4070 

UV/vis detector.  

 

Extraction and Isolation 

The freeze-dried material of  L. majuscula (265 g) collected in 2018 were extracted with 

mixture of solvents (800 mL) of a MeOH/CH2Cl2 (1:1, v/v) three times, yielding of 24g extract 

after evaporating solvents under vacuum. The extract were subjected two times ( 12 g each)  to 

RP-C18 (LiChroprep RP-18, 40-63 µm) vacuum liquid chromatography (VLC) with 

decreasing polarity of mixture of solvents (500 mL) of  H2O/MeOH from 1:0 to 0:1 then 

MeOH/CH2Cl2 from 1:1. The  H2O/MeOH (1:3) fraction (V4) were purified by Preparative 

RP-HPLC using C-18 column (Waters X select OBD prep 5 µm 19*250mm) using a mobile 

phase of (A) H2O/TFA 0.1%; (B) CH3CN/TFA 0.1%.using an isocratic 0-5 min 30 % B; then 

linear gradient from 3 to 15 min 100 % B; 15-20 min isocratic 100 % B; 21 min 30 % B; at a 

flow rate 10 mL/min and UV detection  λ 210 nm yielding six peaks. Peak 2 were subjected to 

semi-preparative RP-HPLC with a  C-18 column (Kromacil 100-5C, 10*250 mm) using a 

mobile phase of (A) H2O/TFA 0.1%; (B) CH3CN/TFA 0.1%, starting with an isocratic method 

for 0-5 min 25% B; then linear gradient 5 to 35 min 45 % B; 35 to 37 min 100% B, isocratic 

for 6 min at flow rate 5 mL/min and UV detection  λ 210 nm for 45 min to obtain compound 1 

(0.006 g) (tR = 10.1 min) and compound 2 (0.00097 g) (tR = 12.1 min). Peak 3 were subjected 

to semi-preparative RP-HPLC with a  C-18 column (kromacil 100-5C, 10*250mm) using a 

mobile phase of (A) H2O/TFA 0.1%; (B) CH3CN/TFA 0.1%, starting with an isocratic method 

for 0-5min 35% B; then linear gradient 5 to 62 min 70 % B; 62 to 63 min 100% B isocratic for 

7 min, total run time for 72 min at flow rate 5 mL/min and UV detection  λ 210 nm to obtain 

compound 3 (0.00108 g) (tR = 29 min), 4 (0.00163 g) (tR 26 min), 7 ( 0.00309 g) (tR 52 min).  

The  H2O/MeOH (1:1) fraction (V3) were subjected to preparative RP-HPLC using C-18 

column (Waters X select OBD prep 5 µm 19*250mm) using a mobile phase of (A) H2O/TFA 
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0.1%; (B) CH3CN/TFA 0.1%.using an linear gradient 0-5min 10 % B to 30 % B; then linear 

gradient from 5 to 12 min 60 % B; 12-15 min 100 % B; 15- 19 min isocratic 100 % B; 20 min 

10 % B; at a flow rate 10 mL/min and UV detection  λ 210nm yielding nine peaks.  Peak six 

were purified by semi-preparative RP-HPLC with a  C-18 column (kromacil 100-5C, 

10*250mm) with a mobile phase of (A) H2O/TFA 0.1%; (B) CH3CN/TFA 0.1%, using an 

isocratic method for 0-5 min 15 % B; then linear gradient 5 to 25 min 30 % B; 25 to 24 min 

100 % B, isocratic for 27 to 31 min for 32 min acquisition time at flow rate 5 mL/min and UV 

detection  λ 210 nm to obtain compound 5 (0.00585 g) (tR = 14 min). Peak eight were also 

purified by  semi-preparative RP-HPLC with a  C-18 column (kromacil 100-5C, 10*250mm) 

with a mobile phase of (A) H2O/TFA 0.1 %; (B) CH3CN/TFA 0.1 %, using an isocratic method 

for 0-5 min 20 % B; then linear gradient 5 to 32 min 60 % B; 32 to 34 min 100 % B; isocratic 

for 34 to 38 min 100% B; 39 min 20 % B;  for 40 min acquisition time at flow rate 5 mL/min 

and UV detection  λ 210 nm yielding compound 6 (0.00105 g) (tR = 25 min).  

 
 

Absolute configurations 

Marfey’s Analysis. Compound 1, 3 and 4 (150 µg) in 2M HCL (100 µL) in sealed vial was 

heated at 100 ⁰C for 24 h. The solvent was dried under N2 and treated with 1 M NaHCO3 (20 

µL) and D-FDAA (1% solution in acetone, 40 µL) at 40 ⁰C for 1 h, after the reaction was 

neutralized with 1 M HCL (20 µL). 50 mM of each amino acid (L and D – Pro, and  L, and D 

Ile) dissolved in H2O (50 µL) was treated with 1M NaHCO3 (20 µL) and D-FDAA (1% 

solution in acetone, 40 µL) at 40 ⁰C for 1 h, then neutralized with 1M HCL (20 µL), diluted 

with MeCN (810 µL) and filtered (0.22 µm, PTFE) prior to HRESIMS analysis. 10 µL of each 

analyte was injected and analysed on Agilent UPLC-DAD-HRESIMS system on a kinetex C8, 

1.7 µm, 100*2.1 mm (phenomenex). The flowrate was set at 0.3 ml/min with mobile phase A; 

H2O + 0.1 % formic acid (FA), B; CH3CN + 0.1 % formic acid (FA).  The method for the 

analysis of the L- serine, L-Isoleucine derivatives was developed: 12% B for 5 min, then linear 

gradient to 20 % B for 19 min then 20 % B to 100 % B for 22 min, and held at 100 % B for 2 

min. back to 12 % in 1 min with total run for 25 min and 2 min post run. The tR of the amino 

acids were as followed: L-Ser (9.5 min) D-Ser (9.9 min) L-Pro (20.5 min) D-Pro (20.8 min), 

and L-Ile (21.6 min), D-Ile (21.8 min). 

 

Preparation of the MTPA Esters.  Compound 5 (1 mg) and 6 (2 mg) were dissolved in 1 ml 

of DCM (Dichloromethane) and then add 5 µL of pyridine-d5, 7 µL of S-MTPA-Cl ((S)-(+)-

α-Methoxy-α-(trifluoromethyl) phenyl acetyl chloride) for 5 and add 10 µL of pyridine-d5, 15 
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µL of S-MTPA-Cl for 6 respectively in Teflon coated magnetic stir bar for 4 hr. After, the 

reaction mixture were partitioned between diethyl ether (3 ml) and water (1 ml). Diethyl ether 

layer were dry under N2 and acquired the 1H NMR experiment.   

 
 

4.3 Results & Discussion 

The freeze-dried material of L. majuscula (265g) was extracted under ultra-sonication using a 

mixture of CH2Cl2/MeOH (1:1). The extract (mass) was fractionated by RP-C18 vacuum liquid 

chromatography (VLC) eluting with solvent mixtures of decreasing polarity from H2O to 

MeOH to CH2Cl2. The fraction V3 (0.59226 g) and fraction V4 (0.80265 g) were further 

separated using successive RP C18 HPLC. This yielded one new cyclic peptide (1) and 

dolastatin 3 (2), two new linear depsipeptides (3 - 4), a new 5-benzyl-γ-lactam derivative (5), 

and one known fatty acid ester (6) with its new dimer (7). 

 

 
 

Figure 40 Isolation diagram of Compound 1-7 
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 Structure elucidation of cyclopeptides 

 

Figure 41 Chemical structure of compound 1 

 

Compound 1 was purified as a white solid and the HRESIMS analysis displayed a molecular 

ion for [M + H] + at m/z 838.3034, consistent with a molecular formula of C35H51N9O9S3. Initial 

investigation of the 1H NMR indicated the presence of a polypeptidic compound. The data from 

COSY, HSQC, HMBC, ROESY experiments led to the identification of the corresponding 

seven amino acids residues: Leucine-thiazole (Leu-Thz), Serine (Ser), Glycine1 (Gly1), 

Proline-thiazole (Pro-Thz), O-methionine (O-Met), Glycine2 (Gly2), and Isoleucine (Ile). The 

1H NMR spectrum in DMSO-d6 (Table 4) of 1 contain Leucine protons signal  were connected 

from COSY cross peaks of NH at 8.50 (d, J = 8.3 Hz), δH at 5.12 ppm, two methylene protons 

of δH at 1.96, 1.70 ppm, δH at 1.69 ppm and. COSY spectrum showed a correlation for Ser 

protons at δH 4.55, two methylene protons at δH 3.69, 3.61, and NH proton at 7.91 (d, J = 8.3 

Hz) ppm and OH at 5.00 ppm. The methylene signal at δH 4.25 (d, J = 6.9 Hz), 4.21 (d, J = 6.9 

Hz), NH at 8.28 ppm and carbonyl group at δC 167.1, which evidenced gly1 residue. COSY 

spectrum assignment led to identify Pro residue signal: δH 5.27 (dd, J = 7.27 Hz, 2.98 Hz), 

three methylene protons at δH 2.23, 2.15, δH 2.24, 2.04 and δH 3.71, 3.64. The sulfur atom 

bonded to methylene group at δH 2.76, 2.65 and δC 49.6, methyl groups at δH 2.51 and δC 37.9, 

which evidenced –CH2-S(O)-CH3 group as methionine sulfoxide. Gly2 residues traced by 

COSY cross peaks between NH proton at 8.36 (t, J = 6.6) and methylene signal at δH 3.96, 

3.64. Ile protons showed a correlation between NH proton 7.37ppm, methine at the signal at δH 

4.32 (dd, J = 9.3, 4.5 Hz) and δH 1.91, methylene group at δH 1.05, 0.80 and two methyl signal 

at δH 0.76 (d, J = 6.8) and δH 0.40 (t, J = 7.2).  
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The structure elucidation of the thiazole moieties was determined based on HMBC correlation. 

The thiazole signlet proton at δH 8.17 and δH 8.13, presented in the 1H and 13C NME table, a 

1JCH (194 Hz) HMBC correlation, were consistent to two thiazole ring. The structure 

elucidation of the thiazole moieties was completed with the 2J correlation of the α-protons of 

the amino acids.  The sequence of the amino acids residue of 1 was deduced by the ROESY 

and HMBC experiment.  Sequential HMBC correlation from NH proton to the neighboring 

carbonyl observed between Ser NH/Leu-Thz at δC 159.7, Gly1 NH/ Ser at δC 169.5, Pro-Thz/ 

Gly at δC 167.1, O-Met NH/ Pro-Thz at δC 160.2, Gly2 NH/ O-Met at 170.5, Ile NH/ Gly2 at 

δC 168.5 and Leu-Thz/ Ile at 170.6.  
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Table 4 1H NMR table of compound 1 in DMSO-d6 in 500 MHz 

Amino Acid C# DMSO 

  δc, δH, mult. (J in Hz) 

Leu-Thz 1 159.7, C  

 2 148.1, C  

 3 124.6, CH 8.17, s 

 4 172.0, C  

 5 48.3, CH 5.12, m  

 6 41.7, CH2 a: 1.96, m 

   b: 1.70, m 

 7 24.3, CH 1.69, m 

 8 23.0, CH3 0.93, d (6.1) 

 9 21.2 0.86, d (6.1) 

 NH  8.50, d (8.3) 

Ser 1 169.5, C  

 2 54.1, CH 4.55, m 

 3 61.7, CH2 a: 3.69,m 

   b: 3.61, m 

 NH  7.91, d (8.3) 

 OH  5.00, m 

Gly1 1 167.1, C  

 2 41.2, CH2 a: 4.24, d (6.9) 

   b: 3.67, d (6.9) 

 NH  8.28, m 

Pro-Thz 1 160.2, C  

 2 148.2, C  

 3 124.7, CH 8.13, s 

 4 171.6, CH  

 5 57.3, CH 5.27, dd (7.27, 2.98) 

 6 31.1, CH2 a: 2.22, m 

   b: 2.15, m 

 7 24.2, CH2 a: 2.24,m 

   b: 2.04, m 

 8 46.0, CH2 a: 3.71, m 

   b: 3.65, m 

O-Met 1 170.5, C  

 2 51.5, CH 4.57, m 

 3 24.7, CH2 a: 2.16, m 

   b: 2.06, m 

 4 49.7, CH2 a: 2.76, m 

   b: 2.65, m 

 5 37.9, CH3 2.51, s 

 NH  8.31, m 

Gly2 1 168.6, C  

 2 42.6, CH2 a: 3.96, m 

   b: 3.63, m 

 NH  8.36, t (6.6) 

Ile 1 170.7, C  

 2 56.3f CH 4.32, dd (9.8, 4.5) 

 3 36.6, CH 1.91, m 

 4 23.2, CH2 a: 1.05, m 

   b: 0.80, m 

 5 10.8, CH3 0.40, t (7.2) 

 6 15.7, CH3 0.76, d (6.8) 

 NH  7.37, m 
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Figure 42 Key COSY, HMBC and ROESY correlation of 1 

 

The absolute configuration of L-serine and L-isoleucine residue in compound 1 were 

determined by Marfey’s analysis [8] and UPLC-HRESIMS analysis. The assignment of the 

absolute configuration of the O-met, Leu-Thz and Pro-Thz were not determined due to shortage 

of material. The assignment of the methionine configuration was hindered by the sulfoxide and 

will need reanalysis. It’s well known that acid hydrolysis leads to racemization of thiazole-

amino acids [9], thus hindering one’s ability to assign the absolute configuration using 

chromatography. Most methods to assign thiazole-amino acid configuration include a step for 

the oxidation of the thiazole ring [10] prior to acid hydrolysis, however unfortunately due to 

limited material isolated we were unable to utilize these methods. Therefore, the total synthesis 

of this molecule will be required for the assignment of these two stereogenic centres. 

Additionally, the total synthesis would be required to assign the configuration of the 

methionine sulfoxide.  

 

Previous studies have reported a large number of complex cyclic peptides from L. majuscula 

that typically possess potent biological activities. For example, the cyclic peptide Apratoxin D 

was isolated from L. majuscula and L. Sordida, and showed potent in vitro cytotoxicity against 

human lung cancer cells (H-460) with an IC50 value of 2.6 nM [11].  Another cyclic peptide 

hoiamide A, isolated from  L. majuscula and Phormidium Gracile collected from Papua New 

Guinea, inhibited batrachotoxin binding to voltage-gated sodium channels and activated 

sodium influx in mouse neocortical neurons [12]. In addition, it also showed modest 

cytotoxicity to cancer cell lines. In this study, compound 1 was tested against the human 

neuroblastoma SH-SY5Y and microglia BV2 cell-lines. Interestingly, unlike previously 

isolated cyanobacterial cyclic peptides, 1 exhibited no cytotoxicity at concentrations up to 10 
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µM. Although, we would strongly encourage future biological investigations on different cell-

lines.  

 

Figure 43 Known compound- dolastatin 3 (2) 

 

Compound 2 was identified as a known compound dolastatin 3, which has been isolated from 

the marine cyanobacterium L.majuscula from Palau [5]. The structure elucidation of 2 was 

confirmed by the comparison of 1H and HRESIMS analysis [M+H] + at 661.2559 with those 

published in literature.  

 
 
 

 

 Structure elucidation of linear depsipeptides 

 

 
 

Figure 44 Chemical structure of 3 
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Compound 3 was isolated as yellow solid. The molecular formula of 3 calculated for 

C41H62N4O9 obtained from HRESIMS analysis [M+H] + at 755.3964. 1H NMR and 13C NMR 

signals indicate the presence of isoleucine, proline, and valine residue along with the 

phenyllactic acid and a fatty chain. 1H NMR spectrum (Table 5) in DMSO-d6 of 3 confirmed 

four amino acid residues as N-methylisoleucine (N-Me-Ile), proline (Pro), N-methylvaline (N-

Me-Val), and Valine (Val). 1H NMR showed a characteristic signal of a phenylalanine residue 

at δH 7.22 -7.27 (H-11 to H-15), 3.09 (H-9a), 2.85 (H-9b), and δH at 5.32 (H-8). However, a 

carbon chemical shift for C-8 of δC 72.9 indicated the presence of an oxymethine that was more 

consistent with the presence of a 3-phenyllactic acid (Pla) moiety. The terminal acetylenic 

group with correlation between carbon at δC 70.9 and δC 84.5 to methylene signal at δH 2.02 

(H-3). HMBC experiments were confirmed two extended methylene groups at δH 1.55, 1.38 

(δC 24.8) and δH 1.24, 1.20 (δC 33.9). From, COSY, HSQC, and HMBC data, spin system 

showed an oxygen-bearing methine at δH/ δC 3.34/71.3 connected to methine group (H-31) at 

δH/ δC 2.27/45.9, which bonded to methyl signal at δH/ δC 1.01/14.8. This data were confirmed 

as a 3-hydroxy-2-methyloctonoic acid (Hmoya) residue.  

 
 
 

 
 

Figure 45 Chemical structure of 4 

 

Compound 4 was isolated as a pale yellow solid. The molecular formula of 4, which was 

determined as C35H51N3O8 by HRESIMS analysis [M+H] + at 642.3760. The NMR data (Table 

5) of 4 indicated the presence of a similar peptide to 3 with some differences. Firstly, the 1H 

NMR lacked the signals for the N-methyl isoleucine indicating the Proline moiety as the 

terminal residue of the linear peptide. The other difference was the lack of the Hmoya methyl 

doublet, instead being replaced by two methyl singlets of a gem-dimethyl group at δH,0.99 and 

0.97, consistent with the presence of a 2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya) 

moiety. 
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The absolute configuration of Proline units in 3 and 4 were determined as L on the basis of 

advanced Marfey’s method using HRESIMS analysis. We were unable to distinguish the 

absolute configuration of other amino acids by this method due to lack of standards. 

Unfortunately, the low yield of compounds 3 and 4 meant that the configuration of the 

secondary hydroxy could not be evaluated using the Mosher’s analysis. Unfortunately, the 

configurations of the C-32 secondary hydroxy and the C-31 methyl in 3 vary in similar 

previously reported depsipeptides trungapeptin A and onchidin B hindering an assignment 

from biosynthetic considerations [13].. According to the recent literature review, majority of 

the depsipeptide isolated from the L. majuscula are cyclic [14]. This study demonstrate the 

linear depsipeptide from L. majuscula.     

 

The biological activity of compounds 3 and 4 was not evaluated due to a lack of material. 

Secondary metabolites isolated from L. majuscula exhibited potent biological activity, for 

example Hantupeptin A [15] showed cytotoxicity to MOLT-4 leukemia cells and MCF-7 breast 

cancer cells with IC50 values of 32 and 4.0 µM. The other depsipeptide isolated from L. 

majuscula, lagunamide A-C exhibited antimalarial activity against Plasmodium Falciparum 

with IC50 of 0.19, 0.91 and 0.29 µM, respectively.  The compounds Carbamin A, Dragomabin 

and Dragonamide A showed antimalarial activity against the W2 chloroquine-resistant malarial 

strain with IC50 4.3, 6.0 and 7.7µM [2]. Dragonamide E shown less leishmaniasismalaria and 

Dragonamide C, D shown less cancer activity.  
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Table 5 1H NMR of compound 3-4 in DMSO-d6 in 600MHz 

  3 4 

Unit C≠ δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) 

N-Me-Ile OH  n/o   

 1‘ 171.9    

 2‘ 59.9 CH 4.72, d (10.3)   

 3‘ 32.3 CH 1.91, m   

 4‘ 24.5 CH2 1.40, m 

0.99, m 

  

 5‘ 10.6 CH3 0.82, t (6.7)   

 6‘ 15.8 CH3 0.92, d (6.6)   

 7‘     

 8‘ 30.7 CH3 2.97, s   

Pro OH    n/o 

 1 171.8 C  174.5 C  

 2 56.6 CH 4.80, m 58.5 CH 4.26, dd (8.9, 4.6) 

 3 27.7 CH2 2.21, m 

1.68, m 

28.1 CH2 2.16, m 

1.84, m 

 4 24.6 CH2 1.98, m 

1.91, m 

24.4 CH2 1.91, m 

 5 46.5 CH2 3.76, m 

3.52, m 

46.0 CH2 3.69, dt (9.5, 6.9) 

3.48, dt (9.5, 6.5) 

 6     

Pla 7 166.1 C  167.0 C  

 8 72.9 CH 5.32, dd (9.1, 3.7) 72.5 CH 5.31, dd (9.2, 4.0) 

 9 35.8 CH2 3.09, m 

2.85, m 

35.7 CH2 3.10, m  

2.91, m 

 10 136.4 qC  135.9 qC  

 11 129.2 CH 7.28, d (8.0) 129.0 CH 7.30, d (7.9)  

 12 128.1 CH 7.27, t (7.8) 128.0 CH 7.29, t (7.7) 

 13 126.5 CH 7.22, t (7.2) 126.4 CH 7.23, t (7.4) 

 14 128.1 CH 7.27, t (7.8) 128.0 CH 7.29, t (7.7) 

 15 129.2 CH 7.28, d (8.0) 129.0 CH 7.28, d (7.9) 

 16     

N-Me-Val 17 169.5 C  169.5 C  

 18 60.6 CH 4.81, d (10.8) 60.3 CH 4.79, d (10.4) 

 19     

 20 26.7 CH 2.04, m 26.5 CH 2.06, m 

 21 18.3 CH3 0.67, d (6.7) 18.0 CH3 0.67, d (6.7) 

 22 19.5 CH3 0.80, d (6.5) 19.2 CH3 0.81, d (6.5)  

 23 30.9 CH3 2.86 s 30.7 CH3 2.87, s 

Val 24 172.4 C  172.4 C  

 25 53.6 CH 4.37, t (8.9) 53.3 CH 4.47 t (8.2) 

 26  8.11, d (8.6)  7.53 d (8.6) 

 27 29.9 CH 1.90, m 29.9 CH 1.91 m 

 28 18.5 CH3 0.83, d (6.4) 13.7 CH3 0.86 d (6.4) 

 29 19.0 CH3 0.72, d (6.7) 18.9 CH3 0.75 d (6.7) 

FA Moiety 30 174.7 C  175.8 C  

 31 45.9 CH 2.27, m 45.8 qC  

 32 71.3 CH 3.34, m 74.6 CH 3.39, m  

 33 33.9 CH2 1.28, m 

1.20, m 

30.6 CH2 1.39, m 

1.26, m 

 34 24.8 CH2 1.58, m 

1.33, m 

25.2 CH2 1.65, m 

1.38, m 

 35 17.8 CH2 2.02, m 17.4 CH2 2.10, m 

 36 84.5 C  84.5 C  

 37 70.9 CH n/o 70.9 CH n/o 

 38  4.55, m  5.22, m 

 39 14.8 CH3 1.01, d (6.8) 22.3 CH3 0.97 

 40   22.2 CH3 0.99 
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 Structure elucidation of a new benzyl lactam derivative 

 

 

 

Figure 46 Chemical structure of 5 

 

Compound 5 was isolated as a white, colorless solid. The HRESIMS data allow a molecular 

formula of C11H12ClNO2 to be assigned from an ion cluster for [M + H]+ at m/z 226.0703, 

228.0647, with an isotopic ratio of 3:1 that suggested the presence a chlorine. Analysis of the 

1H NMR J-coupling and  COSY data (Table 6) confirmed the spin couple system between four 

signals at δH 4.33 (d, J = 7.0 HZ), δH 3.74 (dd, J = 7.0, 5.8 HZ), δH 3.55 (q, J = 5.6 HZ) and 

methylene protons δH 2.90 (dd, J = 14.1, 5.4 HZ) and δH 2.79 (d, J = 14.1, 5.4 HZ). Another 

COSY correlation from H-5 to the NH proton at δH 8.28 also allowed the assignment of an 

amide within the spin system. The 13C NMR spectrum disclosed signals corresponding to nine 

carbons: one secondary carbon at δC 37.2 (C-6), one nitrogenated methine carbon at δC 59.0 

(C-5), one chlorinated carbon at δC 61.9 (C-3), one oxygenated carbon at δC 77.5 (C-4), three 

protonated aromatic carbons at δC 129.7 (C-8,12), 128.2 (C-9,11) and 126.4 (C-10), one non-

protonated aromatic carbon at δC 136.6 (C-7), and one amide carbonyl group at δC 168.4 (C-

2). The key HMBC correlations from H-4 and H-5 to the amide carbonyl then indicated the 

presence of a lactam ring. The substitution at C-3 of the lactam ring was assigned as a chlorine 

and at C-4 as a hydroxy based on the chemical shifts and nOe from δH 6.02 (OH) to H-4. The 

final key HMBC correlation from H-8/12 to C-6 then allowed the final substitution at C-5 to 

be assigned as a benzyl moiety.  
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Table 6 1H and 13C NMR of 5 in DMSO-d6 in 500 MHz 

 
 

Figure 47 Data for the assignment of the relative and absolute configuration of 5: The 

comparison of the experimental and calculated 1H NMR spin-spin coupling 

constants of the two configurations of 5 and the Moshers analysis of 5 with value 

for Δδ = δS - δR. 

 
 
 

               5 

 C≠ δC δH, mult. (J in Hz) 

1  8.28  

2 168.4 C  

3 61.9 CH 4.33 d (7.0) 

4 77.5 CH 3.74 dd (7.0, 5.8) 

4-OH  6.02, br 

5 59.0 CH 3.55 q (5.6) 

6 37.2 CH2 2.90 dd (14.1, 5.4) 

2.79 dd (14.1, 5.4) 

7 136.6 qC  

8 129.7 C 7.24, d (7.3) 

9 128.2 C 7.31, t (7.4) 

10 126.4 C 7.23, t (7.8) 

11 128.2 C 7.31, t (7.4) 

12 129.7 C 7.24, d (7.3) 
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The relative configuration of the three stereogenic centres were identified using NOESY 

correlations and a J-based configurational analysis. The strong nOe between H-3 and H-5 

allowed both protons to be assigned in a cis configuration, however, the large COSY 

correlation from H-4 to these protons hindered the assignment of the H-4 relative configuration. 

Therefore, the 3JHH couplings between H3/H-4 and H-4/H-5 were compared to DFT calculated 

J values to assign its final configuration. A conformational analysis was performed on the 

lactam ring with the H-3 and H-5 protons restricted by their nOe correlation leading to only 

one possible conformer with the ring being envelope at the C-4 position. Following another 

conformational analysis, the 3JHH spin-spin couplings between H3/H-4 and H-4/H-5 were 

calculated with H-4 in a cis and trans configuration. This allowed a confident assignment of 

the H-4 proton in a trans configuration to H-3 and H-5. The absolute configuration of 5 (3R, 

4S, 5S) was then assigned through a Mosher’s analysis[16] of the secondary alcohol.  

 

In this study, compound 5 was tested against the human neuroblastoma SH-SY5Y and 

microglia BV2 cell-lines, but no cytotoxicity showed at concentrations up to 10 µM.  Although, 

the  future biological investigations on different cell-lines recommend.   

 
 

 Structure elucidation of fatty acid esters 

 

 

Figure 48 Chemical structure of 6 

 
 

Compound 6 was identified as 9R,12R,13-trihydroxyoctadeca-10E,15Z-dienoic acid-methyl 

ester. This compound isolated as a colorless oil, and the molecular formula C18H34O5 was 

determined from the molecular ion for [M+Na]+ at m/z 365.1952 in the HRESIMS. The 13C 

NMR (Table 7) spectra revealed the presence of the ester carbonyl group at δC 176.0 and ester 

methyl signal at δC 52.0. The 1H NMR and COSY spectra signals show the long alkyl chain 

signal at δH 1.30 – 1.60 ppm corresponding to methylene unites (H2-H8) and a signal 

characteristic of a terminal methyl at δH 0.97 (t, J = 7.0 Hz, H3-18). Three oxygenated methine 
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were located at δH 4.05 (q, J = 7.0Hz, H-9), δH 4.05 (dd, J = 6.3, 4.6 Hz, H-12) and δH 3.54 (dt, 

J = 8.3, 4.6 Hz, H-13). Four olefinic signal were also evidenced at δH 5.70 (dd, J = 15.6, 6.3Hz, 

H-10), δH 5.73 (dd, J = 15.6, 6.3Hz, H-10), δH 5.44 (dd, J = 11.1, 6.4Hz, H-15) and δH 5.45 (dd, 

J = 11.4, 6.6, H-16). The geometry of the olefins were determined as E for Δ10 and Z for Δ15 

based on coupling constant value of 3J H10/H11 ~15.8Hz and  3J H15/H16 ~11.1Hz, respectively.   

 
 

Figure 49 Chemical structure of 7 

 

Compound 7 was isolated as a white solid, and molecular formula C38H66O9 was determined 

by HRESIMS analysis [M+Na]+ 689.4570. The doubling of signals in the 1H and 13C NMR 

(Table 7) spectrum, in addition to the mass indicated that 7 was potentially a dimer from the 

condensation of two molecules of 6.  This was supported by the presence of two oxygenated 

methines in the HSQC with deshielded carbon chemical shifts characteristic of an ether linkage 

(δC 84.3 and 82.6). The doubling of signals indicated that the ether linkage was from the 

condensation between two hydroxy groups at different positions. In the first monomer the ether 

was identified at C-13 from COSY correlations from δH 3.51 (H-13) to the hydroxy-methine at 

δH 4.16 (H-12) and methylene at δH 2.24/2.17 (H-14). The ether linkage was identified at C-12 

in the second monomer from COSY correlations from δH 4.01 (H-13) to the olefinic methine 

at δH 5.60 (H-11) and the hydroxy-methine at δH 3.63 (H-13).  

 

Compound 6 was previously isolated from anti-rice blast material [17]. Compound 6 is very 

similar to malyngic acid (9S,12R,13S-trihydroxyoctadeca-10E,15Z-dienoic acid) (Figure 50), 

which is isolated from marine cyanobacterium L. majuscula. Compound 6 and 7 were tested 

against SH-SY5Y neuroblastoma cell lines, none of the compound showed activity at the 

highest concentration 10µM. The further bioactivity investigation of  7 on different bioassays 

could be of interest because previous study evidenced that many biological activities has been 

reported from dimer compounds originally isolated from marine cyanobacterium L. majuscula. 
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For example, tanikolide dimer isolated from the marine cyanobacterium L. majuscula from 

Madagascar inhibited SIRT2 with an IC50=176nM [18]. The other dimer compound, 

malygolide dimer isolated from L. majuscuala from Panama showed moderate in vitro 

antimalarial activity against chloroquine-resistant Plasmodium falciparum (W2) (IC50 = 19 

μM) [19].  

 

 
 

Figure 50 Chemical structure of malyngic acid 
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Table 7 1H and 13C NMR of 6 and 7 in CD3OD in 500 MHz 

 6 7 

C≠ δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) 

1 176.0  176.0  

2 34.8 CH2 2.31 t (7.0) 34.8 CH2 2.31 t (7.2) 

3 26.0 CH2 1.60 m 26.0 CH2 1.60 m 

4 30.3 CH2 1.32 m 30.4 CH2 1.33 m 

5 30.1 CH2 1.31 m 30.2 CH2 1.33 m 

6 30.5 CH2 1.33 m 30.6 CH2 1.33 m 

7 26.5 CH2 1.39 m 

1.34 m 

26.5 CH2 1.39 m 

1.35 m 

8 38.3 CH2 1.54 m 

1.49 m 

38.4 CH2 1.55 m 

1.48 m 

9 73.3 CH 4.05 q (7.0) 73.2 CH 4.05 q (6.0) 

10 136.8 CH 5.70 dd (15.6, 6.3) 136.8 CH 5.64 m 

11 130.6 CH 5.73 dd (15.6, 6.3) 130.4 CH 5.75 m 

12 76.0 CH 3.96 dd (6.3, 4.6) 74.6 CH 4.16 dd (6.7, 2.9) 

13 75.9 CH 3.54 dt (8.3, 4.6) 82.6 CH 3.51 m 

14 31.7 CH2 2.29 m 

2.16 m 

30.2 CH2 2.24 m 

2.17 m 

15 126.4 CH 5.44 dt (11.1, 6.4) 126.6 CH 5.37 m 

16 134.4 CH 5.45 dd (11.4, 6.6) 134.2 CH 5.44 m 

17 21.7 CH2 2.07 quintet 21.8 CH2 2.05 quintet 

18 14.6 CH3 0.97 t (7.0) 14.6 CH3 0.96 t (7.4) 

19 52.0 CH3 3.65 s 52.0 CH3 3.65 s 

1‘   176.0  

2‘   34.8 CH2 2.31 t (7.2) 

3‘   26.0 CH2 1.60 m 

4‘   30.4 CH2 1.33 m 

5‘   30.2 CH2 1.33 m 

6‘   30.6 CH2 1.33 m 

7‘   26.5 CH2 1.39 m 

1.35 m 

8‘   38.4 CH2 1.55 m 

1.48 m 

9‘   72.9  CH 4.07 q  (6.0) 

10‘   138.6 CH 5.71 m 

11‘   128.8 CH 5.60 m 

12‘   84.3 CH 4.01 dd (7.2, 3.5) 

13‘   75.3 CH 3.63 m 

14‘   30.9 CH2 2.28 m 

2.20 m 

15‘   126.8 CH 5.41 m 

16‘   134.2 CH 5.43 m 

17‘   21.8 CH2 2.07 quintet 

18‘   14.6 CH3 0.96 t (7.4) 

19‘   52.0 CH3 3.65 s 
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4.4 Conclusion 

The chemical investigation of bloom forming species of marine cyanobacterium L. majuscula 

yielded five new compounds and two known compounds. Their chemical structure were 

analyzed by using 1D and 2D NMR data along with Marfey’s and Mosher’s analyses for 

absolute configuration assignment. However, the absolute configurations of all amino acids 

were not characterized because of little amount of the isolated compounds. Compound 1, 5, 

and 7 were tested against SH-SY5Y neuroblastoma cell lines, but none of the compound 

showed biological activity. More material of isolated compounds requires for further biological 

investigations as L.  majuscula represents a great source of unique secondary metabolites with 

potent biological activities.    
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5 General discussion  

5.1 Oxylipins as common metabolites from cyanobacteria  

In contrast to other bacteria, the lipid membrane of cyanobacteria contains polyunsaturated 

fatty acids [1]. In this thesis, chemical guided studies of marine cyanobacterial species, 

collected from French Polynesia and New Caledonia are described. Based on the chemical 

profiling, the isolation and structure elucidation of the major metabolites were undertaken on 

three marine cyanobacterial species: Pseudanabaena sp, Leibleinia gracilis and Lyngbya 

majuscula. These cyanobacterial species regularly form blooms in the lagoon of Tahiti and 

New Caledonia, and they are characterized by the presence of oxylipin derivatives. Many 

cyanobacteria are a valuable source of fatty acids with different potential applications 

especially polyunsaturated fatty acids [2]. Fatty acid chains C-14, C-16 and C-18 commonly 

found in cyanobacteria as a key chemical marker. This enables the distribution of species into 

5 main groups depending on their fatty acids profiles [3].  

 

Pseudanabaena sp. 

Aliphatic fatty acids containing acetylenic and allenic bonds are found in nature, while the 

primary function of these acetylenic fatty acids is defence [5], but some of them also have 

noticeable pharmaceutical properties. This dissertation represents the first study to describe the 

isolation and stereochemical analysis of Puna’auic Acid (1) (Figure 51), a new allenic fatty 

acid from a Pseudanabaena sp. collected off Puna’auai, French Polynesia. Puna’auic Acid did 

not exhibit any remarkable biological activity. Due to rare its occurrence in natural product, 

allene biosynthesis is still not fully understood. An interesting review of allenic or cumulenic 

lipids by Valery et al., revealed the range of allenic metabolites including around 200 natural 

allenic compounds with some of them exhibited potent biological activities [6].  Allenic fatty 

acids are known for diverse chemical structures and biological importance. The first allenic 

fatty acid, laballenic acid was isolated from seed oil of Sapium sebiferum [6]. Later on other 

homologue of laballenic acid were subsequently found in the seed oils of  Leonotis nepetaefolia 

[6]. These plants based allenic fatty acids exhibit marked optical activity, which is attributed 

to the allenic group of the acid.   Numerous closely related allenes have been isolated from the 

seed oil [7].  So far, biological function of these allenic fatty is not clearly described and the 

ecological role of these fatty acids should be addressed as well.   
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Figure 51 Structure of puna'auic acid (1) and (2) 

 

Leibleinia gracilis 

Major fatty acids present in cyanobacteria are hexadecanoic, 9-hexadecenoic, hexadecadienoic, 

octadecanoic, and 9-octadecenoic. Both saturated fatty acids and unsaturated fatty acids 

undergo β-oxidation but unsaturated fatty acids have a slight variation in pathways. In case of 

unsaturated fatty acids β-oxidation two additional enzymes isomerase and reductase are 

involved [8]. Fatty acids from cyanobacterial cells are synthesised by same mechanism that in 

plants [9]. The biosynthesis of unsaturated fatty acids in cyanobacteria is initiated by delta-9 

acyl-lipid desaturase, which presents the first double bond at the delta-9 position of a saturated 

fatty acid that has been esterified to a glycerolipid [10].  The unsaturation at C-9 is quite 

common in cyanobacterial species. In this study, Oxidised fatty acid derivative, 11-

oxopalmitelaidic acid (2) (Figure 52) was identified as major metabolite in L.gracilis. Cuellar-

Bermudez et al. [11] reported palmitelaidic acid (3) was major metabolites produced by 

cyanobacterial species. Compound 2 is similar to 3 with the addition of a ketone at C-11 

position. The occurrence of conjugated ketone at C-11 is very rare in cyanobacterial fatty acids.  

 

 
 

Figure 52 Chemical structure of 11-oxopalmitelaidic acid (2) and palmitelaidic acid (3) 
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Lyngbya majuscula 

The other fatty acid derivatives reported in this these are 9R,12R,13-trihydroxyoctadeca-

10E,15Z-dienoic acid - methyl ester (4) and a dimer (5) from the marine cyanobacterium L. 

majuscule (Figure 53). Compound 4 was previously isolated from anti-rice blast fungus 

material [12]. Malyngic acid (9S,12R,13S-trihydroxyoctadeca-10E,15Z-dienoic acid), is a 

major metabolites identified from L. majuscula by John and Richard [13]. The fatty acids 

produces by cyanobacteria includes hydroxyl acids. These hepoxillin type metabolites are 

results from rearrangements of the hydroperoxide formed by an ω6-lipoxygenase acting on an 

9,12,15-octadecatrienoic acid (α-linolenic acid) precursor to produce malyngic acid [14]. 

 

 

 

Figure 53 Chemical structure of 9R,12R,13-trihydroxyoctadeca-10E,15Z-dienoic acid - 

methylester (4) and its dimer (5)  from L. majuscula 

 

Marine derived unsaturated fatty acids are of great interest because of their structural diversity 

and potential biological functions [15]. The first cyclopropyl containing fatty acids, 

grenadadiene and grenadamide were isolated from L. majuscula from Grenada. Grenadadiene 

showed cytotoxicity in NCI cell lines, while grenadamide  showed modest brine shrimp toxicity 

(LD50 = 5µg/mL) and cannabinoid receptor binding activity (Ki = 4.7µM).  Structural diversity 

in these marine derived fatty acids makes them biologically important, capable of exhibiting a 

range of biological activities and developing nutrient like physiochemical properties. Fatty 

acids compositions in cyanobacteria differs from one species to another. However, the 
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influence of environmental parameters on the structurally diverse fatty acid composition is not 

fully understood. For example, Olvera Ramirez et al., reported increased content of 

polyunsaturated fatty acids in Calothrix sp., isolated from a rice field in Maxico. These species 

was influenced by the nitrate content in the cyanobacterium cultured medium. The impact of 

temperature, light, salinity on fatty acids compositions in cyanobacterial species isolated from 

different habitats have been reported [2, 16, 17]. However, the pattern of fatty acids were 

different between laboratory culture medium and natural colonies of cyanobacteria. In fact, Liu 

et al., [2].  reported that the natural colonies of cyanobacteria had higher content of 

polyunsaturated fatty acids. Moreover, it is well described that the composition of 

polyunsaturated fatty acids in lipid membranes varies with changes in temperature because of 

the up and down regulation of the desaturase genes [18].  

 
 

5.2 Use of metabolomics and molecular networks for the study of the 

chemical diversity of cyanobacteria  

Mass spectrometry based metabolomics has proven to be a powerful tool to assess the 

metabolome of cyanobacteria and its variability [19]. This work represents the first report on 

the assessment of the variability of metabolome according to environmental parameters 

through metabolomics and molecular networking. The development of analytical tool is still a 

challenge to access the comprehensive metabolomics investigations [20]. Indeed, most of the 

studies using metabolomics investigated the impact of culture conditions into the metabolome 

of cyanobacteria [21]. Vico et al., [22]. and Mowe et al., [23]. inspected the nutrient effects on 

release of harmful toxins in cultured cyanobacteria. This approach usually does not allow a full 

characterization of the diversity of metabolites of the studied sample. Guyot et al., [24] revealed 

that over 90% of the compounds isolated from cyanobacteria were unidentified with the 

diversity and variability in species largely unknown. Recently, Racine et al., [25] reported the 

untargeted metabolomics study on metabolome variation between strains of Microcystis 

aeruginosa.  The authors observed a significant difference in metabolome within the same 

strains with time factors. These results highlighted the need to access the metabolome of 

cyanobacteria. Therefore, it is very important to study the variability of metabolome in 

cyanobacteria.  In my study, I decided to use high-resolution LC-MS based metabolomics on 

cyanobacterium L. gracilis, because these species were found proliferative overgrowing on 

macroalga Turbinaria ornata or dead corals. Moreover, LC-MS based metabolomics used for 
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the higher sensitivity of the methods, soft ionization and good coverage of metabolites. Most 

recent development in instruments with dual ionization capabilities have gradually developed 

the tread, which results in an increased analysis of the variability in metabolome. 

 

Overall, the results of the metabolomics study demonstrated that the weather conditions 

strongly affects the environmental parameters in coral reefs. The specialized metabolome of 

cyanobacteria are known to be very variable with changes in environmental parameters [26]. 

Therefore, we studied the change in the specialized metabolome of L.gracilis before and after 

a rainy event. An untargeted metabolomics analysis was helpful to describe the variability of 

the metabolome between these two events using PLS-DA and statistical analysis. These results 

highlight that the variability in the metabolome is significantly higher than the variability 

induced by the substrate as some samples were found overgrowing dead corals but also the 

widespread macroalga Turbinaria ornata. The statistical model for predictability was highly 

significant with critical model parameters. Annotation of the chemical markers responsible for 

the separation is still a bottleneck as natural product databases are not yet exhaustive. 

Interestingly, metabolomics data did not allow to annotate the chemical markers of PLS-DA 

analysis. These results revealed that more extensive database of MS/MS spectra of the 

cyanobacterial metabolites need to build for annotation of metabolites. Moreover, these 

databases should include primary metabolites and lipids, as they seems to be major metabolites 

from some cyanobacteria. In search for other database, a fatty amide, erucamide, was found as 

main chemical markers. This compound is largely used as a slip agent in several polymers.  

 

I would like to highlight herein the importance of the molecular networking approach. This 

approach based on MS/MS fragmentation patterns was developed recently to help in the 

visualization based of chemical similarity through constructed clusters. For instance, Briand et 

al., [27] used molecular networking tool to track changes in secondary metabolic profile of 

Microcystis aeruginosa strains due to intraspecific interaction. The results revealed 

identification of new analogues of known peptides and the factors that regulate the production 

of MC and other cyanobacterial secondary metabolites.  In other study by Kim Tiam et al., [28]  

used this approach with combine of chemical analysis and genomics data to investigate 

chemodiversity of secondary metabolites based on pattern of distribution of Planktothrix 

cyanobacteria. The result led to annotation of the main metabolites from Plaktothrix strains.     

Recently, Ding et al., [29] used MS/MS based molecular networking study for detection of 

aplysiatoxin related compounds in marine cyanobacteria. William Gerwick and co-workers 



Chapter 5  General Discussion 

112 

 

characterize the metabolome of a Trichodesmium bloom using MS/MS based molecular 

networking [30]. These effort led to the identification of members of smenamide family, 

including known and new analogues.  In my study, I applied this tool to build molecular 

network of methanol fraction for the identification of metabolites. The networking approach 

has identified only glycolipids. I did not identify others metabolites during the analysis. This 

may be due to lack of informative MS/MS fragments. These results suggests that this approach 

depends on the existence of related fragmentation pattern from natural product. Moreover, the 

limitation of this approach reflects the limitations characteristic to mass spectrometry and 

ability to ionize molecules.  

 
 
 

5.3 Toxins from Lyngbya and their biological activities 

Present in diverse geographical habitats in tropical areas, the genus Lyngbya offers diverse 

marine natural products with unusual chemical structures. In this work, L. majuscula was 

collected from a yearly bloom in Chateaubriand Bay, Lifou, New Caledonia. Increased 

cyanobacterial abundance can cause water quality problems, skin related disease and potential 

exposure to cyanobacterial toxins for the local population in New Caledonia. Additionally, 

ingestion of numerous marine natural products resulted in many seafood poisoning cases for 

instance in one tribe from Lifou, Loyalty Island Province, New Caledonia from 2001 to 2005 

[31].  An interesting review of the toxins isolated from L.majuscula by Taylor et al., revealed 

a wide variety of compounds including some with toxic effects in humans and have potential 

roles in medical treatments [32]. The authors also involved climate change as an influence on 

the distribution of L. majuscula and the frequency of blooms (Figure 54). 
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Figure 54 worldwide distribution of L.majuscula [32] 

    

The high toxicity exhibited by these cyanobacterial species is explained by the presence of 

cyanotoxins, but it is necessary to chemically analyse the species to better understand their full 

repertoire of toxins and variability in metabolome with the location. Indeed the metabolome 

seems to be very plastic and dependent on environmental parameters. Some toxins from the L. 

majuscula such as lyngbyatoxin A (6), aplysiatoxin (9) and debromoplysiatoxin (10), were 

involved in seafood poisoning and they exhibit biological effects on human health [33-35].  

Lyngbyatoxin A has been reported to be a potent tumour promoter and have the capability to 

induce PKC activity [36, 37].  Jiang et al. found that a derivative of compound 6, 12-epi-

lyngbyatoxin A, showed comparable toxicity and 100 times lower affinity for protein kinase 

Cδ (PKCδ) using the PKCδ-C1B peptide in comparison with 6 [33]. The author indicates that 

the cytotoxic and lethal mechanism of lyngbyatoxin type compounds might be facilitated 

through a non-PKC activation pathway. Furthermore, this result revealed that the C12 

configuration of the indolactam moiety of 6 is important function for binding with the PKCδ-

C1B peptide. Lyngbyatoxin B (7) and C (8) also represent tumour promoter and agonists of the 
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PKC receptor with ED50 values of 2.2 µM and 0.2 µM, respectively, which  correspond to 

1/200 and 1/20 the activity of lyngbyatoxin A [38]. 

 
 

 
 

Figure 55 Chemical structure of lyngbyatoxin A (6), B (7), and C (8), aplysiatoxin (9) and 

debromoaplysiatoxin (10) 

 

The presence of thiazole in the structure could represent an opportunity for finding different 

bioactivities from previously reported analogues. Other cytotoxic compounds from L. 

majuscula include one of the most promising family of compounds, dolastatin. Subsequently, 

two dolastatin like peptides with potential bioactivity have been described. Dolastatin 16 (11) 

was reported by Nogle and Gerwick [39] from madagascan collection of L. majuscula and 

homodolastatin 16 (12) was reported by Davies and Coleman [40] from L. majuscula from 

Wasini Island off the southern Kenyan coast (Figure 56).  
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Figure 56 Chemical structure of dolastatin 16 (11), and homodolastatin 16 (12) 

 

In this study, I reported known cyclic peptide dolastatin 3 (13), which was previously found in 

the sea hare Dolabella auricularia and L. majuscula from Palau (Figure 57) [41]. Dolastatin 3 

is known to be cytotoxic [42], and it was shown to inhibit the HIV-1 integrase at IC50 values 

of 5 mM for terminal-cleavage and 4.1 mM for the strand-transfer reaction. When a valine 

residue was replaced by an isoleucine in homodolastatin 3, no activity was observed at 100 

mg/mL in the integrase assay [41].  Tripathi et al., reported that lagunamide A (14) and B (15) 

have antimalarial activity and cytotoxic activity against P388 murine leukemia cell lines [43]. 

Their results represents the first antimalarial activity observed for this class of aurilide-related 

molecules, which makes these toxic compounds potential therapeutic agents.   

 

Figure 57 Dolastatin 3 (13) 
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An unusual D-amino acid containing grassypeptolide (16) inhibited four cancer cell lines 

derived from human osteosarcoma (U2OS), cervical carcinoma (HeLa), colorectal 

adenocarcinoma (HT29), and neuroblastoma (IMR-32) with IC50 values from 1.0 to 4.2 µM  

[44]. The same range of activity reported for lissoclinamide (17), in different cancer cell lines 

revealed that the thiazoline of lissoclinamide is important for its cytotoxicity. In this case, it 

might be possible that 16 and 17 share a similar mechanism of action.  In our study, all 

compounds reported in this thesis from the marine cyanobacterium L. majuscula were 

subjected to antioxidant and neuroprotective activity against SH-SY5Y neuroblastoma cell 

lines. These compounds did not present activity in any of the bioassay even though tested at 

higher concentration. However, further biological studies should be carried out to find potential 

pharmaceutical applications.  

 
 

Figure 58 Chemical structure of lagunamide A (14) and B (15), grassypeptolide (16), 

lissoclinamide (17)  
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The secondary metabolites derived from L. majuscula share many features with other 

cyanobacterial compounds such as N-methylation, and presence of mixed polyketides. In our 

study, a second family of the natural products isolated from Lyngbya are modified linear 

peptide characterised by the presence of long polyketide chain. An interesting review of 

secondary metabolites isolated from Lyngbya by Subramaniyan and Muniraj revealed a wide 

range of biological activities including antiproliferative, antimalarial, anticancer, and 

antifungal properties for these compounds [45]. For example, Gerwick et al. reported the 

identification of the dragonamide compound family, of which dragonamide A (18) and E (20) 

exhibited antimalarial and antileishmanial activity [46, 47]. However, the non-aromatic 

analogue, dragonamide B (19), was not active against malaria or leishmaniasis. These results 

revealed that aromatic amino acids at the carboxy terminus were responsible for these 

activities. A similar analogue carmabin A (21), was identified from L. majuscula by Hooper et 

al [48].  

 

 

 

Figure 59 Chemical structure of dragonamide A (18), B (19) and E (20) and carmabin A (21) 
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Sanchez et al, analysed the antiparasitic activity of almiramide B (23) and C (24) against 

Leishmaniasis donovani with IC50 values of 2.4 µM and 1.9 µM [49]. However, almiramide A 

(22) was reported to be inactive. The author indicates the unsaturated terminus on the side chain 

is essential for activity. The potential bioactivities and pharmaceutical applications exhibited 

by L. majuscula toxins have convinced scientist to continue work on different mechanisms of 

action. However, future work is still necessary to fully assess the bioactivity of these 

metabolites.  

 
 

Figure 60  Almiramide A (22), B (23), and C (24) 

 

In general, if we compare the toxic compounds isolated from the cyanobacterium, Lyngbya 

have ability to simultaneously produce potent toxins. This ability have been praised for their 

antibacterial, anticancer, antiviral activities. Interestingly, it is common for genus Lyngbya, to 

produce more than one member of a certain structural class, which makes for a bright future 

for discovering new natural products with potential pharmaceutical applications and the 

chemical diversity of these interesting cyanobacterium ae still surprising.  
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6 Conclusion and Perspectives  

Many chemical investigations remain to be conducted on marine cyanobacteria to assess 

their toxicogenic potential. Recent studies support the hypothesis that benthic blooms of 

marine cyanobacteria produce various types of toxins and are one of the causes of human 

and animal poisoning. However, the production of toxins produced by marine 

cyanobacteria need to be confirmed and also important to study the changes in 

metabolome with the locations. This work focused on the chemical investigation of some 

benthic and proliferative species of cyanobacteria from French Polynesia and New 

Caledonia.  

 

A total of eight new and two known marine natural products were isolated and identified 

in the three species including an original allenic fatty acid from Pseudanabaena sp, one 

new unsaturated fatty acid from Leibleinia gracilis, two cyclic peptides, two modified 

linear peptides, one alkaloid, and two fatty acids from L. majuscula. There is a great 

interest in marine cyanobacterial species as they represent an extensive source of toxic 

peptides, alkaloids and fatty acids with different pharmaceutical applications. In total 

there were 326 secondary metabolites reported from lyngbya species. Despite Lyngbya 

sp.  being the most studied species of cyanobacteria, there is a still great potential for 

uncovering new biological activities. This work confirms that the cyanobacterium L. 

majuscula is a powerful source of different natural product, including toxins and bioactive 

peptides. According to Nabout et al. [1], there are 2698 cyanobacterial species described. 

Many species of cyanobacteria have not been chemically studied. Therefore, 

cyanobacteria remain a great source in the search for structurally unique natural products 

with interesting bioactivity were encouraged chemist, taxonomist and biologist to unveil 

this hidden treasure.     

 

The second objective of this thesis was to assess the variability in the metabolome of 

cyanobacterium L. gracilis through metabolomics and molecular networking. Combined 

this innovative approach can help with dereplication and support the natural product 

discovery. I used a metabolomic approach as a useful tool to describe the influence of 

environmental factors on the metabolome and also to annotate biomarker, such as 

erucamide, which was highly present when this cyanobacterium was collected. 
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Reference 

1. Nabout, J., et al., How many species of Cyanobacteria are there? Using a discovery curve 

to predict the species number. Biodiversity and Conservation, 2013. 22. 
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7 Appendix 

 

  

 

 

 

 

 
Appendix A 

 

Supplementary information for 

 

Stereochemical Study of Puna’auic acid, an Allenic Fatty Acid from the Eastern 

Indo-Pacific Cyanobacterium Pseudanabaena sp. 
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Puna’auic acid (1). Yellowish oil;   [α]D 20 –22 (c 0.1, CH3OH); ECD (c 3.2 × 10−3 M, CH OH) λ 

(Δε) 228 (-0.09) nm; 1H NMR and 13C NMR data see Table 1; HRESIMS (m/z 311.2237) [M-H] 

(311.2228 calcd. for C18H31O4, Δ +2.8 ppm) and fragments 181.1245; 129.0935. 

 

 

 

 

 

Figure 1 UPLC-QTof TIC profile of Puna’auic acid (1). 

Figure 2 Mass spectrum of Puna’auic acid (1) 

Figure 3 MS-MS profile of Puna’auic acid (1). 
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Figure 4 1H NMR Spectrum of 1 at 600 MHz in CD3OD 



SI                                                                                                             Pseudanabaena sp. 

130  

 
 

Figure 5 gCOSY NMR Spectrum of 1 at 600 MHz in CD3OD 
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Figure 6  13C NMR Spectrum of 1 at 150 MHz in CD3OD 
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Figure 7 gHMBC NMR Spectrum of 1 at 600 MHz in CD3OD 
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Figure 8 gHSQC NMR Spectrum of 1 at 600MHz in CD3OD
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Compound 14. Yellowish oil; [α]D
20 +4.5 (c 0.1, CHCl3); 

1H NMR (600 MHz, CD3OD) 5.93 

(dd, 3J = 16.0, 6.5 Hz, 1H, H-12), 5.61 (dq, 3J = 16.0, 1.5 Hz, 1H, H-11), 5.61 (br q, 3J = 6.5 

Hz, 1H, H-13), 2.28 (br t, 3J =7.0 Hz, 2H, H-8), 2.27 (t, 3J = 7.5 Hz, 2H, H-2), 1.59 (q, 3J = 7.5 

Hz, 2H, H-3), 1.51 (m, 2H, H-7), 1.46 (m, 2H, H-14), 1.35 (m, 4H, H-4, H-15), 1.33 (m, 2H, 

H-17), 1.31 (m, 4H, H-6 H-16), 1.28 (m, 2H, H-5), 0.89 (t, 3J = 7.5 Hz, 3H, H-18) ppm; 13C 

NMR (150 MHz, CD3OD) 14.4, 19.9, 23.7, 26.0, 26.2, 29.7, 29.7, 29.8, 30.1, 32.9, 34.9, 38.1, 

73.0, 79.7, 91. 1, 111.1, 145.6, 177.7 ppm; and see reference (Babudri, F.; Fiandanese, V.; 

Marchese, G.; Punzi, A. Tetrahedron 1999, 56, 327-331); HRESIMS m/z 293.2106 [M H] 

(293.2122 calcd. for C18H29O3, Δ 5.4 ppm). 

 

 

 

Figure 9 Mass spectrum of 14
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Figure  10 Presat 1H NMR Spectrum of 14 at 600 MHz in CD3OD 
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Figure 11 13C NMR Spectrum of 14 at 150 MHz in CD3OD 
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Figure 12  COSY Spectrum of 14 at 500 MHz in CD3OD 
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Computational details. 

All DFT calculations were performed using Gaussian 09W1. A conformational analysis 

was first run using MarvinView 7.18.0 (ChemAxon) and due to the high flexibility of the 

compound, the energy optimization (B3LYP/6-31g(d)) was performed on the 5 most 

stable conformers. The absence of imaginary frequency was confirmed by a frequency 

check at the same level of precision. NMR chemical shifts were predicted using the same 

method and basis set. Comparison between experimental and theoretical chemical shifts 

was performed using an in-house implementation of the DP4 algorithms published by 

Smith and Goodman2. 

Cartesian coordinates of the four stereoisomers of 1. 

 

  

  
C 0.72910 -1.73100 -0.57220 C 1.77340 1.54840 1.97260 

C 1.72460 -1.85080 0.27040 C 2.69160 1.93890 1.12460 

C 2.72100 -1.96800 1.11100 C 3.60090 2.36570 0.28460 

C -0.27910 -0.60180 -0.58270 C 0.32230 1.97780 1.91230 

C -1.71410 -1.09050 -0.31450 C -0.58920 0.86730 1.35680 

C -2.76000 0.02900 -0.39100 C -2.06630 1.27560 1.29470 

C -4.19050 -0.45950 -0.12910 C -2.97770 0.17980 0.72710 

C -5.24390 0.65240 -0.21590 C -4.45420 0.58960 0.65270 

C -6.66970 0.15110 0.04350 C -5.35680 -0.50890 0.07820 

C -7.71410 1.26500 -0.04920 C -6.82600 -0.08920 0.00630 

C -9.12560 0.78140 0.20280 C -7.72480 -1.16120 -0.57070 

O -
10.02210 

1.79910 0.11780 O -9.02220 -0.75850 -0.60110 
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1 Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, 

M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, 

X. Li, M. Caricato, A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, 

H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams- Young, F. 

Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. 

Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, 

K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. 

Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. 

Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, 

J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. 

Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. 

Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 

2016 

2 J. Am. Chem. Soc., 2010, 132 (37), pp 12946–12959 DOI: 10.1021/ja105035r 
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C 4.14260 -1.45430 0.91990 C 3.93100 1.83730 -1.10560 

C 4.44430 -0.96690 -0.50800 C 3.23180 0.54650 -1.55970 

O 5.08130 -2.45680 1.29820 O 3.67600 2.86120 -2.06800 

C 5.78560 -0.23150 -0.62210 C 3.45960 -0.70100 -0.69870 

O 4.45580 -2.16410 -1.30090 O 1.83500 0.87530 -1.66000 

C 5.82340 1.16090 0.02320 C 4.93000 -1.12570 -0.57470 

C 7.14940 1.89250 -0.22400 C 5.10630 -2.47140 0.14160 

C 7.21580 3.28010 0.42730 C 6.57270 -2.89670 0.29010 

C 8.54170 4.00300 0.16970 C 6.74180 -4.24240 1.00280 

O -9.45940 -0.35600 0.45130 O -7.37600 -2.25090 -0.96800 

H 0.58600 -2.51380 -1.32100 H 2.03810 0.81990 2.74220 

H 2.56950 -2.49050 2.05690 H 4.17540 3.25710 0.54460 

H 0.00420 0.15170 0.16190 H -0.01600 2.26020 2.91990 

H -0.25150 -0.10420 -1.56420 H 0.23280 2.87090 1.28300 

H -1.96920 -1.87710 -1.03970 H -0.22790 0.60090 0.35500 

H -1.75030 -1.56540 0.67540 H -0.48420 -0.03550 1.97630 

H -2.50530 0.81620 0.33410 H -2.41260 1.55060 2.30230 

H -2.71330 0.50310 -1.38290 H -2.16550 2.18360 0.68150 

H -4.44110 -1.25200 -0.84960 H -2.62810 -0.09800 -0.27820 

H -4.23850 -0.92770 0.86480 H -2.88380 -0.72740 1.34200 

H -4.99620 1.44510 0.50590 H -4.80570 0.86510 1.65830 

H -5.19520 1.12190 -1.20990 H -4.54760 1.49870 0.04000 

H -6.92430 -0.63980 -0.67300 H -5.01420 -0.78770 -0.92620 

H -6.72810 -0.31460 1.03520 H -5.27230 -1.41870 0.68570 

H -7.50430 2.07010 0.66810 H -7.21550 0.17510 0.99880 

H -7.69790 1.74540 -1.03710 H -6.95220 0.81490 -0.60500 

H -
10.89560 

1.4006
0 

0.29200 H -9.52380 -1.50210 -0.98520 

H 4.30560 -0.62740 1.62190 H 5.01300 1.66890 -1.15730 

H 3.62780 -0.30780 -0.84090 H 3.62400 0.35430 -2.57150 

H 5.08430 -3.08120 0.55040 H 2.70670 2.87650 -2.15650 

H 6.56450 -0.87130 -0.18970 H 3.02650 -0.53700 0.29280 

H 6.01970 -0.12280 -1.69350 H 2.88920 -1.52480 -1.15590 

H 4.84880 -1.94930 -2.16010 H 1.40260 0.17620 -2.17310 

H 4.99380 1.77050 -0.36530 H 5.38390 -1.18700 -1.57540 

H 5.66060 1.07570 1.10610 H 5.49190 -0.35530 -0.02910 

H 7.97870 1.27540 0.15180 H 4.64190 -2.41690 1.13720 

H 7.31230 1.99260 -1.30760 H 4.55610 -3.25030 -0.40740 

H 6.38430 3.89550 0.05500 H 7.03740 -2.94760 -0.70490 

H 7.05790 3.17930 1.51040 H 7.12040 -2.11910 0.84130 

H 8.55910 4.98940 0.64700 H 7.79880 -4.51750 1.09300 

H 9.38920 3.42780 0.56230 H 6.31850 -4.21100 2.01430 

H 8.71130 4.14950 -0.90420 H 6.23360 -5.04700 0.45710 
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C 0.69740 -2.76910 0.62260 C -0.91350 -2.82590 0.00360 

C 1.89100 -2.29550 0.88770 C -1.53300 -1.71190 -0.29050 

C 3.09640 -1.83990 1.11920 C -2.12550 -0.58040 -0.58210 

C -0.32600 -2.08710 -0.26050 C 0.58940 -3.00210 0.08720 

C -1.60310 -1.69700 0.50580 C 1.40160 -1.72510 -0.15000 

C -2.66260 -1.04480 -0.39130 C 2.91020 -1.93700 0.02530 

C -3.94400 -0.66080 0.35990 C 3.73500 -0.66640 -0.21820 

C -5.00010 -0.00050 -0.53550 C 5.24230 -0.87030 -0.01960 

C -6.28140 0.37470 0.21900 C 6.06290 0.40200 -0.26370 

C -7.32390 1.03700 -0.68350 C 7.56220 0.18520 -0.05120 

C -8.59450 1.41200 0.04780 C 8.38720 1.43150 -0.28670 

O -9.49070 2.00270 -0.78530 O 9.70960 1.19930 -0.07440 

C 4.30630 -2.19200 0.27490 C -2.48510 0.47560 0.44150 

C 4.89550 -0.99150 -0.50400 C -3.96000 0.38890 0.88540 

O 4.00250 -3.16150 -0.72770 O -1.64920 0.33860 1.57680 

C 5.27420 0.20020 0.37090 C -4.97100 0.63300 -0.23730 

O 3.96690 -0.55740 -1.48380 O -4.07910 1.38020 1.92560 

C 6.01830 1.29760 -0.40190 C -6.43150 0.59790 0.23310 

C 6.36390 2.51600 0.46270 C -7.44220 0.79370 -0.90420 

C 7.10190 3.62030 -0.30520 C -8.90250 0.77370 -0.43490 

C 7.43780 4.83900 0.56030 C -9.90610 0.96750 -1.57610 

O -8.82580 1.22800 1.22230 O 7.96740 2.51690 -0.62210 

H 0.38560 -3.70660 1.09030 H -1.51300 -3.70950 0.23340 

H 3.27450 -1.17910 1.96750 H -2.37300 -0.35130 -1.61920 

H 0.12390 -1.19930 -0.71940 H 0.82630 -3.40970 1.08190 

H -0.59770 -2.76810 -1.08110 H 0.89570 -3.78220 -0.62720 

H -2.02810 -2.59190 0.98360 H 1.19720 -1.34910 -1.16200 

H -1.33560 -1.01200 1.32170 H 1.04960 -0.94660 0.53930 

H -2.23520 -0.14820 -0.86390 H 3.10980 -2.30750 1.04200 

H -2.91480 -1.73080 -1.21370 H 3.25330 -2.72840 -0.65850 

H -4.37450 -1.55850 0.82760 H 3.54880 -0.30180 -1.23900 

H -3.69180 0.02030 1.18580 H 3.38430 0.12830 0.45610 

H -4.57050 0.89990 -0.99940 H 5.42700 -1.23410 1.00240 

H -5.24840 -0.67930 -1.36520 H 5.59310 -1.66750 -0.69230 

H -6.72040 -0.51900 0.67960 H 5.89360 0.76760 -1.28410 

H -6.04280 1.05180 1.04870 H 5.71800 1.20320 0.40180 

H -6.92620 1.94850 -1.15010 H 7.77380 -0.16660 0.96780 

H -7.60230 0.38110 -1.51980 H 7.94950 -0.60020 -0.71480 

H -
10.27070 

2.2087
0 

-0.23650 H 10.16020 2.0472
0 

-0.24790 
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H 5.09180 -

2.58110 

0.94540 H -2.34270 1.46840 -0.02310 

H 5.80770 -
1.37750 

-0.99420 H -4.10910 -0.61370 1.31510 

H 3.23340 -
3.67150 

-0.42400 H -2.08420 0.87450 2.26380 

H 4.35790 0.62020 0.80570 H -4.75840 1.60750 -0.69860 

H 5.89730 -
0.15360 

1.20560 H -4.82170 -0.13020 -1.01260 

H 3.64500 -
1.37760 

-1.89830 H -4.84570 1.15480 2.47230 

H 6.94210 0.87850 -0.82780 H -6.63210 -0.36260 0.73270 

H 5.39990 1.60880 -1.25250 H -6.58860 1.38240 0.98700 

H 5.43950 2.93110 0.89200 H -7.23690 1.74810 -1.41100 

H 6.97860 2.19760 1.31860 H -7.29320 0.00960 -1.66140 

H 8.02740 3.20800 -0.73200 H -9.10620 -0.17930 0.07420 

H 6.48820 3.93620 -1.16050 H -9.05040 1.55910 0.32010 

H 7.96280 5.60840 -0.01760 H -
10.93830 

0.95070 -1.20840 

H 6.52910 5.29480 0.97280 H -9.74870 1.92720 -2.08350 

H 8.08020 4.56130 1.40520 H -9.80790 0.17600 -2.32920 
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Enantioselective total synthesis of 1 

All reactions were conducted in flame-dried glassware under an argon atmosphere with 

dry solvents, unless otherwise noted. All reagents and starting materials were purchased 

from commercial sources and used as supplied, unless otherwise indicated. Anhydrous 

tetrahydrofuran (THF) is obtained through distillation over sodium/benzophenone under 

argon, dichloromethane (CH2Cl2) is obtained through distillation over CaH2 under argon, 

and toluene (PhMe) were dried over 4 Å molecular sieves and degassed under argon. 

 

Yields refer to chromatographically and spectroscopically (1H NMR) homogeneous 

materials, unless otherwise stated. Flash column chromatography was performed on 

Silica Gel 60Å. Thin layer chromatography (TLC) analyses were performed on EMD 

TLC Silica gel 60 F254 Glass Plates and the spots were visualized by UV-light (254 nm) 

or appropriate stains, including vanillin, phosphomolybdic acid or potassium 

permanganate. 1H NMR data were recorded on Bruker Avance 400 MHz and 300 MHz 

spectrometers (BBFO probe) with calibration of spectra to tetramethylsilane (0.00 ppm). 

We used the following abbreviations for the multiplicity: singlet (s), doublet (d), triplet 

(t), quartet (q), broad (br), multiplet (m). 13C NMR data were recorded at 100 MHz with 

calibration to the central line of CDCl3 (77.16 ppm). Infrared spectra (IR) were recorded 

on a Perkin-Elmer FT-IR system equipped with a Dura Sample IR II diamond window, 

and the data are reported in reciprocal centimeters (, cm‒1). HRMS (ESI-TOF) analyses 

were performed on an Agilent 6540 QToF instrument. Circular dichroism (CD) 

experiments were performed on a Jobin–Yvon model C8 spectropolarimeter calibrated 

with (1S)-(+)-10-camphorsulfonic acid 
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((4R,5S)-2,2-dimethyl-5-pentyl-1,3-dioxolan-4-yl)methanol (3): 

n-BuLi (c= 2.5 M/hexane, 4.05 mL, 10.06 mmol) was added to a suspension of 

triphenyl(propyl)phosphonium iodide (4.35 g, 10.06 mmol) in THF (35 mL) at –80 °C 

under argon. The deep orange solution was then stirred during 30 min before the addition 

of a THF solution (8 mL) of the 2-desoxy-D-ribose derivative 2 (674.1 mg, 3.87 mmol). 

Then the flask was removed from the cold bath, let to reach room temperature and stirred 

during 2 h 30 min. When TLC indicated the full conversion of 2, the reaction medium 

was poured into a separatory funnel containing water and was extracted with CH2Cl2, 

dried over Na2SO4, and purified by MPLC (Heptane:EtOAc 2/1) affording an 

intermediate alkene as an inseparable mixture of E/Z isomers. The latter was dissolved 

in EtOAc (20 mL), Pd/C was added (50 mg), the solution was purged with argon and then 

with dihydrogen. After 1 hour of a vigorous stirring, the flask was purged with argon, 

and the reaction medium was filtered over 2 cm of silica gel. The solvent was evaporated 

affording the desired alcohol 3 (686.1 mg, 87% over two steps) as a colourless oil. 

 

1H NMR (400 MHz, CDCl3)  (ppm) 4.15 (m, J = 4.6, 7.0 Hz, 2H), 3.60 (br m, 2H), 

1.91 (br t, 2H), 1.40-1.60 (m, 8H), 1.47 (s, 3H), 1.37 (s, 3H), 0.90 (t, J = 7.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 108.2, 78.1, 62.0, 32.0, 29.0, 28.4, 26.5, 25.7, 

22.7, 14.1. 

HRMS (ESI-TOF) calculated for C11H23O3Na ([M+Na]+) : 225.1467, found 225.1472 

IR (neat)  (cm-1) 3428, 2985, 2954, 2872, 1038 

[]D 20 + 26.7 (c 1.24, CH2Cl2 ) 

Rf : 0.12 (Hept/EtOAc 4:1) 

 

 

1-((dec-9-yn-1-yloxy)methyl)-4-methoxybenzene (6): 

NaH (70% / mineral oil, 142 mg, 4.16 mmol) was added to a solution of alcohol 5 (320.6 mg, 

2.08 mmol), and imidazole (0.04 mmol, 2.8 mg) in THF (10 mL) at room temperature. After 

15 min of stirring, freshly prepared PMBBr3 (660 mL, 4.57 mmol) was introduced. After 24 

h of stirring, the reaction medium was quenched with water, extracted with CH2Cl2, dried 
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over Na2SO4, and purified by HPLC (Heptane/EtOAc : 15/1) affording desired alkyne 6 

(402.4 mg, 71%) as a colorless oil. 

 

1H NMR (400 MHz, CDCl3)  (ppm). 6.26 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 

4.43 (s, 2H), 3.80 (s, 3H), 3.43 (t, J = 6.6 Hz, 3H), 2.17 (dt, J = 2.6, 7.1 Hz, 2H), 1.93 (t, 

J = 2.6 Hz, 1H), 1.48-1.62 (m, 4H), 1.26-1.42 (m, 8H). 

13C NMR (100 MHz, CDCl3)  (ppm) 159.2, 130.9, 129.4, 113.9, 84.9, 72.7, 70.3, 68.2, 

55.4, 29.9, 29.5, 29.2, 28.8, 28.6, 26.3, 18.5. 

HRMS (ESI-TOF) calculated for C18H26O2Na ([M+Na]+) : 297.1831, found 297.1828 

IR (neat)  (cm-1) 3294, 2930, 2854, 2091, 1512, 1245. 

Rf : 0.45 (Hept/EtOAc 3:1) 

 

 

(R)-1-((4R,5S)-2,2-dimethyl-5-pentyl-1,3-dioxolan-4-yl)-10-((4- 

methoxybenzyl)oxy)dec-2- 

yn-1-ol (7-anti) and (S)-1-((4R,5S)-2,2-dimethyl-5-pentyl-1,3-dioxolan-4-yl)-10-((4- 

methoxybenzyl)oxy)dec-2-yn-1-ol (7-syn): 

DMSO (423 L, 5.95 mmol) was added to a solution of oxalyl chloride (232 L, 2.75 

mmol) in CH2Cl2 (9 mL) at –80 °C under argon. After 15 min of stirring, a solution of 

alcohol 3 (463 mg, 2.29 mmol) in CH2Cl2 (2 mL) was added and 15 min later NEt3 was 

introduced (1.75 mL, 12.6 mmol), then the flask was removed from the cold bath. One 

hour later, the reaction medium was quenched by a NH4Cl aqueous saturated solution, 

extracted with CH2Cl2, dried over Na2SO4, and filtered through 2 cm of silica gel using 

EtOAc as an eluent. The solvent was removed under vacuum, and crude aldehyde 4 was 

dissolved in dry THF (5 mL) and kept under argon. 

To a flame-dried flask under argon were added alkyne 6 (710 mg, 2.59 mmol) and 20 

mL of THF. Then, nBuLi (2.5 M/hexane, 1.036 mL, 2.59 mmol) was added at –80 °C, 
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the flask was removed from the cold bath and let to reach 0 °C, stirred 15 min at this 

temperature and then cool down to –60 °C. 

 

3 PMBBr was prepared as follow: In a separatory funnel, 50 mL of HBr (48% in water) and 5 

mL of 4-methoxybenzyle alcohol were mixed together. After 15 min of time to time agitation, 

50 mL of water was added which led the PMBBr to separate to the bottom of the separatory 

funnel. The pure PMBBr (quantitative yield) was then directly dried over anhydrous K2CO3 

and then used immediately. 



SI                                                                                                             Pseudanabaena sp. 

147  

Then the above prepared solution of aldehyde 4 was introduced via syringe and after 1 h 

TLC indicated that all the aldehyde 4 had reacted. The reaction medium was then 

quenched by a NH4Cl saturated aqueous solution, extracted with CH2Cl2, dried over 

Na2SO4, evaporated to dryness, and then filtered through 2 cm of silica gel using EtOAc 

as an eluent. HPLC purification (Heptane/EtOAc : 3/1) afforded propargylic alcohols 7-

anti (204 mg, 19%) and 7-syn (455.2 mg, 42%) as a colorless oils. 

 

7-anti: 

1H NMR (400 MHz, CDCl3)   (ppm) 7.26 (d, J = 7.3 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 

4.43 (s, 2H), 4.36 (br s, 1H), 4.18 (ddd, J = 4.3, 6.4, 9.1 Hz, 1H), 4.07 (t, J = 5.7 Hz, 

1H), 3.80 (s, 3H), 3.43 (t, J = 6.7 Hz, 2H), 2.24 (br s, 1H), 2.22 (td, J = 7.0, 1.9 Hz, 2H), 

1.44-1.82 (m, 7H), 1.51 (s, 3H), 1.36 (s, 3H), 1.23-1.42 (m, 13H), 0.9 (t, J = 7.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 159.2, 130.9, 129.3, 113.9, 108.3, 87.6, 80.1, 

80.0, 77.6, 72.6, 70.3, 62.6, 55.4, 32.0, 29.8, 29.4, 29.2, 29.1, 28.9, 28.5, 27.6, 26.8, 26.3, 

25.6, 22.7, 19.0, 14.2. 

HRMS (ESI-TOF) calculated for C29H46O5Na ([M+Na]+) : 497.3243, found 497.3245. 

IR (neat)  (cm-1) 3420, 2929, 2856, 1513, 1246. 

[]D 20 + 12.9 (c 2.0, CH2Cl2 ) 

Rf : 0.42 (Hept/EtOAc 2:1) 

 

7-syn: 

1H NMR (400 MHz, CDCl3)  (ppm) 7.26 (d, J = 7.3 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 

4.43 (s, 2H), 4.30 (s,1H), 4.16 (ddd, J = 3.9, 5.9, 9.5 Hz, 1H), 4.04 (dd, J = 5.9, 8.0 Hz, 

1H), 3.80 (s, 3H), 3.43 (t, J = 6.6 Hz, 2H), 2.64 (br s, 1H), 2.2 (dt, J = 2.2, 7.1 Hz, 2H), 

1.44-1.72 (m, 7H), 1.47 (s, 3H), 1.37 (s, 3H), 1.25-1.42 (m, 13H), 0.90 (t, J = 6.6 Hz, 

3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 159.2, 130.8, 129.3, 113.8, 108.5, 87.4, 80.7, 

77.5, 72.6, 61.4, 55.3, 31.9, 29.8, 29.4, 29.3, 29.2, 29.2, 29.1, 28.9, 28.5, 28.3, 26.5, 26.3, 

25.7, 22.7, 18.8, 14.1. 

HRMS (ESI-TOF) calculated for C29H46O5Na ([M+Na]+) : 497.3243, found 497.3246. 

IR (neat)  (cm-1) 3421, 2930, 2856, 1612, 1513, 1246. 

[]D 20 -6.4 (c1.0, CH2Cl2) 
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Rf : 0.35 (Hept/EtOAc 2:1) 

 

 

 

 

(R)-1-((4S,5S)-2,2-dimethyl-5-pentyl-1,3-dioxolan-4-yl)-11-((4-

methoxybenzyl)oxy)undec-2- 

yn-1-yl methanesulfonate (8): 

Methanesulfonyl chloride (37 L, 0.473 mmol) was added to a solution of alcohol 7-anti 

(203.4 mg, 0.430 mmol) and NEt3 (90 L, 0.646 mmol) in CH2Cl2 (2.1 mL) at 0 °C under 

argon. After 1 h of stirring the reaction mixture was quenched by H2O, extracted with 

EtOAc, dried over Na2SO4, and filtered through 2 cm of silica gel. HPLC purification 

(Heptane/EtOAc : 3/1) afforded propargylic mesylate 8 (180.7 mg, 76%) as a colorless 

oil. 

1H NMR (400 MHz, CDCl3)   (ppm) 7.26 (d, J = 8.1 Hz ), 6.87 (d, J = 8.1 Hz ), 5.18 (td, J 

= 2.2, 4.0 Hz, 1H), 4.43 (s, 2H), 4.19-4.23 (m, 2H), 3.80 (s, 3H), 3.43 (t, J = 6.7 Hz, 2H), 

3.13 (s, 3H), 2.27 (dt, J = 2.1, 7.1 Hz, 2H), 1.46-1.80 (m, 7H), 1.51 (s, 3H), 1.6 (s, 3H), 

1.24-1.42 (m, 13H), 0.9 (t, J = 6.9 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm)159.2, 130.9, 129.3, 113.9, 109.0, 92.0, 78.4, 77.5, 

74.0, 72.7, 71.7, 70.3, 55.4, 39.8, 31.8, 29.9, 29.5, 29.2, 29.0, 29.0, 28.3, 27.5, 26.9, 26.3, 

25.4, 22.7, 19.0, 14.2. 

HRMS (ESI-TOF) calculated for C30H48O7Na ([M+Na]+) : 575.3018, found 575.3016. 

IR (neat)  (cm-1) 2932, 2858, 2236, 1513, 1363. 

[]D 20 -12.0 (c1.0, CH2Cl2) 

Rf : 0.40 (Hept/EtOAc 2:1) 
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(S)-1-((2S,3S)-3-(9-((4-methoxybenzyl)oxy)non-1-yn-1-yl)oxiran-2-

yl)hexan-1-ol (9): 

To a solution of mesylate 8 (180.3 mg, 0.326 mmol) in methanol (3.3 mL) was added 

H2SO4 (0.1 M/ EtOH, 330 mL, 0.033 mmol) at room temperature. After 6 h of stirring, 

the flask was placed in an ice bath and K2CO3 (225 mg, 1.63 mmol) was added. After 15 

min of stirring at 0°C, the reaction mixture was quenched by H2O, extracted with EtOAc, 

dried over Na2SO4, and filtered through 2 cm of silica gel. HPLC purification 

(Heptane/EtOAc : 3/1) afforded propargylic epoxide 9 (96.7 mg, 71%) as a colorless oil. 

1H NMR (400 MHz, CDCl3)  (ppm) 7.26 (d, J = 8.1 Hz ), 6.87 (d, J = 8.1 Hz ), 4.43 

(s, 2H), 3.80 (s, 3H), 3.77-3.81 (m, 1H), 3.41-3.45 (m, 3H), 3.12 (dd, J = 2.3, 3.0 Hz, 

1H), 2.19 (dt, J = 1.6, 7.2 Hz, 2H), 1.86 

(d, J = 2.6 Hz, 1H), 1.44-1.63 (m, 7H), 1.24-1.42 (m, 13H), 0.9 (t, J = 6.9 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 159.2, 130.9, 129.3, 113.9, 85.7, 76.3, 72.6, 70.3, 

68.2, 62.7, 55.4, 

42.5, 33.3, 31.9, 29.8, 29.4, 29.1, 28.9, 28.4, 26.3, 25.0, 22.7, 18.9, 14.1. 

HRMS (ESI-TOF) calculated for C26H40O4Na ([M+Na]+) : 439.2824, found 439.2817. 

IR (neat)  (cm-1) 3441, 2931, 2243, 2857, 1513, 1247. 

[]D 20 – 12.0 (c 0.8, CH2Cl2) 

Rf : 0.33 (Hept/EtOAc 2:1) 

 
 
 
 
 
 



SI                                                                                                             Pseudanabaena sp. 

150  

  
 

 

(6S,7R,9R)-17-((4-methoxybenzyl)oxy)heptadeca-8,9-diene-6,7-diol (10): 

To a flame-dried Schlenck tube are added CuCl (1.2 mg, 0.011 mmol), tert-BuOK (3.9 

mg, 0.035 mmol), 1.3-bis(2,4,6-trimethylphenyl) imidazolinium chloride (SIMesHCl) 

(4.0 mg, 0.011 mmol), and flushed with argon. Then toluene (1 mL, degassed under Ar 

and dried over 4 Å molecular sieves), was added and the tube was placed into an oil bath 

at 100 °C during 2 min before being stirred at RT during 1 h. Then, 

poly(methylhydrosiloxane) (PHMS) (100 μL) was added leading to gas evolution and 10 

min later the tube was placed into an ice bath at 0 °C and propargylic epoxide 9 (96.7 

mg, 0.232 mmol) dissolved in toluene (1 mL) was added. After 15 min TLC indicated 

completion of the reaction and tetrabutylammonium fluoride (1 M/THF, 255 mL, 0.255 

mmol) was introduced dropwise leading to hydrogen formation. After 20 min of 

stirring, the reaction mixture was quenched by a NH4Cl saturated aqueous solution, 

extracted with EtOAc, dried over Na2SO4, and filtered through 2 cm of silica gel. HPLC 

purification (Heptane/EtOAc : 1/1) afforded allene 10 (83.6 mg, 86%) as a white solid. 

 

1H NMR (400 MHz, CD3OD) δ (ppm) 7.24 (d, J = 8.8 Hz ), 6.88 (d, J = 8.8 Hz ), 5.19 

(m, 2H), 4.41 (s, 2H), 3.94 (ddd, J = 2.8, 4.5, 6.7 Hz, 1H), 3.78 (s, 3H), 3.51 (td, J = 4.2, 

8.4 Hz, 1H), 3.45 (t, J = 6.5 Hz, 2H), 2.03 (dtd, J = 3.5, 6.7, 7.8 Hz, 2H), 1.25-1.60 (m, 

20H), 0.91 (t, J = 6.9 Hz, 3H). 

13C NMR (100 MHz, CD3OD) δ (ppm) 205.4, 160.8, 131.7, 130.5, 114.7, 93.0, 92.3, 

75.9, 75.2, 73.5, 71.1, 55.7, 33.5, 33.1, 30.7, 30.5, 30.3, 30.1, 29.7, 27.2, 26.6, 23.7, 14.4. 

HRMS (ESI-TOF) calculated for C26H42O4Na ([M+Na]+) : 441.2981, found 441.2968. 

IR (neat) ν (cm-1) 3394, 29278, 2855, 1961, 1513, 1247. 

[α]D
20 – 26.0 (c 1.1, CH2Cl2) 

Rf : 0.13 (Hept/EtOAc 2:1) 
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Mp : 67-68 °C 

 

 

 

 

(6S,7R,9R)-17-((4-methoxybenzyl)oxy)heptadeca-8,9-diene-6,7-diyl 

diacetate (11): 

To a solution of diol 10 (83.6 mg, 0.200 mmol) and 4-DMAP (1.2 mg, 0.01 mmol) in 

pyridine (2 mL) was added Ac2O (150 L, 1.6 mmol). After 5 h of stirring the pyridine 

was removed under vacuum and the crude was filtered through 2 cm of silica gel. HPLC 

purification (Heptane/EtOAc : 4/1) afforded allene 11 (100.0 mg, 100%) as a colorless 

oil. 

1H NMR (400 MHz, CDCl3)  (ppm) 7.26 (d, J = 8.7 Hz ), 6.87 (d, J = 8.7 Hz ), 5.33 

(ddd, J = 1.8, 3.4, 7.4 Hz, 1H), 5.25 (dq, J = 2.0, 6.6 Hz, 1H), 5.13 (tdd, J = 3.0, 6.3, 7.4 

Hz, 1H), 5.07 (dt, J = 3.4, 6.9 Hz, 1H), 4.43 (s, 2H), 3.80 (s, 3H), 3.43 (t, J = 6.7 Hz, 2H), 

2.06 (s, 3H), 2.04 (s, 3H), 2.02-2.05 (m, 2H), 1.56-1.60 (m, 4H), 1.24-1.42 (m, 16H), 0.88 

(t, J = 6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 205.3, 170.7, 170.1, 159.2, 130.9, 129.3, 113.9, 

93.6, 87.1, 74.2, 73.3, 72.6, 70.4, 55.4, 31.7, 29.9, 29.8, 29.6, 29.5, 29.2, 29.1, 28.5, 26.3, 

25.1, 22.6, 21.2, 21.2, 14.1. 

HRMS (ESI-TOF) calculated for C30H46O6Na ([M+Na]+) : 525.3192, found 525.3206. 

IR (neat)  (cm-1) 2929, 2856, 1742, 1970, 1514, 1244. 

[]D 20 – 65.9 (c 1.0, CH2Cl2) 

Rf : 0.40 (Hept/EtOAc 2:1) 
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(6S,7R,9R)-17-hydroxyheptadeca-8,9-diene-6,7-diyl diacetate (12): 

To a solution of diacetate 11 (100.0 mg, 0.1997 mmol) in CH2Cl2 (2 mL) at 0 °C were 

added water (0.2 mL) and DDQ (75 mg, 0.330 mmol). After 1 h 30 min of stirring the 

reaction mixture was quenched by a NaHCO3 saturated aqueous solution and 1 mL of 

Na2S2O3 saturated aqueous solution, and further extracted by EtOAc. After drying over 

Na2SO4, filtration through 2 cm of silica gel and evaporation, HPLC purification 

(Heptane/EtOAc : 3/2) afforded alcohol 12 (66.5 mg, 87%) as a colorless oil. 

 

1H NMR (400 MHz, CDCl3)  (ppm) 5.34 (ddd, J = 1.8, 3.4, 7.4 Hz, 1H), 5.26 (dq, J 

= 1.9, 6.6 Hz, 1H), 5.13 (tdd, J = 3.0, 6.3, 7.4 Hz, 1H), 5.07 (dt, J = 3.5, 6.6 Hz, 1H), 

3.64 (t, J = 6.6 Hz, 2H), 2.07 (s, 3H), 2.05 (s, 3H), 2.02 (qd, J = 7.4, 3.1 Hz, 2H), 1.25-

1.64 (m, 20 H), 0.88 (t, J = 7.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 205.3, 170.7, 170.2, 93.6, 87.2, 74.2, 73.3, 63.1, 

32.9, 31.7, 29.8, 29.5, 29.5, 29.1, 29.0, 28.4, 25.8, 25.1, 22.6, 21.2, 21.2, 14.1. 

HRMS (ESI-TOF) calculated for C22H38O5Na ([M+Na]+) : 405.2617, found 405.2610. 

IR (neat)  (cm-1) 3365, 2928, 2857, 1967, 1743, 1371, 1224. 

[]D 20 – 88.2 (c 1.0, CH2Cl2) 

Rf : 0.12 (Hept/EtOAc 2:1) 

 

 
 

(9R,11R,12S)-11,12-diacetoxyheptadeca-8,9-dienoic acid (13): 

DMSO (54 L, 0.753 mmol) was added to a solution of oxalyl chloride (29 L, 0.348 

mmol) in CH2Cl2 (1 mL) at –80 °C under argon. After 15 min of stirring, a solution of 

alcohol 12 (66.5 mg, 0.174 mmol) in CH2Cl2 (1 mL) was added and after 15 min NEt3 

was introduced (242 L, 1.74 mmol), then the flask was removed from the cold bath. One 

hour later, the reaction medium was quenched by a NH4Cl saturated aqueous solution, 



SI                                                                                                             Pseudanabaena sp. 

153  

extracted with CH2Cl2, dried over Na2SO4, and filtered through 2 cm of silica gel using 

EtOAc as an eluent. The solvent was removed under vacuum, and the crude aldehyde was 

dissolved in tert-BuOH (1.3 mL). 1 mL of water was then added followed by KH2PO4 

(59 mg, 0.435 mmol), 2-methyl-2-butene (740 L, 6.95 mmol) and NaClO2 (79 mg, 0.869 

mmol). After 25 min of stirring the reaction mixture was quenched by brine and 1 mL of 

a saturated solution of KH2PO4, extracted by EtOAc, dried over Na2SO4 and evaporated 

under vacuum delivering pure carboxylic acid 13 (55mg, 100%) as a colorless oil. 

 
1H NMR (400 MHz, CDCl3)   (ppm) 5.33 (ddd, J = 1.9, 3.49, 7.5 Hz, 1H), 5.25 (dq, J 

= 1.9, 6.6 Hz, 1H), 5.13 (tt, J = 3.0, 6.8 Hz, 1H), 5.07 (dt, J = 3.3, 6.7 Hz, 1H), 2.35 (t, J 

= 7.5 Hz, 2H), 2.07 (s, 3H), 2.05  (s,3H), 2.01 (qd, J = 7.1, 3.1 Hz, 2H), 1.54-1.68 (m, 

4H), 1.22-1.44 (m, 16H), 0.88 (t, J = 6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3)  (ppm) 205.3, 179.1, 170.8, 170.2, 93.5, 87.2, 74.2, 73.3, 

34.0, 31.7, 29.8, 29.1, 29.1, 28.9, 28.9, 28.4, 25.1, 24.8, 22.6, 21.2, 21.2, 14.1. 

HRMS (ESI-TOF) calculated for C22H36O6Na ([M+Na]+) : 419.2410, found 419.2393. 

IR (neat)  (cm-1) 3000 (br), 2928, 2857, 1966, 1741, 1709, 1223. 

[]D 
20 – 65.9 (c 0.9, CH2Cl2 ) 

Rf : 0.10 (Hept/EtOAc 2:1) 

 

 

 

Synthetic puna’auic acid (1): 

Diacetate 13 was dissolved in MeOH (1.5 mL) and KOH (5 M/H2O, 500 L) was added 

at RT. After 1 h 30 min of stirring the reaction medium was neutralized by addition of 1 

mL of a saturated aqueous solution of KH2PO4 and HCl (2 M) was added until reaching 

a pH of 4-5. After extraction with EtOAc, drying over Na2SO4, the solvent was removed 

under vacuum giving pure compound 1 (53.4 mg, 98%) as a white powder. 
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1H NMR (400 MHz, CD3OD)  (ppm) 5.20-5.23 (m, 1H), 5.16-5.19 (m, 1H), 3.94 (ddd, 

J = 2.6, 4.4,  6.9 Hz, 1H), 3.51 (ddd, J = 8.3, 3.9, 4.3 Hz, 1H), 2.28 (t, J = 7.4 Hz, 2H), 

2.05 (td, J = 6.8, 3.2 Hz, 1H), 2.02 (ddd, J = 3.5, 3.2, 3.4 Hz, 1H), 1.25-1.65 (m, 20H), 

0.92 (t, J = 6.5 Hz, 3H). 

13C NMR (100 MHz, CD3OD)  (ppm) 205.4, 177.7, 93.0, 92.3, 75.9, 75.2, 34.9, 33.5, 

33.1, 30.2, 30.2, 30.2, 30.0, 29.7, 26.6, 26.1, 23.7, 14.4. 

HRMS (ESI-TOF) calculated for C18H32O4Na ([M+Na]+) : 335.2198, found 335.2195. 

IR (neat)  (cm-1) 3295 (br), 2926, 2853, 1965, 1705, 1019. 

[]D
20 – 18.0 (c 0.1, CH2Cl2) 

Mp : 77-78 °C 
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Appendix B 

Supplementary information for 

 

Insights into the metabolome of the cyanobacterium Leibleinia gracilis from 

the lagoon of Tahiti and first inspection of its variability 
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Figure 1 Analytical HPLC chromatograms of the F2 fraction of L. gracilis on C18 reverse phase 

(UV at 210 nm and ELSD)
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11-oxopalmitoleic acid. White solid: HRESIMS (m/z 269.2126) [M+H] (269.2122 calcd. for 

C16H28O3, Δ + 1.48 ppm ) 
1H NMR and 13C NMR data see Table 3. 

 
 

 

 

Figure 2 UHPLC-HRMS chromatogram and MS/MS fragmentation of the isolated major (9E)-

11-oxopalmitoleic acid
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Figure 3 1H NMR of (9E)-11-oxopalmitoleic acid in CD3OD (600 MHz) 
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Figure 4 13C NMR spectrum of (9E)-11-oxopalmitoleic acid in CD3OD (150 MHz) 
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Figure 5 COSY spectrum of (9E)-11-oxopalmitoleic acid in CD3OD (600 MHz) 
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Figure 6 HSQC NMR of (9E)-11-oxopalmitoleic acid in CD3OD (600 MHz) 
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Figure 7 HMBC NMR of (9E)-11-oxopalmitoleic acid in CD3OD (600 MHz)
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Figure 8. UHPLC-HRMS chromatogram showing the MS/MS fragmentation spectrum of the 

main annotated compound Erucamide (m/z 338.3449) 
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Figure 9 MS/MS fragmentation of the Erucamide: confirmation matching with Metlin database 
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Appendix C 
Supplementary information for 

 

Chemical diversity of the toxic bloom of cyanobacterium Lyngbya cf. 

majuscula from New Caledonia 
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Figure 1. 1H NMR spectrum of 1 at 500MHz in DMSO 
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Figure 2. 13C NMR spectrum of 1 at 500MHz in DMSO 
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 Figure 3. COSY NMR spectrum of 1 at 500MHz in DMSO 
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 Figure 4. HSQC NMR spectrum of 1 at 500MHz in DMSO 
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 Figure 5. HMBC NMR spectrum of 1 at 500MHz in DMSO 
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 Figure 6. ROESYAD NMR spectrum of 1 at 500MHz in DMSO
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Figure 7. MS chromatogram of the two amino acids present in compound 1 

 
 
 
 

 
 

Figure 8. HRESIMS analysis of 1  

 
 



SI  Lyngbya majuscula 

197 

 

 

 
Figure 9. 1H NMR spectrum of 1 at 500MHz in CD3OD 
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Figure 10. 13C NMR spectrum of 1 at 500MHz in CD3OD 
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Figure 11. COSY NMR spectrum of 1 at 500MHz in CD3OD 
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Figure 12. HSQC NMR spectrum of 1 at 500MHz in CD3OD 
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Figure 13. HMBC NMR spectrum of 1 at 500MHz in CD3OD 
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Figure 14. NOESY NMR spectrum of 1 at 500MHz in CD3OD 
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Figure 15. HRESIMS analysis of 2  
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Figure 16. 1HNMR spectrum of 2 at 600MHz in CDCL3  
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Figure 17. 1HNMR spectrum of 3 at 600MHz in DMSO-d6  
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Figure 18. 13C NMR spectrum of 3 at 600MHz in DMSO-d6  
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Figure 19.  COSY spectrum of 3 at 600MHz in DMSO-d6  
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Figure 20.  gHSQC spectrum of 3 at 600MHz in DMSO-d6  
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Figure 21.  gHMBC spectrum of 3 at 600MHz in DMSO-d6  
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Figure 22.  ROESY spectrum of 3 at 600MHz in DMSO-d6 
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Figure 20.  HRMS spectrum of 3  

 

  

 

 

Figure 21.  Marfey’s analysis of 3 
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Figure 22. 1HNMR spectrum of 4 at 600MHz in DMSO-d6  
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Figure 23.   gCOSY spectrum of 4 at 600MHz in DMSO-d6  
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Figure 22.  gHSQC spectrum of 4 at 600MHz in DMSO-d6  
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Figure 23.  gHMBC spectrum of 4 at 600MHz in DMSO-d6 
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Figure 24.  HRMS analysis of 4 

 
 

Figure 25.  Marfey’s analysis of 4
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Figure 26. 1HNMR spectrum of 5 at 500MHz in DMSO-d6  
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Figure 27. 13C NMR spectrum of 5 at 500MHz in DMSO-d6  
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Figure 28.  gCOSY spectrum of 5 at 500MHz in DMSO-d6  
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Figure 29.  gHSQC spectrum of 5 at 500MHz in DMSO-d6  
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Figure 30.  gHMBC spectrum of 5 at 500MHz in DMSO-d6  
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Figure 31.  NOESY spectrum of 5 at 500MHz in DMSO-d6 
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Figure 32.  HRMS analysis of 5  
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Figure 33.  1H NMR spectrum of 6 at 500MHz in CD3OD  
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Figure 34.  13C NMR spectrum of 6 at 500MHz in CD3OD  
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Figure 35.   gCOSY NMR spectrum of 6 at 500MHz in CD3OD  
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Figure 36.   gHSQC NMR spectrum of 6 at 500MHz in CD3OD  
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Figure 37.   gHMBC NMR spectrum of 6 at 500MHz in CD3OD 
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Figure 38.   HRMS analysis of 6  
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Figure 39.  1H NMR spectrum of 7 at 500MHz in CD3OD  
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Figure 40.  13C NMR spectrum of 7 at 500MHz in CD3OD  
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Figure 41.   gCOSY NMR spectrum of 7 at 500MHz in CD3OD  
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Figure 42.   gHSQC NMR spectrum of 7 at 500MHz in CD3OD  
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Figure 43.   gHMBC NMR spectrum of 7 at 500MHz in CD3OD 
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Figure 44.   HRMS analysis of 7  
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