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Abstract 

Microalgae have the potential to produce biologically active metabolites which can be toxic, 

affect our fisheries and endanger food safety. Due to their active nature these toxins can also 

have therapeutic benefits when their toxicity is modulated, or dosage is controlled. 

Shellfish contamination with azaspiracids (AZAs) is a major and recurrent problem for 

the Irish shellfish industry. Amphidoma languida, a small thecate dinoflagellate of the family 

Amphidomataceae which is widely distributed in Irish coastal waters, is one of the identified 

source species of azaspiracids. Irish and North Sea strains of Am. languida have been found to 

produce as major metabolites AZA-38 and -39 whose structures have only been provisionally 

elucidated by mass spectrometry and their toxic potential is currently unknown. Am. languida 

became the initial focus of this PhD. Bulk culturing of a North Sea strain in a continuous 

process allowed for the production of over 700 litres of culture. From the biomass produced 

we were able to isolate the major compound, AZA-39 and elucidate its structure. A mussel 

feeding study was also performed with live algal cells resulting in the identification of 8 new 

shellfish metabolites formed from the metabolism of AZA-38 and -39. Furthermore, biotoxin 

data from the Irish monitoring program identified AZA-38 and -39 in several shellfish species 

from analysis of routine samples from several locations around Ireland. 

Although infamous for their toxicity, microalgae have received growing interest for 

their capacity to produce metabolites with the potential to be therapeutics. The second section 

in this study on marine dinoflagellates aimed at characterising the antimicrobial potential of 

the marine dinoflagellate Amphidinium carterae strain LACW11, isolated from the west of 

Ireland. Amphidinolides (AMs)  have been identified as cytotoxic polyoxygenated polyketides 

produced by several Amphidinium species. Fractions of a A. carterae extract yielded minimum 

inhibitory concentrations between 16 ɛg mLī1 and 256 ɛg mLī1 for both Gram-positive 
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bacteria. A targeted analysis using UHPLC-HRMS applied to fractions G to J evidenced the 

presence of AM type compounds AM-A, AM-B, AM-22 and a new derivative of AM-A. 

Combining the results of the biological assays with the chemical analysis of the fractions, we 

could conclude that AM-A and the dehydrated derivative of AM-A are responsible for the 

detected antimicrobial bioactivity. A bulk culture of the A. carterae then led to the isolation 

and structure elucidation of the AM-A derivative named amphidinol C featuring a 

tetrahydropyran ring between the positions C-7 and C-11. The structure was determined using 

extensive analyses of NMR data and comparisons with data of already elucidated analogues. 

The major metabolite was then tested for its antibacterial and antifungal activities and showed 

moderate fungicidal activity against yeast and filamentous fungi at 8ï16 µg mLī1. 
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General Introduction 

Dinoflagellates 

Dinoflagellates are plastid bearing eukaryotic protists that can be either mixotrophs or 

autotrophs, depending on the species. To date, there have been over 2,400 species described 

belonging to 260 genera with over half being only photosynthetic. Most species have 

chloroplasts containing chlorophylls a and c2, beta-carotene and some unique xanthophylls. 

Some species also exist with chloroplasts originating from an endosymbiotic relationship with 

cyanobacteria.1, 2 Their body plan consists of a single cell with two dissimilar flagella, one 

posterior and the other transverse which lies around the centre of the cell called the cingulum. 

The combination of both provides the cell with a tumbling, spiralling motility that allows the 

cell to move through the water column. Cells are covered by a series of membranes called an 

amphiesma which are covered by cellulose plates called the theca. This resembles a sort of 

armour and gives the cells a rigid structure. Athecate dinoflagellates also exist which roughly 

translates to ónakedô and donôt have thecal plates covering the amphiesma.2 

Dinoflagellates play important roles in ecosystems acting as autotrophs, symbionts, parasites 

and micro-grazers and can occur in both salt and freshwater. Benthic species exist while some 

dinoflagellates like Symbiodinium can form symbiotic relationships with invertebrate animals 

and protists including corals.4, 5 Much like cyanobacteria, most are pelagic and exist on the 

water surface and column and can bloom if key conditions in nutrients and temperature are 

reached.6, 7 

Harmful Algal Blooms  

In the marine environment dinoflagellates are the main phytoplankton causing harmful algal 

blooms (HABs). HABs occur when certain species of microalgae proliferate in numbers to the 
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point it becomes harmful to its surrounding environment. This damage can come from toxins 

produced by the microalgae or hypoxic conditions that form after the bloom dies off and 

decomposes. For humans, contact with the toxins produced by these blooms comes from 

vectors including, contaminated meats, skin contact with contaminated water and inhalation of 

aerosolized material (ocean spray).8 Further to being detrimental to human health, periodic 

closures of fisheries and cessation in sales of contaminated meats causes socio-economic 

difficulties for coastal communities.  

The increased frequency of HABs is a contentious topic which remains largely understudied 

and is limited by lack of abundance of data and difficulties in predicting how populations will 

respond to a changing climate. Modelling these HABs is easier in freshwater bodies but 

becomes more difficult in dynamic marine environments.9 Many variables including physical 

(temperature, salinity, stratification, light, changing storm intensity), chemical (nutrients, 

ocean acidification), and biological (grazer) are at play when predicting increases in HAB 

frequency with climate change.9 Climate change will not have a linear effect on the conditions 

of every biosphere and modelling of HABs responses to these changes might need to be done 

on a case-by-case basis.9 

A global increase in the number of HABs is thought to have occurred over the past 2 decades. 

This increase is possibly down to the accelerated dispersion of species through manmade 

vessels and relocations of microbe housing organisms.8 Diatoms and dinoflagellates are two 

groups that have been recorded adhering to the surface of ocean plastics and other artificial 

debris. These floating vessels move with the currents and wind, transporting micro and macro-

species to foreign oceans.10, 11 Increases in eutrophication to coastal bodies of water and 

increases in water surface temperature are also thought to be factors influencing the increased 

HAB frequency.12, 13  
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So far, the best way to combat HAB events has been to mitigate the damage they cause. This 

requires costly monitoring programs which are now implemented in many parts of the world 

to maintain security and confidence in the viability of shellfish as a food source. These 

programs often use analytical chemistry techniques to determine concentrations of toxin in fish 

tissue samples. These techniques require knowledge of target compounds and certified 

standards in advance, to effectively mitigate any potential threats to human health. It is 

important for scientists to continually investigate marine biospheres which are socio-

economically important and catalogue any novel toxins and micro-algal species present. 

Toxic Dinoflagellates 

Although most bloom events are harmless, there are over 70 species of dinoflagellate that are 

known to be toxic (Table 1). Being photosynthetic, microalgae are more likely to proliferate as 

their growth is less dependent on outside factors other than micronutrients and sunlight.1, 2 

Many different syndromes associated with dinoflagellate toxins have been observed (Table 1) 

highlighting their diverse and complex activity. 
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Table 1. Syndromes and toxins associated to dinoflagellate species. 

Toxin Syndrome Species Reference 

Saxitoxin paralytic shellfish poisoning (PSP) Alexandrium spp.  

Gymnodinium spp. 

Pyrodinium spp. 

14, 15 

Brevotoxin (Figure 1) neurotoxic shellfish poisoning 

(NSP) 

Karenia spp. 16, 17 

Azaspiracid azaspiracid shellfish poisoning 

(AZP) 

Amphidoma spp. 

Azadinium spp. 

18-20 

Dinophysistoxin (Figure 1) 

and 

Okadaic acid (Figure 1) 

diarrheic shellfish poisoning (DSP) Dinophysis spp. 

Prorocentrum spp. 

 

21, 22 

Ciguatoxin, Maitotoxin, 

Palytoxin and Scaritoxin 

ciguatera poisoning (CP) Gamberdiscus spp. 

Ostreopsis spp. 

23-25 

 

These compounds can produce a wide range of pathologies on larger organisms, from 

neurological disorders to acting as carcinogens to various mammalian organs. The toxin 

producers are often consumed by larger members of food webs like fish, crustaceans and 

molluscs and their toxins can build up in the animal tissues, transferring the toxins to the human 

food-chain.26 
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Figure 1. Structures of domoic acid, dinophysistoxin-1 (DTX1) and brevetoxin A. 

 

Although predominantly known as marine toxin producers, dinoflagellates are being explored 

more and more for their production of natural products. Natural products from the marine 

environment have become a hotbed of novel structures that are now being used in drug 

discovery as lead compounds and structural scaffolds by synthetic chemists. 
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1. Part 1. Chemical and Ecological Analysis of Azaspiracids 

1.1  Introduction 

1.1.1 History of Azaspiracids 

The effects of azaspiracid (AZA) toxins were first observed in 1995, in the Netherlands, when 

a number of people became ill after ingesting mussels originating from Killary Harbour, 

Ireland. Nausea, vomiting, diarrhea and stomach cramps gave first impressions that the 

shellfish had been contaminated with toxins previously associated with diarrheic shellfish 

poisoning (DSP).27 The shellfish tissue was then investigated for the presence of known DSP 

causing agents but levels of dinophysistoxin and okadaic acid remained below levels that would 

cause such strong pathologies. This subsequently led to the investigation of the contaminated 

mussel tissue resulting in the isolation of a new marine toxin, first named KT-3 or Killary toxin-

3 and later named azaspiracid which related more to its chemical structure. 

The first azaspiracid (Figure 2) was reported in 1998 from an isolation of 20 kg of mussel meat, 

Mytilus edulis, collected from Killary Harbour. The toxin structure was elucidated using a 

number of 2D-NMR experiments and HR-FAB MS to indicate a chemical formula of 

C47H71NO12. 
1H-NMR, 13C-NMR and HSQC experiments indicated the presence of 6 methyl, 

15 methylene, 19 methine, and 7 quaternary carbons.  The toxinôs structure begins with a 

carboxylic acid functional group followed by an alkyl chain 4 carbons long with a double bond 

between C-4 and C-5. The presence of the acid group was revealed through HMBC correlations 

to a signal at 180.3 ppm. Analysis of 1H-1H COSY and TOCSY spectra in CD3OD allowed 

Satake et al. to form 7 partial structures which were separated by quaternary carbons.28 These 

7 partial structures were then linked using HMBC correlations. Chemical shift differences of 

the compound in CD3OD and CD3OH identified several hydroxylated carbon signals through 

the shift in 13C-NMR signals of about 0.1 ppm. Indicative shifts for a hemiacetal at ŭC 101.1 
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(C-21) and oxygenated methine at ŭC 77.6 (C-20) were observed and 13C NMR non-olefinic 

signals at ŭC 107.9 and 112.1 were indicative of a spiro-centre. The unique cyclical amine was 

placed through the shifts of H-40a,b (ŭH 2.84, 2.91) and C-40 (ŭC 46.9).  At the time of the study 

the toxin-producing organism was unknown but thought to be a phytoplankton due to its 

structural nature.28 

 

Figure 2. Initial incorrect structure of azaspiracid from Satake et al.28 

 

Following the discovery of AZA, additional analogues were isolated from mussel tissue 

collected from the west coast of Ireland. By 2001, four new structures of azaspiracids had been 

described (AZA-2 to -5) (Figure 3).29, 30 These analogues differed only slightly in structure 

with the addition of a methyl or hydroxy group. AZA-2 and -3 were isolated from 40 kg of 

mussel tissue harvested from the Arranmore islands off the west coast of Ireland. All  were 

close analogues of the now AZA-1 with AZA-2 being methylated at position C-8 while AZA-

3 has a loss of the methyl at C-22. The chemical shift of 8-Me (ŭH 1.67) was typical of a methyl 

on an olefinic carbon. The methyl signal that should have been present at C-22 (ŭH 0.91) for 

AZA-3 was not present in the 1H-NMR spectrum.  The HR-FAB-MS suggested that the 

molecular formula of AZA-2 and -3 were C48H74NO12
+ [M+H] + m/z 856.5184 (ȹ ï2.51 ppm 

for C48H74NO12
+) and C46H70NO12

+ [M+H] + m/z 828.4889 (ȹ ī0.43 ppm for C46H70NO12
+), 

respectively. AZA-2 m/z of [M+H]+ was 14.0157 Da higher than AZA-1 indicating the addition 



8 

 

of a methylene or methyl group while AZA-3 m/z [M+H] + was 14.0157 Da lower than that of 

AZA-1 indicating the possible loss of the methyl at C-22.29  

AZA-4 and -5 were later isolated from the same batch of mussels from the west coast. AZA-4 

was found to have a HR-MS m/z of 844.4857 [M+H] + (ȹ + 1.81 ppm for C46H70NO13
+), which 

is 1.9780 Da higher than that of AZA-1 corresponding to the possible addition of a hydroxy 

group and loss of methyl or methylene group.  

The 1H-NMR spectra of AZA-5 showed an oxymethine signal at ŭH 4.51 ppm, downfield shifts 

of H-5 and H-6, and a loss of the 22-Me signal confirming the locations of the structural 

changes from AZA-1. AZA-5 was observed to have the same m/z as AZA-4 with a HR-MS 

m/z of 844.4857 [M+H] + (ȹ + 1.81 ppm for C46H70NO13
+). Like in AZA-4, 1H-NMR spectra 

indicated the same loss of C-22-methyl and indicated the addition of an oxymethine signal at 

ŭH 3.94 which suggested that hydroxylation took place at a different location to that in AZA-4. 

1H-1H COSY and TOCSY experiments allowed for the placement of the hydroxy group to C-

23 with correlations from H-22 to H-25.30 The configuration of the C-3 hydroxyl group in 

AZA-4 was determined to be R through derivatisation studies that involved several reactions 

to the natural product including cleavage at the C-4 to -5 bond. Through synthesis they were 

able to construct structural mimics of the natural derivative, forming both the R and S 

enantiomers. Using comparison of the retention times of the synthetic mimic and degraded 

compound they concluded that the configuration of C-3 was R. The stereochemistry of C-23 

was determined using nOe correlations from H-23/C-24-Me and H-22/H-24 in addition to 

small 3 Hz coupling constants from H-23/H-24 indicated the 23-OH group (R4) was in the axial 

position.  
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Figure 3. Structures of azaspiracid 2ï5 as proposed in 2001 by Ofuji et al.29, 30 

 

Due to the low natural concentration of the toxin and its analogues in the shellfish tissue it is 

not always possible to use techniques like NMR for structure elucidation. To continue to 

elucidate novel azaspiracids several studies have used MS/MS experiments to determine the 

characteristic fragmentation patterns of the toxins and identify the possible locations of changes 

in structure. Triple-quadrupole and ion-trap mass spectrometer coupled to electrospray 

ionisation are mainly employed. One study by Brombacher et al. revealed through LC-MS/MS 

experiments that key fragments could be observed with initial neutral loses of water (m/z 824, 

806, 788, 770, 752 and 734) followed by ring cleavages within A, between D and E and within 

E (m/z 672, 462 and 362 respectively). Each fragment ion was also observed to have losses of 

water (m/z 654, 636, 444, 426 and 344)(Figure 4).31 
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Figure 4. (A) Proposed dissociation reactions under collision-induced dissociation by Brombacher et al.31 and (B) ESI-

MS/MS spectrum of AZA-1 (precursor ion at m/z 842.5). 

 

The structures of AZA-1b  and -6 were detected during a study of the collision induced 

dissociation (CID) spectra of AZA-1ï5.31 AZA-1b had almost identical fragment ions to that 

of AZA-1 but had different m/z in groups 2 and 3 which were 14 Da lower to that of AZA-1 

(No high resolution data on 1b contained in publication). The changes in m/z indicate that the 

position of a methyl might be located instead between C-1 to C-9, likely either on R1 or R2.  

AZA-6 was observed with a HR-MS m/z of 872.4857 (ȹ + 7.6  ppm for C47H69NO14
+) [M+H] + 

and showed the typical initial loss water. Interestingly, a fragment (810.5) 43.9898 Da less than 

the initial water loss indicated the possible loss of CO2 which was not yet observed in the CID 

spectra for azaspiracids. The loss of 43.9898 Da is normally correlated to the loss of a 

carboxylic functional group but the terminal position of the -COOH group on the chain means 

this loss is not favourable in the dissociation of azaspiracids and is not observed for AZA-1 

containing the same terminal acid group. Group 2 and 3 fragments for AZA-6 were 14.0157 

Da lower than that of AZA-3 while groups 4 and 5 were the same. Because the loss of -COOH 

is energetically favoured, it is difficult  to say where the exact location of the group is on the 
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analogue as it readily fragments but changes in m/z of group 2 while groups 3ï5 remain nominal 

indicate changes in structure between C-1 to C-25. But more insights would be needed as group 

4-5 fragments may already be formed after the loss of CO2.
31  

Through analysis of contaminated shellfish originating off the west coast of Ireland, five further 

azaspiracid analogues were identified in 2003 by James et al. and designated AZA-7 to -11 

(Table 2). Of these five additional structures, four were isomers, all with m/z of 858.5 [M+H] + 

and had differing retention times. The presence of the additional hydroxy groups compared to 

AZA-1 was evidenced through the addition of the characteristic 15.999 Da to the m/z of AZA-

1. AZA-7 to -10 had deuterated mass increases of 6.0470 Da instead of 5.0392 Da, highlighting 

the presence of one additional hydroxy group from the exchange of proton with deuterium. The 

changes in location of the hydroxyl group were found using the mass differences of group 2 

fragments. AZA-7 was hydroxylated between C-1 to C-9, likely in the beta position to the 

carboxylic acid, due to the increase in initial neutral loss from 152 (AZA-1) to 168 (AZA-7). 

AZA-8 gave a new m/z for group 2 fragments at 688.4 meaning the hydroxy group was between 

C-9 to C-46 and with AZA-5 exhibiting the hydroxy group at C-23, it is likely also positioned 

there for AZA-8. AZA-9 shared the same group 2 fragment with AZA-2, AZA-4 and AZA-6 

at 658.4 with an initial loss of 182, an increase of 14.0157 Da from the same fragment of AZA-

7 hinting the addition of a methyl or methylene to C-1 to C-9 of AZA-7 additional to the 

hydroxy group. The last isomer, AZA-11, had a group 2 fragment with an m/z of 674.4 

indicating the initial loss could be between C-9 to C-46 and likely on C-23. James et al. 

observed an additional m/z of 872.5 [M+H]+ which was 14.0157 Da larger than AZA-7 to -10 

indicating again the likely presence of an additional methyl/methylene group. With the group 

2 fragment being shared with AZA-1 it is likely the additional methyl is present at R2 (Figure 

4).32 AZA-6ï10 were later described with NMR.33 
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Table 2. Molecular and product ions for the known and new azaspiracids obtained using positive electrospray ion-trap MS. 

Refer to fig. 4 for the structural assignments from James et al.32 
Name R1 R2 R3 R4 [M+H] + [M+HīH2O]+ [M+Hī2H2O]+ [M+HīH2OīC9H10O2R1R3]

+ 

AZA-7 OH H CH3 H 858.5 840.5 822.5 672.4 

AZA-8 H H CH3 OH 858.5 840.5 822.5 688.4 

AZA-9 OH CH3 H H 858.5 840.5 822.5 658.4 

AZA-10 H CH3 H OH 858.5 840.5 822.5 674.4 

AZA-11 OH CH3 CH3 H 872.5 854.5 836.5 672.4 

 

In 2008, Rehmann et al. performed MS analysis on contaminated (8 mg kgī1) shellfish extracts 

originating in Ireland during a contamination event in Bruckless, Donegal, 2005.34 They 

postulated the structures of AZA-13ï15 and observed m/z values consistent with AZAs -17, -

19, -21, -23 and predicted the existence of several AZAs that could be formed through shellfish 

metabolism of existing analogues. From this identification they proposed 5 groups of AZA 

toxins existed: dihydroxy-, carboxy, carboxy-hydroxy dehydro-AZA and the methyl esters. 

Their study added further evidence to the structure of AZA-12 suggested by James et al. and 

of the dihydroxy AZAs, all postulated through MS/MS fragmentation. The product-ion spectra 

were insufficient to unequivocally confirm the structure of the carboxy- and carboxy-hydroxy 

analogues because of difficulty placing the -COOH on the molecule. Their study led to the 

postulation that 32 AZA analogues currently existed, and that more would be discovered in 

future studies. Evidence of the carboxy AZAs were supported by the initial loss of water 

followed by a loss of 43.9898 Da corresponding to -COOH group.  

Some carboxy and carboxy-hydroxy analogues were not present in their study but were 

predicted to exist following observations of shellfish metabolism of known AZAs. These 

analogues included AZA-18, -20, -22 and -24. AZA-18 and -20 were predicted to be 

carboxylated products of AZA-1 and -2 respectively and AZA-22 and -24 were hydroxylated 

and carboxylated products of AZA-1 and -2 respectively. To date these analogues, remain as 

predicted masses having not been identified by either MS/MS or NMR.  
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Rehman et al. also proposed the tentative structure of AZA-25 and postulated the existence of 

AZA-26 to -28, all dehydroxylated analogues of AZA-1, -6 and -2 respectively. These 

compounds were later identified by Kilcoyne et al. with their structures tentatively identified 

through MS/MS data. Kilcoyne corrected the structure of AZA-26 with NMR, interestingly the 

system lacked the typical C-20ïC-21 diol system and instead had a 21,22-olefin and keto group 

at C-23.19 

Rehmann et al. also showed that azaspiracids can readily degrade if not handled properly in 

the lab and were thought to form methyl esters through known reaction with methanol. They 

evidenced the presence of the methyl esters with the initial loss of 32.0314 Da which is rare for 

this group of toxins. During a stability study performed by Rehmann et al. they noted that at 

room temperature degradation occurred to AZA-1, -2 and -3 which led to the formation of their 

methyl esters AZA-29, -30 and -32 and thus predicted the same could occur for AZA-6 forming 

the artefact AZA-31 respectively.34 A later study by Jauffrais et al. identified inconsistencies 

with findings by Rehmann et al. They were able to form (9-anthyrl)methyl esters of AZA-1, -

2, -30 and -32 which indicated that AZA-30 and -32 must not be methyl esters at all and are 

likely methyl ketals which show typical losses of MeOH during CID.35 

1.1.2 The Hunt for Azadinium spinosum 

Identifying the producing organism of azaspiracid toxins had troubled scientists since the first 

isolation of AZA-1 from shellfish tissue for over a decade. The seasonal nature of intoxication 

events, a rich history of planktonic toxins accumulation in shellfish and similarities of AZAs 

structurally to other marine toxins indicated a dinoflagellate was rationally the source of the 

AZAs. At the time of the first discovery, microalgal toxins bioaccumulating in shellfish tissue 

was well known with dinoflagellates in the Alexandrium spp.36 and Dinophysis spp.37 

producing toxins that caused paralytic and diarrheic shellfish poisoning respectively.38 In 2002, 
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Protoperidinium crassipes cells were collected by James et al. and were studied for their toxin 

content. They were found to contain AZA-1 and -2 and at the time it was suggested to be the 

causative organism.39 P. crassipes was originally thought to be a nontoxic heterotrophic 

dinoflagellate with over 60 species in family. Sampling of P. crassipes blooms during a survey 

of Irish waters from 2002ï2006 found no presence of AZA content. Additional to this, surveys 

in Norway and the UK gave identical results. The species is known to predate on other 

dinoflagellates and could have accumulated the toxin from feeding on another dinoflagellate.  

In 2008 Krock et al. made substantial headway into the discovery of the causative organism. 

Using net tow filters on a survey of the North Sea that ranged in pore size, species of 

microorganisms were fractionated by size. They discovered that the ciliate Flavella ehrenbergii 

contained AZAs but when isolated and grown in a lab they became nontoxic and lost their AZA 

content. A size fraction of 3ï20 µm also contained a thecatated microorganism that was later 

isolated and grown in laboratory cultures that continued to produce AZA-1 and -2.40 This strain 

of dinoflagellate was later identified as a new species and given the name Azadinium spinosum 

by Tillman et al..41 Feeding studies later performed by Salas et al. discovered that the flagellate 

was readily consumed by blue mussels (Mytilus edulis) with the toxins metabolised into the 

hydroxylated and carboxylated analogues which had already been isolated from contaminated 

shellfish tissues.42 

1.1.3 Structure Revisions 

Since the first reporting of azaspiracid in 1998 several synthetic studies have indicated 

discrepancies in the proposed structure. The structure is understandably difficult to elucidate 

and synthesise, with 9 rings and 20 stereogenic centres.  The initial attempt by Satake et al. 

could not determine the relative stereo chemistry between ring systems ABCDE and FGHI nor 

its absolute stereochemistry due to the spatial distance between both moieties.28 With low 
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quantities of the natural substance available and conformational analysis using computational 

methods still in early stages of technique development the logical path forward in determining 

its absolute stereochemistry was synthesis. Beginning in 2001, an enormous effort in the total 

synthesis of azaspiracid-1 began that would span nearly 20 years and bring about international 

collaborations with some of the top synthetic natural product chemists. 

The total synthesis of AZA-1 (Figure 5) was completed by Nicolaou et al. presented in several 

pioneering publications spanning 2001ï2006.43-48 They were able to correctly reposition the 

endocyclic double bond, shifting it from C8-9 to C7-8 using chemical shift similarities to the 

natural product, lissoketal, isolated by Hopmann et al..49 Through synthesis of a number of 

possible stereoisomers they were able to identify what they thought was the correct absolute 

stereochemistry of AZA-1 by comparison of synthetic structures to ones formed through 

degradation of the natural product, azaspiracid-1. 

 

Figure 5. Structure of initial synthetic AZA-1 from Nicolaou et al. found to not conform to naturally occurring AZA-1.48 

 

In 2018 the total synthesis of AZA-3 was performed by Kenton et al. They concluded that their 

synthesised AZA-3  (16R,17R,19S,20R), thought to conform to the correct stereochemistry of 
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naturally isolated AZA-3, was in fact an isomer. When tested against the naturally occurring 

sample both shared identical fragmentation and similar spectroscopic data but failed to elute at 

the same retention time with the natural AZA-3 eluting at tR 20.01 min and their synthetic 

AZA-3 eluting later (tR 25.98 min) (Figure 6).50 The moiety of concern was found to be in the 

region around C-20. Chemical shifts in vicinal 1H-1H coupling values between C-19 methine 

proton which is coupled to the two C-18 methylene protons and C-20 carbinol methine proton 

did not match coupling values present in the naturally occurring AZA-3. In the follow up study 

the opposing C-20 enantiomer, 16R,17R,19S,20R-AZA-3, was synthesised through 

stereoselective steps to ensure 20R stereochemistry. This led to synthetic 

(6R,10R,13R,14R,16R,17R,19S,20S,21R,24S,25S,28S,30S,32R,33R,34R,36S,37S,39R)-AZA-

3, that shared LC-HRMS, MS/MS, 1H- and 13C-NMR spectroscopic, and chiroptical data that 

matched the naturally occurring AZA-3 finally defining the absolute stereochemistry of the 

structure. 

 

Figure 6. a) Initial synthetic AZA-3 (tR 25.89 min, m/z 828.4883 [M+H] +) and b) corrected synthetic AZA-3 with 20R 

stereochemistry (tR 20.24 min, m/z 828.4887 [M+H] +).50 

 

From comparison 1H-NMR of the C-19 methine proton signals they determined AZA-1ï10 

and -34 shared the same 20R stereochemistry at the C-20 position and that this structural unit 

is ubiquitous among the natural AZAs.51  
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1.1.4 The Role of Shellfish in Azaspiracid Analogue Production 

Shellfish such as the blue mussel Mytilus edulis were found to bioaccumulate and transform 

ingested azaspiracids AZA-1 and -2 in multiple feeding studies with Az. Spinosum.42, 52 

Through likely enzymatic conversions the mussels hydroxylate AZAs at C-3, C-22 and C-23 

and oxidation and decarboxylation occurs at the methyl attached to C-22 (Figure 7). 

Carboxylation was proposed as the preferred conversion of AZAs in blue mussels with AZA-

17 appearing within 6h in feeding studies.26 Several 22-methoxy azaspiracids were also 

identified as likely intermediates to the carboxylic acid derivatives.53  

 

Figure 7. Proposed formation pathways for azaspiracids by Kilcoyne et al. and Sandvik et al.19, 53 

 

1.1.5 AZA Producing Dinoflagellates and Distribution  

Since the discovery of Az. spinosum as the first AZA producer in 2008, several additional 

species within the family Amphidomatacae of dinoflagellates have been found to produce 

azaspiracids. These species include Az. poporum, Amphidoma languida and Az. dexteroporum. 

Of the 60 plus analogues that have since been reported to date, only 30 have been identified as 
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being produced by dinoflagellates (Figure 8) leaving the remaining as shellfish metabolites, 

degradation products and artefacts .54  

 

Figure 8. Azaspiracids produced by dinoflagellates in the Amphidomatacea family. 

 

Az. Spinosum is distributed along the west coast of Ireland, North Sea and the eastern coast of 

England. AZA-1, -2 and -3 are found to be produced by strains found in waters off the west 

coast of Ireland, Scotland and the Shetland islands,18, 55 with these strains being denoted as 

ribotype A while strains collected off the Norwegian coast have been given the distinct ribotype 

B for their production of AZA-11, -50 and -51 (AZA-1, -2 and -33 are also present in 

Norwegian waters). Itôs noted that both ribotypes can be found in the same sampling stations 

in Norwegian waters.54, 56  
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Az. poporum has a wide distribution globally and a large variation in the analogues it produces. 

Strains from the Chinese coast produced AZA-2, -11, -36, -40 and -41.57 Korean and North Sea 

strains were found to produce AZA-36 and AZA-37 respectively. Both analogues differ from 

the normal skeleton typical of AZAs by having one less methyl at position C-39 on ring I. Their 

planar structures were elucidated through NMR.58  Strains of Az. poporum isolated from the 

Puget Sound, Washington State, USA produced AZA-59 in cultures.59 AZA-42 and -62 were 

identified in strains of Az. poporum originating from Fangchenggang, China and the south east 

Pacific off the coast of Chanaral, Chile.54 Additional strains isolated from Japanese waters were 

found to produce AZA-2, -11, -35, -2 methyl ester (exhibiting the initial loss of MeOH 

associated to the methyl ketal artefacts) and -2 phosphate ester as well as 13 putative AZA 

compounds which shared nominal fragmentation patterns to AZA-1.60 

Am. languida is another species within the Amphidomatacae family and is distributed widely 

around Irish waters, the North Sea (including the Norwegian coast) and also the Atlantic coast 

of southern Spain (discovered after a shellfish contamination event occurred). Strains isolated 

from the coast of Spain have been found to produce AZA-2 and -43 while the north Atlantic 

and North Sea strains produce AZA-38, -39, -52 and -53.56, 61, 62  

Az. dexteroporum was sampled from the Bay of Naples in 2017 and found to produce AZA-35 

as well as six novel analogues, AZA-54 to -58 and 3-epiAZA-7 (Figure 9).63  
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Figure 9. Global distribution of AZA toxins identified from dinoflagellates in the Amphidomatacea family. 

 

To date over 60 masses associated to AZA analogues have been reported in the literature with 

many occurring as products of shellfish metabolism (Table 3). Some previously predicted 

structures by Rehman et al. have not since been identified by both MS/MS or NMR data and 

might not exist at all.60  
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Table 3. Partial table taken from Ozawa et al.60 
 Product-ion Identification technique Origins etc. Reference  

AZA-1 842.5 NMR, MS/MS A. spinosum 28, 64, 65 

AZA-2 856.5 NMR, MS/MS A. spinosum, A. 

poporum, Am. languida 

29, 64, 65 

AZA-3 828.5 NMR, MS/MS Shellfish 29, 64, 65 

AZA-4 844.5 NMR, MS/MS Shellfish 30, 33 

AZA-5 844.5 NMR, MS/MS Shellfish 30, 33, 66 

AZA-6 842.5 NMR, MS/MS Shellfish 67, 68 

AZA-7 858.5 NMR, MS/MS Shellfish 32, 33 

AZA-8 858.5 NMR, MS/MS Shellfish 32, 33 

AZA-9 858.5 NMR, MS/MS Shellfish 32, 33 

AZA-10 858.5 NMR, MS/MS Shellfish 32, 33, 66 

AZA-11 872.5 MS/MS A. spinosum, A. 

poporum, shellfish 

32, 33, 69 

AZA-12 872.5 MS/MS Shellfish 34 

AZA-13 860.5 MS/MS Shellfish 34, 66 

AZA-14 874.5 MS/MS Shellfish 34 

AZA-15 874.5 MS/MS Shellfish 34, 66 

AZA-16 888.5 MS/MS Shellfish 34 

AZA-17 872.5 MS/MS Shellfish 34 

AZA-18 886.5 - Predicted 34 

AZA-19 886.5 MS/MS Shellfish 34 

AZA-20 900.5 - Predicted 34 

AZA-21 888.5 MS/MS Shellfish 34 

AZA-22 902.5 - Predicted  34 

AZA-23 902.5 MS/MS Shellfish 34 

AZA-24 916.5 - Predicted 34 

AZA-25 810.5 MS/MS Shellfish 19, 34 

AZA-26 824.5 NMR, MS/MS Shellfish 19 

AZA-27 824.5 MS/MS Shellfish 19 

AZA-28 838.5 MS/MS Shellfish 19 

AZA-29 842.5 MS/MS Predicted 34 

AZA-30 856.5 MS/MS Artefact 35 

AZA-31 856.5 - Predicted 34 

AZA-32 870.5 MS/MS Artefact 35 

AZA-33 716.5 NMR, MS/MS A. spinosum 18 

AZA-34 816.5 NMR, MS/MS A. spinosum 18 

AZA-35 830.5 MS/MS A. spinosum, A. 

dexteroporum 

18, 63 

AZA-36 858.5 NMR, MS/MS A. poporum 58, 70 

AZA-37 846.5 NMR, MS/MS A. poporum 58, 70 

AZA-38 830.5 MS/MS Am. languida  56, 70 

AZA-39 816.5 MS/MS Am. languida 56, 70 

AZA-40 842.5 MS/MS A. poporum 57 

AZA-41 854.5 MS/MS A. poporum 57 

AZA-42 870.5 MS/MS A. poporum 54 

AZA-43 828.5 MS/MS Am. languida 62 

AZA-44 888.5 MS/MS Shellfish 66 

AZA-45 902.5 MS/MS Shellfish 66 
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AZA-46 904.5 MS/MS Shellfish 66 

AZA-47 918.5 MS/MS Shellfish 66 

AZA-48 826.5 NMR, MS/MS Shellfish 19 

AZA-49 840.5 MS/MS Shellfish 19 

AZA-50 842.5 MS/MS A. spinosum 56 

AZA-51 858.5 MS/MS A. spinosum 56 

AZA-52 830.5 MS/MS Am. languida 56 

AZA-53 830.5 MS/MS Am. languida 56 

AZA-54 870.5 MS/MS A. dexteroporum 63 

AZA-55 868.5 MS/MS A. dexteroporum 63 

AZA-56 884.5 MS/MS A. dexteroporum 63 

AZA-57 844.5 MS/MS A. dexteroporum 63 

AZA-58 828.5 MS/MS A. dexteroporum 63 

AZA-59 860.5 MS/MS A. poporum 59 

AZA-60 826.5 MS/MS Shellfish 19 

AZA-61 840.5 MS/MS Shellfish 19 

AZA-62 870.5 MS/MS A. poporum 54 

AZA-63 844.5 MS/MS Plankton 71 

AZA-64 802.5 MS/MS A. spinosum 72 

AZA-65 858.5 MS/MS Hepatocytes 53 

AZA-66 872.5 MS/MS Hepatocytes 53 

AZA-67 874.5 MS/MS Hepatocytes 53 

AZA-68 888.5 MS/MS Hepatocytes 53 

 

1.1.6 Toxicity of Azaspiracids 

Initial toxicity studies performed by Satake et al. found AZA-1ï3 to have similar levels of 

toxicity (0.2 mg kgī1) using mouse lethality bioassays through intraperitoneal injections (IP).28, 

29 AZA-4 and -5 were later tested by Ofuji et al. and found to have reduced toxicity of approx. 

0.47 and less than 1.0 mg kgī1 respectively.30 Azaspiracids have previously been reported to 

have an LD50 of over 700 µg kgī1 in mice, these compounds have more recently been reported 

with LD50 values at concentrations of 443 µg kgī1, indicating the need for further understanding 

of these toxinôs biological activities.73 

During the ASTOX II project funded by the Irish government, 16 AZAs were isolated and 

tested against human cell lines in toxicity studies (Jurkat T lymphocytes, Caco-2 intestinal 

cells, and BE(2)-M17 neuroblastoma cells).74 The Jurkat assay is used as a reference to show 

relative toxicities between AZAs and is reported to be a sensitive method in response to both, 
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exposure time and concentration of azaspiracids. The assay showed similar relative toxic 

responses for AZA-1, -2 and -3 to the mouse bioassay.75 Their study showed EC50 values for 

AZA-1 were in a range of 1.1 to 7.4 mM (Table 4).76 Observations of elevated levels of capase 

activity, cytochrome C production and DNA fragmentation evidenced atypical apoptosis being 

the likely cause of the toxicity towards human cells.76 AZA-2 was found to be the most toxic 

with AZA-26 the least.74 The extra methylation observed correlated with increased toxicity and 

hydroxylation had the opposite effect. AZAs that were methylated at C-8 and/or C-22 were 

found to be more toxic while AZAs that were hydroxylated at C-3 and/or C-23 were less toxic 

(Table 4). AZA-36 and -37 donôt have the methyl group at C-39, and both are less potent than 

AZA-1 indicating the methylation of ring I is important for toxicity. The sharp decrease in 

toxicity from the ketone formed in AZA-26 hinted that the methyl groups on ring E played a 

role in AZA toxicity.76  
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Table 4. Structural variants of AZAs, their protonated masses, origin and toxicity taken from ASTOX II final report 2007ï

2013 with updated stereochemistry. 

 

  

Type 

 

R1 

 

7,8 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 

 

[M+H] + 

 

Origin 

 

Status 

Toxicity 

(Jurkat) 

EC50 

AZA1 a1 H  H H CH3 H CH3 842.5 Az. spinosum phycotoxin 1.1 

37-epi-

AZA1 

a1 H  H H CH3 H CH3 842.5 Az. spinosum phycotoxin 0.2 

AZA2 a1 H  CH3 H CH3 H CH3 856.5 Az. spinosum phycotoxin 0.3 

AZA3 a1 H  H H H H CH3 828.5 Shellfish metabolite 0.6 

AZA4 a1 OH  H H H H CH3 844.5 Shellfish metabolite 2.0 

AZA5 a1 H  H H H OH CH3 844.5 Shellfish metabolite 3.0 

AZA6 a1 H  CH3 H H H CH3 842.5 Shellfish metabolite 0.2 

AZA7 a1 OH  H H CH3 H CH3 858.5 Shellfish metabolite - 

AZA8 a1 H  H H CH3 OH CH3 858.5 Shellfish metabolite 0.3 

AZA9 a1 OH  CH3 H H H CH3 858.5 Shellfish metabolite 1.9 

AZA10 a1 H  CH3 H H OH CH3 858.5 Shellfish metabolite 3.1 

AZA26 a2 H - H - - - - 824.5 Shellfish metabolite 36.6 

AZA33 b1 -  - H CH3 H CH3 716.5 Az. spinosum phycotoxin 5.2 

AZA34 c1 -  - H CH3 H CH3 816.5 Az. spinosum phycotoxin 0.2 

AZA36 a1 OH  CH3 H CH3 H H 858.5 Az. poporum phycotoxin 5.0 

AZA37 a1 OH  H H CH3 H H 846.5 Az. poporum phycotoxin 6.3 
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1.1.7 Toxin Production and Isolation 

Since the discovery of AZP events in Europe, regulations have been introduced to prevent the 

reoccurrence of human intoxications. Monitoring of shellfish tissue before harvesting/sale for 

the presence of lipophilic toxins is required and LC-MS analysis of tissue extracts is a reference 

method.77, 78 For this method, reference standards are required for accurate quantitation and has 

exposed the need for the sustainable production of AZA-toxins. There have been shortages of 

reference standards for marine toxins. Historically, the main sources for the isolation and 

recovery of marine toxins have been from laboratory cultures or naturally and artificially 

contaminated shellfish tissue.62 Once the toxin producing organism is identified, laboratory 

cultures can be used. Cultures offer many advantages, with less clean up required than from 

shellfish tissue and no dependence on naturally occurring bloom events. Many species within 

the Amphidomatacea family have been cultured in lab but few have been cultured in bulk for 

toxin isolation. The first bulk culture of Az. spinosum was completed in 2012 and was the first 

study to both culture the dinoflagellate in bulk and purify the subsequent toxins produced from 

the cultures.79 The method used a system of photobioreactors in series which allowed for the 

continuous production of AZA-1 and -2. From 1200 L of culture the study isolated 9.3 mg of 

AZA-1 and 2.2 mg of AZA-2 with 95% purity and a recovery of 70%. Compared to past 

isolations from shellfish (AZA-1 recovery 53%), recovery from algal cells performs better and 

requires less steps to reach purity.68 

Since then, only one study by Krock et al. in 2015 isolated azaspiracids from large-scale 

cultures.58 AZA-36 (0.89 mg) was isolated from 870 L of a Korean strain of Az. poporum while 

AZA-37 (1.28 mg) was isolated from 120 L of a North Sea strain that had a much higher cell 

quota for AZA production.58  
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1.1.8 Am. languida in Ireland 

This literature review reveals some significant gaps in azaspiracid research in Ireland. While 

the toxins produced by Az. spinosum have been widely studied and documented around Ireland, 

the more recently identified species in Irish waters, Am. languida, has yet to have its bouquet 

of azaspiracids elucidated and their toxicity compared to AZA-1. Am. languida was originally 

isolated as a novel species in 2011 from Bantry Bay, Cork. Surveys have shown that the species 

is as common in Irish waters as the toxigenic Az. spinosum.20, 80 The surveys have also found 

notable concentrations of the AZA-38 and -39 in sea water collected from sampling stations, 

with inshore waters around Bantry Bay having a concentration of up to 4.9 ng Lī1 during a 

survey done in 2017. 

Human intoxication events caused by Az. spinosum are becoming less common with the 

introduction of routine monitoring of shellfish tissue. Modern techniques like LC-MS 

quantitation have allowed for rapid analysis and dissemination of toxin levels in farmed tissue 

which gives the shellfish industry accurate and real time data on the safety and quality of their 

produce. These monitoring programs screen for AZA-1 to -3 which have a history of being the 

causative compounds in AZP poisoning events. So far, AZA-38 and -39 have not been an issue 

for the shellfish industry in Irish waters but with the recorded HAB events increasing, the 

prevalence of the species and associated toxins in Irish water it is not unlikely that the species 

could pose a threat in the future. The structures of both compounds, their toxicity and the ability 

of these analogues to be retained in animal tissue has yet to be revealed.  

1.1.9 Aims 

This literature review also highlights the major progress that has been made so far in 

understanding AZA toxins and how best to combat AZP events. Currently in Ireland there 
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remains a vital need to continue to develop our understanding of all toxigenic species present 

in our waters.  

¶ The first aim of this PhD was to produce Am. languida at a large-scale. Az. spinosum 

and Az. poporum are the only members of the Amphidomatacea family to have been 

bulk cultured for toxin production and while morphologically similar, the growth rates 

for Am. languida have been reported internally to be lower than that of Az. spinosum. 

For a successful large-scale culture many litres (>100 L) will need to be produced in a 

continuous manner. The bulk growth will also need to be reproduceable to show the 

robustness of our bulk culture method.  

¶ Once grown, isolation and purification of AZA-38 and -39 will be attempted from the 

enriched extract. Isolation of both will allow us to confirm the structures first proposed 

in 2012 and test their toxicity in reference to AZA-1.  

¶ The ability for the toxins to accumulate in the tissue of shellfish will also be tested using 

an invitro feeding experiment like performed for Az. spinosum by Salas et al.42  

¶ Finally, since the presence of the toxins has already been observed in waters around 

shell fishing sites, AZA-38 and -39 will be quantified in tissue samples provided to the 

Marine Institute. 
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1.2   Chapter 1. Production of the Dinoflagellate Amphidoma languida in a 

Large-scale Photobioreactor and Structure Elucidation of its Main Metabolite 

Azaspiracid-39 

Statement of contribution 

This chapter includes a co-authored research manuscript submitted to Harmful Algae. 
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Production of the Dinoflagellate Amphidoma languida in a Large-scale 

Photobioreactor and Structure Elucidation of its Main Metabolite Azaspiracid-39 

Rafael Salasa,x,*, Elliot Murphy,a,b,x Roisin Doohan,b Urban Tillmann,c Olivier P. Thomas,b,*  

a Marine Institute, Rinville, Oranmore, H91 R673, Co. Galway, Republic of Ireland. rafgall71@gmail.com  
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x: both authors contributed equally to this work 

Abstract:  

Shellfish contamination with azaspiracids (AZA) is a major and recurrent problem for the Irish shellfish 

industry. Amphidoma languida, a small thecate dinoflagellate of the family Amphidomataceae widely 

distributed in Irish coastal waters, is one of the identified source species of azaspiracids (AZAs). Irish 

and North Sea strains of Am. languida have been found to produce as major metabolites AZA-38 and -

39 whose structures have only been provisionally elucidated by mass spectrometry and their toxic 

potential is currently unknown. In order to provide pure AZA-38 and -39 for subsequent structural and 

toxicological analyses, we present the first successful large-scale culture of Am. languida. A 180 L in-

house prototype bioreactor was used for large-scale culture growth and harvesting in semi-continuous 

mode for two months. Two different runs of the photobiorector with different light and pH settings 

showed the highest toxin yield at higher light intensity and slightly higher pH. AZA-38 and -39 cell 

quotas were measured throughout the complete growth cycle with the AZA-39 cell quota increasing 

relative to AZA-38 at late stationary to senescence phase. Over two experiments, a total of 700 L of 

culture was harvested yielding 0.45 mg of pure AZA-39. The structure of AZA-39 was elucidated 

through NMR data analyses, which led to a revision of the previous structure proposed based on mass 

spectrometry. While the spiro tetrahydrofuran/tetrahydrofuran of rings A and B confirmed by NMR 

spectroscopy for AZA-39, a methyl was still present in position C-14 and the carboxylic acid chain was 

different from the structure proposed previously. 
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Highlights:  

Å First bulk culture of Amphidoma languida. 

Å Purification of AZA-39 from culture extracts. 

Å Structure elucidation of AZA-39 and correction of the original structure proposed in 2012. 
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1.2.1 Introduction 

The Amphidomataceae is a growing family of Dinophyceae comprised of the small thecate 

genera Azadinium and Amphidoma, with few species known to produce AZAs. Thus far, the 

genus Azadinium includes 16 species and most of them have been described in the last decade 

(Salas et al., 2021; Tillmann et al., 2009). The genus Amphidoma currently comprises 12 

species mainly described in the early 20th century or before (Halldal, 1953; Kofoid and 

Michener, 1911; Schiller, 1929; Stein, 1883). Nevertheless, several species have been 

identified in the last decade such as Amphidoma languida Tillmann, Salas & Elbrächter 

(Tillmann et al., 2012), and four other Amphidoma species were added in 2018 after a long 

hiatus in the knowledge of this group (Tillmann, 2018; Tillmann et al., 2018b). Species of 

Amphidomataceae have been thoroughly tested for the presence of azaspiracids and most of 

them have been reported as non-producers. Azaspiracid production therefore appears to be 

more the exception than the rule of the Amphidomataceae family, but other toxins might also 

be present (Salas et al., 2021). Among the genus Azadinium, two toxin producers inhabit the 

North Atlantic: Azadinium spinosum Elbrächter & Tillmann, 2009 (Krock et al., 2009; 

Tillmann et al., 2009), which now is known to feature several ribotypes (Tillmann et al., 2021); 

and Azadinium poporum Tillmann & Elbrächter (Krock et al., 2012; Tillmann et al., 2011). 

Both species are known to produce a wide variety of toxic azaspiracid (AZA) metabolites. A 

third species, Azadinium dexteroporum Percopo & Zingone, 2013 (Percopo et al., 2013; Rossi 

et al., 2017) has been found to produce AZAs, but so far only in the Mediterranean strains 

whereas other strains from the North Atlantic were found to be non-producers (Tillmann et al., 

2015). For the genus Amphidoma, only one species, Am. languida, is known to produce AZA 

(Krock et al., 2012). The first strain of Am. languida was described in 2012 from a sample 

collected in the Southwest of Ireland, in Bantry Bay (Tillmann et al., 2012), and since then, 

many other strains have been isolated from different locations in the North Atlantic, including 
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Iceland (Tillmann et al., 2015), Norway (Tillmann et al., 2018a), Greenland (Tillmann et al., 

2020) and in the North Sea off the coast of Denmark and Scotland (Wietkamp et al., 2019). In 

2017, a new strain was isolated in the South of the Spanish Atlantic coast (Tillmann et al., 

2017). Whereas this strain from the South of Spain was found to produce AZA-2 and AZA-43, 

all other Am. languida strains from the North Sea and North Atlantic are known to produce 

AZA-38 and -39 as major metabolites.  

Azaspiracids, first identified in shellfish (e.g. AZA-1, -2), are known to cause symptoms in 

humans similar to those of DSP toxins, resulting in acute nausea, vomiting, diarrhea and 

stomach cramps. Initially, the isolation and purification of AZAs were achieved using naturally 

contaminated shellfish material (Satake et al., 1998). With the identification of Az. spinosum  

as a producer of AZAs (Krock et al., 2009), large-scale cultivation of Amphidomataceae 

opened an alternative source of toxins. In 2012, large-scale cultivation of Az. spinosum in 

photobioreactors was the first successful attempt at isolating and purifying AZA-1 and -2 

(Jauffrais et al., 2012) from laboratory cultures. Since then, the other attempts at large-scale 

culture have been the cultivation of two strains of Az. poporum for the isolation and purification 

of AZA-36 and -37 (Krock et al., 2015). The isolation of pure AZAs is of high relevance for 

both structure elucidation and toxicological bioassays, which are required to assess their 

potential toxicity. Moreover, the production of reference materials will ensure that analytical 

methods in marine biotoxin programs are improved and become effective tools for monitoring 

(Kilcoyne et al., 2019). The availability of large-scale cultures will also allow feeding studies 

in order to assess whether Am. languida is ingested by shellfish species and how the toxins are 

metabolized by the shellfish.  

The main AZA metabolites of Am. languida, named AZA-38 and -39, have not yet been 

obtained in a pure form, and toxicity studies are consequently lacking on both compounds. To 

help mitigate any future intoxication events or unnecessary closures of shellfish farms, it is 
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important to assess the relative toxicity of pure AZA-38 and -39 in AZA-1 equivalents. The 

main reason is that Am. languida has not been successfully cultivated at large-scale, and highly 

contaminated shellfish samples, such as those of species of Azadinium spinosum used to extract 

and purify AZA-1 and -2, are not available. In this work, we describe the first successful 

attempt at growing Am. languida in a closed pH-controlled large-scale photobioreactor in a 

semi-continuous system to produce the AZA congeners AZA-38 and -39. We report on the cell 

densities, toxin production and cell quota achieved during this study which culminated in the 

production of enough of the pure major metabolite AZA-39 (450 ɛg) for structure elucidation. 

NMR analyses of this metabolite led to the revision of the structure proposed previously for 

AZA-39 based on mass spectrometer (MS) data (Krock et al., 2012). 

1.2.2 Materials and Methods 

1.2.2.1 Sample collection, isolation and culture of Amphidoma languida 

The strain Z-LF-9-C9 of Am. languida was isolated in June 2016 during a survey on RV Uthörn 

from the southern North Sea off the Danish coast at 56°07'N, 07°28'E (Wietkamp et al., 2019). 

The strain was established after single cell isolation by microcapillary into wells of 96-well 

plates filled with 0.2 mL filtered seawater using a stereomicroscope (SZH-ILLD, Olympus) 

equipped with dark field illumination. The strain was routinely grown at 15 °C under a photon 

flux density of approx. 50 ɛmol mī2 sī1 on a 16:8 h light:dark photocycle. The strain was 

identified as Amphidoma languida by light microscopy (Figure 1) and then confirmed by 

sequencing the D1/D2 region of the large subunit (LSU) of the ribosomal RNA genes 

(GenBank acc nr: MK613114). The strain was clonal but not axenic and was grown since its 

isolation in 2016 at the Alfred Wegener Institute (AWI)  in Germany in the standard conditions 

described above. In October 2019, the strain was transferred to the Marine Institute Ireland to 

start a large-scale culture reported here. 
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Figure 1. Liv ing images of Amphidoma languida strain Z-LF-9-C9. 

1.2.2.2 Photobioreactor  

A closed photobioreactor (PBR) was built for this study. The PBR was made from 15 mm thick 

transparent methacrylate sheets joined with a suitable silicone sealant for seawater aquarium 

and had the overall shape of an upside-down oversized tissue culture flask (Figure 2). The PBR 

dimensions were 150 cm × 90 cm × 15 cm (Height: Width: Breadth) with an overall capacity 

of 180 L (designed by Rafael Salas and built by Collins plastics, Ireland). The construction 

tapered at approximately a 45° angle and 30 cm from the bottom.  
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Figure 2. Schematic of the in-house PBR. 

At the bottom, a 5 cm bore hole was inserted to attach a tap with an open/close valve. The top 

of the construction had a lid t perforated with 6 × 5 cm bore holes for air lines (×3), CO2 line 

(×1), Vent (×1) and Oxygen and pH probes (×1). The methacrylate body including lid and 

bottom valve was held upright and at 30 cm from the ground by a stainless-steel frame with 

feet (Figure 3).  
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Figure 3. (A) PBR system at full capacity. (B) HP20 extraction in fume hood using 10 L round glass bottom flasks and (C) 

harvesting from PBR. 

The PBR was installed in a temperature-controlled room. This was fitted with 2 × 30 W, 1570 

mm Linda LED strips (Filippi, Pianoro, Italy) around the perimeter of the incubator with 

incorporated on/off group switches to be able to modulate the amount of light in the incubator. 

The walk-in incubator was a temperature-controlled room fitted with a Dixel temperature 

control unit and a light timer switch system Flash Monotron 200 (Whiriskey, Claregalway, 

Ireland) to control the light and dark photoperiod. The walk-in incubator was also fitted with a 

CO2 gas cylinder, pipe work and CO2 manifolds for the delivery of this gas to the PBR.  

1.2.2.3 Large-scale cultivation of Amphidoma languida 

1.2.2.3.1 Photobioreactor 

The seawater used in this experiment was collected at Ballyvaughan pier, Galway Bay (Lat: 

53° 06' 56''N; Long: 9° 08' 58''W) using a SUB2020-SS submersible pump and a portable 

power generator Honda HX3000 (Honda, Minato, Tokyo, Japan) at high tide. The seawater 
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was filtered using Whatmann GF/F 0.44 µm nominal pore size using a Milli-vac vacuum pump 

placed in 1 L Teflon bottles and autoclaved at 121 °C for 15 min. The water was placed in the 

walk-in incubator and equilibrated to the incubator temperature.  

Prior to inoculation, the PBR was cleaned with Decon 90® detergent for 24 h, followed by 10 

full rinses with de-ionised water. Then the PBR was acid rinsed with a 1% Lancer rinse Acetic 

acid solution for 24 h. The PBR was rinsed again after the acid clean between 5 to 10 times 

with de-ionised water. After cleaning and disinfection, the PBR was primed with 30 L of sterile 

seawater for 24 hr to make sure that all the instrumentation worked. This volume was disposed 

of before inoculation.  

After transfer from the AWI to the MI, the culture was initially kept in an incubator at 15 °C 

and 12:12 L:D photoperiod in 1/10 strength K medium and acclimatized to 18 °C and full-

strength K medium (Keller et al., 1987). The culture was scaled-up from 50 mL to 500 mL 

tissue culture flasks and from here to 5 L borosilicate Erlenmeyer flasks until it reached 

maximum cell density of approximately 30,000 to 80,000 cells mLī1.  

From these 5 L flasks, the PBR was initially inoculated at a maximum dilution rate of 3:1 

inoculum:medium to obtain minimum average cell densities in the photo-bioreactor of 

approximately 30,000 cells mLī1. After this, the culture was scaled-up at intervals as the cell 

density increased by adding small increments of medium into the PBR of between 15 to 25% 

maximum dilution until it reached its maximum capacity of 180 L. The culture was grown in 

full strength K modified medium without ammonia and kept at 18 °C and 12:12 L:D 

photoperiod. Aeration was delivered using a Blagdon Koi Air25 air pump (Blagdon Water 

Gardening, Dorking, Surrey) through 3 × air lines and submersed diffusers in the PBR at its 

lowest setting to avoid turbulence and shear stress of the culture. Aeration (to introduce gentle 
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mixing) was only introduced in this experiment when the PBR was at full capacity and the 

culture was growing at a stable state in exponential phase. 

The PBR set up was tested first with a strain of Az. spinosum and the pH maximum set point 

used was 8.3 +/ī 0.1 hysteresis. A pH control system activated CO2 addition into the system, 

by a solenoid valve, as the pH increased with cell growth above the maximum hysteresis value 

(8.4), the solenoid valve opened automatically to lower the pH to the lower hysteresis set point 

(8.2). When the pH probe measured below 8.2 the solenoid valve automatically shut the flow 

of CO2 into the system. The pressure at the manifold was set at approximately 4 psi which was 

the equivalent of 30ï40 bubbles minī1 using the bubble counter. This allowed for the steady 

but slow and controlled addition of CO2 into the system, via the CO2 reactor which was sitting 

just above the bottom of the PBR (Figure 3). 

1.2.2.3.2 Abiotic measurements 

The following environmental parameters were measured daily during the large-scale 

experiment: The dissolved oxygen in the culture was measured using a DO meter Orion star 

A113 and the seawater pH was measured with an Orion 3 star (Thermo Fisher Scientific 

Waltham, Massachusetts, United States) pH benchtop pH meter. The pH control system JBL 

ProFlora pH control Touch (JBL, Neuhofen, Germany), an off-the-shelf pH control system for 

Aquaria automatically monitored the pH in the PBR and kept it stable throughout the 

experiment at the chosen set point. This system included: i) its own pH probe which was 

calibrated every 30 days and compared to the Orion benchtop meter; ii) a temperature probe 

which was used to measure the seawater temperature against the air temperature read from the 

incubator Dixell temperature control system (Emerson, St. Louis , MO, United States); iii) a 

CO2 reactor submersed in the PBR and; iv) a bubble counter and solenoid valve attached to the 

CO2 in-house line system delivered by a CO2 cylinder (BOC, Guilford, UK). The salinity was 

measured using an optical handheld refractometer Eclipse. Light intensity was measured using 
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an ISO-Tech ILM350 digital light meter (RS components, Corby, UK) during culture growth 

over time. 

1.2.2.3.3 Cell density measurements 

Samples were collected routinely to measure the cell density in the photobioreactor. Prior to 

the collection of samples, the PBR was gently homogenized with a rigid plastic brush and 

increased aeration was used to continue the homogenization process for 1ï2 min. After aeration 

was stopped, a sample of 3ï5 L of culture was collected into a 5 L plastic container and the 

contents were poured back at the top of the PBR. Then, a second sample of 3ï5 L of culture 

was used to collect 3 × 1 mL samples pipetted out into 1.5 mL Eppendorf microtubes containing 

20 µL of neutral Lugolôs iodine. 

From each sample, 1 mL was removed from the microtube and dispensed into a 1 mL glass 

Sedgewick-Rafter slide. The sample settled down for approximately 15 min before 

examination using an inverted microscope Olympus IX-51 (Olympus, Shinjuku City, Tokyo, 

Japan) or a Leica DMi8 (Leica Camera AG, Wetzlar, Germany) at × 400 magnification. At 

least 400 cells were counted in each sample from randomly chosen squares to obtain a 

minimum confidence level of 90% (Andersen and Throndsen, 2004). 

1.2.2.3.4 PBR-1 run 

The pH in the system was set at 8.8 +/ī 0.1 hysteresis. Mean temperature inside the PBR was 

stable at an average 19.9 °C during the study (Table S1). The light intensity inside the walk-in 

incubator was approximately 140 µmol mī2 sī1, and the light intensity measured behind the 

photobioreactor (Table S1) corresponding to the light that has passed through the culture 

ranged between 70 to 91 µmol mī2 sī1. The dissolved oxygen in the culture was above 100% 

saturation for the duration of the experiment but levels dropped from day 56 as the culture 

collapsed. 
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1.2.2.3.5 PBR-2 run 

Two main changes for this experiment compared to PBR1 were: (1) Light intensity inside the 

walk-in incubator was reduced to approximately 70 µmol mī2 sī1. (2) pH set point for the 

addition of CO2 in the system was slightly reduced from 8.8 to 8.75 +/ī 0.1 hysteresis. The 

measurements of the parameters during this second successful experiment are given in Table 

S4. 

1.2.2.4 Toxin analysis 

1.2.2.4.1 Analytical reagents and standards 

All solvents (pestican-grade) were obtained from Labscan (Dublin, Ireland). Distilled water 

was purified further using a Barnstead nanopore diamond UV purification system (Thermo 

Fisher Scientific, Waltham, MA, USA). Formic acid (Ó98%), ammonium formate (>98%), 

Diaion HP20 polymeric resin (Ó0.25 mm), and sodium periodate were from Sigma-Aldrich. 

CRMs for AZA-1 and -2 were from the National Research Council (Halifax, NS, Canada). 

1.2.2.4.2 Sample preparation for toxin analysis 

During the first experiment (PBR1), samples for AZA analysis were collected in two ways. 

The PBR was first homogenised as in section 1.2.2.3.3, then; 

(1) A simple and rapid extraction method called ñvial extractionò used 100 µL sample aliquot 

placed into a glass HPLC vial equipped with an insert and 50 µL of methanol was pipetted into 

the vial to extract the sample. A volume of 2 µL of sample was injected into the LC-MS for 

AZA quantification. 

(2) The second method used was based on Solid Phase Extraction (SPE). Samples were 

collected in 10 mL aliquots. The samples were stored at ī20 °C freezer until they were 

analysed. The 10 mL samples were defrosted at room temperature and then loaded onto a 1 g 

6 mL Oasis Bond Elut cartridge (Agilent, Santa Clara, CA, USA), previously conditioned with 
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MeOH and H2O. The cartridge was then washed with H2O (6 mL) followed by the elution with 

15 mL of MeOH to recover azaspiracid toxins from the cartridge. The eluent was evaporated 

to dryness using miVac QUATTRO concentrator (Genevac, Ipswich, England). The sample 

was then dissolved in 10 mL of MeOH and sonicated for 10 min. A volume of 1 mL was filtered 

with 0.2 µm syringe filters (Fisherbrad, Sterile PES Syringe Filter, Waltham, MA, USA) and 

transferred and stored in 1.5 mL vials at ī80 °C for LC-MS analysis.  

Both methods were compared only for the first experiment (named PBR1 in 3.1) and the results 

are presented in the supplementary material. In experiment PBR2 presented in 1.2.3.2, only the 

vial extraction method was used. 

1.2.2.4.3 LC-MS analyses of AZAs 

This method was used to assess the concentration of AZAs along the purification steps of AZA-

39 in 1.2.3.3. The harvested dried extracts were resuspended in 10 mL of MeOH under 

sonication for 10 min. A volume of 100 µL was transferred to 900 µL of MeOH and serially 

diluted 3 times. The third dilution was filtered using 1 mL syringe and 0.45 µm pore size 

syringe filters, transferred to a 1.5 mL LC-MS vial and stored at ī20 °C until analysis.  

Identification and quantification of toxins were performed on an Acquity UPLC coupled to a 

Xevo G2-S QToF (Waters, Manchester, UK). All analyses were performed in positive MSe 

(200ï1200 m/z) and MS/MS modes. The reference compound used for calibration was leucine 

encephalin. The cone voltage was 40 eV, collision energy was 50 eV, the cone and desolvation 

gas flows were set at 100 and 1000 L hī1, respectively, and the source temperature was 120 °C. 

Quantitation was performed in MSe mode, using Targetlynx software. All toxins were 

quantitated against AZA-1. Mass transitions of 830>348 for AZA-38, 816>348 for AZA-39 

and 842>672 for AZA-1 were used.  
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Binary gradient elution was used, with phase A consisting of water and phase B of 95% 

acetonitrile in water (both containing 2 mM ammonium formate and 50 mM formic acid). The 

column used was a 50 mm × 2.1 mm i.d., 1.7 µm, Acquity UPLC BEH C18 (Waters, Wexford, 

Ireland). The gradient was from 30ï90% B over 6 min at 0.3 mL minī1, held for 0.5 min, and 

returned to the initial conditions and held for 1 min to equilibrate the system. The injection 

volume was 2 µL and the column and sample temperatures were 25 °C and 6 °C, respectively. 

1.2.2.5 Toxin extraction, purification and structure elucidation in the bulk cultures 

1.2.2.5.1 Culture harvest  

A semi-continuous harvesting strategy was used for Am. languida. This involved harvesting 

regularly a defined volume of culture and replenishing the photo-bioreactor with K medium. 

Approximately 30 L of culture were harvested from the PBR into 3 × 10 L borosilicate round 

bottomed flasks. Cells in the flasks were lysed by addition of acetone to final concentration of 

7% (Kilcoyne et al., 2019). Previously activated HP20 resin was then added (2 g Lī1). The 

mixture was agitated under constant aeration for 48 h to keep the resin in suspension. Using a 

80 µm nytex mesh, the resin was separated from the supernatant and stored wet at 4.0 °C in 

water. This procedure was repeated for a total of 700 L of culture over two experiments (PBR1= 

250 L ; PBR2= 450 L). 

1.2.2.5.2 Extraction 

To determine the quantity of AZA-38 and -39 recovered per harvest during the first run PBR1, 

the HP20 resin (60 g) was first dried overnight in the fume hood. The resin was then suspended 

in MeOH (200 mL) and stirred for 2 h. The resin-methanol slurry was then poured into a glass 

chromatography column (8 cm diameter, 60 cm length) with a frit to prevent the resin passing 

through the column and the methanol was separated gravimetrically. Further portions of MeOH 

(150 mL) were eluted through the column dropwise. A volume of 100 µL of each elution were 
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added to 900 µL of MeOH and the AZA content was quantified using LC-MS. Elution 

continued until the concentration of AZA-39 was <1.0 ng mLī1 in the column eluent. Eluent 

was combined and dried in a rotary evaporator under reduced pressure. The dried extract was 

stored at ī20 °C. 

Toxin extraction during PBR2 was conducted as above with slight variations. Instead of drying 

the HP20 resin from each harvest separately, the HP20 resin from several harvests was 

combined to three portions of 450 g and dried. The amount of methanol used for the extraction 

was 800 mL with further portions of 600 mL and the chromatography column was 15 cm in 

diameter. 

1.2.2.5.3 Purification 

The extracts were initially fractionated using the SPE method. Our separation conditions 

followed the conditions used in Krock et al. (2015). The sample was suspended in 20% CH3CN 

(16 mL) and sonicated for 15 minutes. The sample was then split into portions (2 mL) and 

loaded onto a previously conditioned C18 SPE cartridge (500 mg 6 mL). Four fractions of 

decreasing polarity were recovered: (A) H2O:MeOH (9:1 v/v, 15 mL), (B) H2O:MeOH (4:6 

v/v), (C) H2O:MeOH (2:8 v/v, 30 mL) and (D) MeOH (100%, 30 mL). Fractions were tested 

for AZA content and fractions C and D were combined (442 mg) as they both contained the 

compounds of interest and were evaporated under reduced pressure. The resulting fraction was 

then suspended in MeOH (10 mL) and sonicated (10 min). The sample was stored at ī20 °C 

for 30 min. Then, the supernatant was collected via pipette, and this was repeated 2 times to 

separate the AZAs from any insoluble material. The resulting dried fraction (292 mg) was 

dissolved in 3.5 mL of MeOH and fractionated further using preparative HPLC with a C18 

column (Waters, X-Select CSH, 19 × 250 mm, 5 µm) under isocratic conditions (27:73 

H2O:CH3CN + 2.0 mM ammonium acetate) collecting peaks every 2 minutes during 40 minute 

runs which were then testing with LC-MS. Peaks 5ï7 (3.55 mg) contained AZA-38 and were 
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combined and peaks 2ï4 (2.88 mg) contained AZA-39 and were combined separately. Final 

purification of AZA-39 was performed using a C18 column (Waters, SymmetryPrep, 7.5 × 

300mm, 5 µm) under isocratic conditions (1:1 H2O:CH3CN + 2.0 mM ammonium acetate). 

AZA-39 was finally debuffered using a method similar to that published by Krock et al. (2015) 

where the sample was diluted to 20% ACN with water and loaded onto a 500 mg C18 cartridge 

and washed with MeOHīH2O (1:9, 10 mL) to remove the buffer, and eluted with MeOHīH2O 

(9:1, 20 mL) to recover AZAs.  Unfortunately, the purification of AZA-38 from peaks 5ï7 did 

not afford enough pure material for NMR analyses. 

NMR analyses on AZA-39 were performed in CD3OD at 25 °C with the residual peak of 

CD3OD (3.31 ppm) used as reference on a Varian 600 MHz equipped with a cryoprobe. A 

mixing of 0.3 s was used for the 1D TOCSY experiment while 0.5 s was used for the ROESY 

experiment. 

1.2.3 Results 

1.2.3.1 PBR1: First Am. languida large-scale run 

1.2.3.1.1 Cell densities and toxin monitoring 

The initial inoculum had an average cell density estimate of approximately 28,000 cells mLī1 

but as the cell density was decreasing during the first days, Am. languida inoculum and K-

medium were added on days 4 and 14 (Figure 5, Grey bars) to 105 L. In days 22, 24 and 28, 

the K medium was added to bring the PBR to full capacity (Figure 5, Red bars) and K medium 

was subsequently added on days 32 and 49 (Figure 5, triangles). 

On day 28, the photobioreactor was at full capacity (180 L) (Figure 5, arrow) and the culture 

commenced its exponential phase, with the highest cell density achieved of 75,000 cells mLī1 

on day 34. 
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Figure 5. Amphidoma languida cell densities and pH measurements during PBR1. Grey bars indicate inoculation days; Red 

bars indicate medium addition with cell measurements before and after. Arrow indicates PBR at full capacity. Triangles 

indicate when K medium was added, and red circles indicate harvests. 

The growth rate was calculated at the exponential phase, from day 28 (PBR at full capacity) to 

day 34 (first harvest). The growth rate (µ) for this seven-day period was 0.122 dī1 

(corresponding to a doubling time of 5.7 days). The decision was made to harvest 30 L of the 

culture at day 34 and then harvest regularly the same volume every 2ï3 days based on culture 

cell density recovery. Biomass was then harvested in days 34, 37, 41, 45, 49 and, as the culture 

commenced its senescence phase, two more harvests took place in days 56 and 57 (Table 1). 

From day 49 onwards, the PBR was not replenished with new medium after harvest as the 

culture was not recovering. No more measurements were recorded after day 57, although two 

more harvests took place thereafter. The pH measured for the duration of the PBR1 (Figure 5, 

grey rhombus) ranged between 8.5 to 8.85 and then decreased with lower cell densities after 

day 49. 

The cell quota calculated from the SPE extractions plotted against the cell density estimate was 

consistent throughout the experiment and did not differ greatly, except when the culture had 
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entered its senescence phase (Figure 6). Here, cell numbers declined drastically and the relation 

between total AZAs and cell density was not meaningful and thus omitted.  Both methods 

described in 1.2.2.4.2 were used and compared in this first experiment to assess the toxin 

content of the cells. We decided to select the vial method over the SPE method as the obtained 

results were less variable (See Figure S1). The ratio of AZA-38 to -39 ranged between 0.51 

and 0.98 (Table 2) with most data points falling between 0.6 and 0.8 AZA-38 to -39. The ratio 

of the AZAs appeared to be independent of the cell concentration but decreased as the culture 

collapsed (days 53 to 57) to minimum AZA-38 to -39 ratios of about 0.5 (Table S3). 

 

Figure 6. AZA-38 and -39 SPE cell quota and cell densities in PBR1. 
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Table 1. PBR1 harvests, cell densities and HP20 AZA results. 

Harvests 
Vol. 

harvested (L) 
Cell density 
Cells mLҍ1 

AZA-38 fg 
cellҍ1 

AZA-39 fg 
cellҍ1 AZA-38 µg  

AZA-39 
µg  

AZA-38/39 
Ratio  

 
1 30 75000 10.7 11.8 24.2 26.6 0.91  

2 30 61833 16.0 18.0 39.6 33.5 0.88  

3 30 65905 18.1 19.8 35.8 39.2 0.91  

4 20 65333 18.2 20.4 23.8 26.7 0.89  

5 30 44000 31.7 40.1 41.9 52.9 0.79  

6 30 10700 117 166 37.5 53.6 0.70  

7 30 6058 238 333 43.3 60.6 0.71  

8 30 *  *  *  43.2 63.8 *   

9 20 *  *  *  21.5 36.8 *   

Total 250 *  *  *  301 394 *   

* No cell density measurements taken from harvest 7 onwards as culture crashed   

1.2.3.1.2 PBR1 harvests using HP20 

From 250 L harvest of cells in PBR1, quantification of AZA-38 and -39 in the extract by LC-

MS estimated 301 µg of AZA-38 and 394 µg of AZA-39 using AZA-1 as reference (Table 1). 

There was a slight increase in toxin concentration extracted from harvests 5 to 9 (average: 1.9 

µg Lī1) compared to harvests 1 to 4 (average: 1.5 µg Lī1). 

There was an increase in toxin cell quota during harvest 5 (31.7 fg cellī1 AZA-38 and 40.1 fg 

cellī1 AZA-39) as the culture started its decline. This was comparable with our SPE results for 

the same day (19.6 fg cellī1 AZA-38 and 32.4 fg cellī1 AZA-39), indicating the start of the 

senescence phase. 

1.2.3.2 PBR2 2nd Am. languida large-scale run 

The water temperature was on average 19.4 °C during the second run and the dissolved oxygen 

measurements were on average 20% higher than in PBR1, suggesting some level of oxygen 

oversaturation.  pH measurements during the second run were more variable compared to 

PBR1 (Tables S1 and S4), with low pH values recorded for example on days 29 (8.30), 47 
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(8.33), 54 (8.37) and 57 (8.37). This phenomenon may be partially explained by the addition 

of new medium after harvests and by the addition of CO2 into the system that have the net 

effect of lowering the pH. 

1.2.3.2.1 Cell densities and toxin monitoring 

For PBR2, the photobioreactor was initiated with 50 L inoculum at an average cell density 

estimate of 7,000 cells mLī1. During the first 10 days, there was no evidence of growth, so on 

day 11 we inoculated an extra 10 L of culture to increase the final cell density to approximately 

15,000 cells mLī1 (Figure 7). Medium was added on days 14 (40 L), 18 (35 L) and 21 (45 L) 

to bring the PBR to full capacity. The cell density at full capacity was 45,100 cells mLī1 and 

the highest cell density estimate was recorded on day 46 (131,400 cells mLī1). K medium was 

added on days 28, 43 and 54. The growth rate for PBR2 was calculated for a seven day period 

(day 25 to day 32). The growth rate (µ) for PBR2 was 0.099 dī1.  

PBR2 was harvested on eight days (red circles in Figure 7) The first six harvests were 

performed during late exponential and stationary phase, while the two last harvests on days 54 

and 57 were collected during senescent phase when cell densities declined. After each harvest 

the PBR was brought back to full capacity (180 L) and the remaining 180 L were harvested 

and extracted. 
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Figure 7. Amphidoma languida PBR2 growth curve and pH measurements. Grey bars indicate inoculation days; red bars 

indicate medium addition Arrow indicates PBR at full capacity. Triangles indicate nutrients addition, red circles indicate 

harvests. 

On average, the toxin concentrations for PBR2 were 1.94 ng mLī1 AZA-38 and 2.20 ng mLī1 

AZA-39 (Table 2). However, the cell quota for PBR2 was half of what was observed in PBR1, 

as similar amounts of AZA were found in double the cell density in the PBR2 study. The 

average ratio of AZA-38 to 39 toxins was similar in both experiments, but higher AZA-38 

amounts were found compared to AZA-39 in PBR2 (0.88) than in PBR1 (0.76). 

Table 2. Summarized toxin data for PBR1 and PBR2 vial method comparison. 

PBR2 toxin 
data 

AZA-38 

 (ng mLҍ1) 

AZA-38 

 (fg cellҍ1) 

Aza-39 

 (ng mLҍ1) 

AZA-39 

 (fg cellҍ1) 

Ratio AZA-38 

 to AZA-39 

Average  1.94 19.18 2.20 21.77 0.88 

median 1.39 16.28 1.69 19.06 0.82 

Minimum 0.56 5.55 0.96 8.27 0.59 

Maximum 5.79 48.78 6.15 51.75 0.94 

 

Cell quotas for PBR2 up to day 48 (except day 19) were generally low with quotas ranging 

from 10 to 20 fg cellī1 (Figure 8). From days 49 to 55, there was a large increase in cell quota 
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when the culture entered late stationary to senescence phase. The ratio of AZA-38 to -39 

measured in PBR2 was consistent across the experiment with most measurements around 0.8, 

except for day 19 with a higher ratio (1.4) and days 25, 29 and 48 which were slightly lower 

between 0.6 and 0.7. 

 

Figure 8. AZA-38 and -39 Vials cell quota and cell densities in PBR2. 

1.2.3.2.2 PBR2 harvests using HP20 

For PBR2, the HP20 resin from successive harvests was pooled into two large batch 

extractions. The first 6 harvests for a total of 200 L were in batch 1, and the next two harvests 

(100 L) and the remaining 180 L from the photobioreactor made batch 2 to a total of 280 L.  

During this process, 454 µg of AZA-38 and 567 µg of AZA-39 were estimated by LC-MS in 

the extracts. The ratio of AZA-38/39 was higher for batch 1 (exponential phase) compared to 

batch 2 (late exponential-senescence phase). In total, between the two experiments, both lasting 

approximately 2 months each, 753 µg of AZA-38 and 960 µg AZA-39 in the raw extracts were 

estimated by LC-MS. The next step was therefore the purification of these two toxins which 

resulted in enough toxin for structure elucidation only for AZA-39. 
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1.2.3.3 Purification and structure elucidation of AZA-39 

AZA-39 was purified from the HP20 extracts of both PBR1 and PBR2 combined, adapting 

procedures previously described.58 Four isolation steps were required to purify AZA-39 from 

the HP20 extracts. A total of 450 ɛg of AZA-39 was recovered from 700 L of Am. languida 

cultures (Table 3). 

Table 3. Summary table for purification of AZA-39. 

Step No Step AZA-39 [ɛg] Weight [g] Purity 81*  

 HP20 resin extract 960 2.92 0.03 

1 SPE 760 0.44 0.17 

2 Salt precipition 650 0.29 0.22 

3 Prep HPLC (C18) 290 <0.01 10 

4 Semi-prep HPLC (C18) 450 - 95 

 % Recovery (steps 1-4) 47   

*Based on w/w and quantification by MS using AZA-1 as standard 

 

AZA-39 was obtained as an off white crystalline solid with a [M+H]+ at m/z 816.4859 

corresponding to the molecular formula C45H69NO12
+. The identity of AZA-39 was confirmed 

by its MS/MS spectrum being identical to the one published in 2012 and characterized by an 

absence of the group 5 fragment formed from the retro-Diels-Alder cleavage at m/z 672 and 

the fragments 1ï4 at m/z 448.3061 (C26H42NO5
+), 348.2534 (C21H34NO3

+), 248.1651 

(C15H22NO2
+) and 154.1230 (C9H16NO+) (Krock et al., 2012). This unusual fragmentation 

pattern suggested structural changes were expected close to the carboxylic acid or ring A of 

the molecule compared to the reference compound AZA-1. The structure of AZA-37 was 

previously reported using NMR in CD3OD, and therefore the structure of AZA-39 was 

undertaken by comparison with the NMR data of this compound (Krock et al., 2015). The 1H 

NMR spectrum of AZA-39 exhibited one less oxymethine signal at ŭH 4.39 and one extra 

methyl at ŭH 1.05 (d, J = 6.5 Hz, CH3-8) when compared to the NMR data of AZA-37 (Figure 

9, Table 4). 
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Figure 9. Structures of the known AZA-1 (Kenton et al., 2018a)51 and -37 (Krock et al., 2015)58 together with the revised 

structure of AZA-39 (Krock et al., 2012).70 

Table 4. 1H- (600 MHz) and 13C-NMR (150 MHz) chemical shifts for AZA-37 (Krock et al., 2015) and AZA-39 in CD3OD. 

Position 
AZA-37 AZA-39 

ŭC ŭH mult. (J in Hz) ŭC ŭH mult. (J in Hz) 

1 180.3 - - - - - 

2 46.1 2.33 - - - - 

3 71.4 4.39 - 179.8 - - 

4 134.6 5.70 - 37.6 2.99 dd (16, 7) 3.03 dd (16, 7) 

5 133.1 5.65 - 129.2 5.85 dt (10, 7) - 

6 73.3 4.35 - 132.3 5.44 t (10) - 

7 38.4 1.43 1.87 83.1 4.30 t (9) - 

8 22.2 1.70 1.77 40.6 2.18 m - 

9 36.6 1.70 1.83 46.6 1.77 m 2.20 m 

10 109.1 - - 116.4 - - 

11 33.9 1.69 2.33 34.8 1.92 m 2.25 m 

12 32.8 1.83 2.03 33.8 1.66 m 2.22 m 

13 111.8 - - 110.0 - - 

14 31.8 2.01 - 30.8 1.98 m - 

15 33.5 1.76 1.87 32.5 1.76 m 1.83 

16 78.9 3.94 - 78.0 3.91 br s - 

17 74.3 4.29 - 73.4 4.26 br s - 

18 37.6 2.00 2.07 37.0 2.01 m 2.07 m 

19 79.9 4.44 - 79.1 4.43 dt (8, 6) - 

20 77.4 3.93 - 76.8 3.85 br s - 

21 101.0 - - 100.1 - - 

22 37.6 2.07 - 36.5 2.11 m - 

23 39.1 1.43 1.43 38.2 1.43 m - 

24 43.0 1.35 - 42.2 1.36 m - 

25 80.3 4.00 - 79.6 3.98 d (9.5) - 

26 149.0 - - 148.1 - - 

27 50.4 2.25 2.42 49.3 2.23 d (14) 2.40 d (14) 

28 99.4 - - 98.5 - - 

29 45.0 1.36 2.05 44.2 1.35 m 2.02 m 
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30 27.2 2.23 - 26.3 2.24 m - 

31 36.1 1.52 1.84 35.3 1.52 td (13.5, 4) 1.84 dd (14, 4) 

32 73.7 4.37 - 72.8 4.35 d (3.5) - 

33 82.1 4.05 - 80.7 3.99 br s - 

34 75.7 5.00 - 75.0 4.96 m - 

35 42.7 2.49 2.60 42.1 2.38 m 2.56 dd (14, 4) 

36 98.0 - - 97.7 - - 

37 36.7 1.98 - 36.4 1.91 m - 

38 29.7 1.63 - 29.4 1.67 m 1.66 m 

39 23.8 1.70 - 23.5 1.77 m 1.65 m 

40 41.2 2.99 3.17 40.4 2.89 br d (12.5) 3.13 dd (14, 12.5) 

8-Me    15.8 1.037 (d, 6.5) - 

14-Me 17.5 0.90 - 16.0 0.916 d (6.5)  

22-Me 17.2 0.92 - 16.3 0.905 (d, 6.5)  

24-Me 18.9 0.84 - 18.0 0.825 (d, 6.5)  

26-CH2 117.8 5.15 5.33 116.7 5.14 br s 5.31 br s 

30-Me 24.3 0.96 - 23.5 0.945 d (6.5) - 

37-Me 16.4 0.97 - 15.6 0.945 d (6.5) - 

 

The key H-4/H-5/H-6/H-7/H-8/H-9a and b together with the H-8/H-Me-8 COSY correlations 

established the new spin coupled system and the location of the additional methyl signal as 

Me-8 in the Northwestern part of the molecule (Figure 10). The key H-Me-8/C-8/C-7/C-9 

HMBC correlations confirmed the location of the additional methyl at C-8. The configuration 

of the additional olefin was assigned as E based on the value of the coupling constant 3J5,6 of 

10 Hz. A probable partial structure shown in Figure 10a was first proposed based on analogies 

with AZA-1 and the likely presence of the additional olefin in the ring A. Even if no HMBC 

correlation was clearly observed with the carboxylic acid, HMBC correlations with the new 

spiro carbon at ŭC 116.4 (C-10) disproved this hypothesis. Indeed, the key H-Me-8/H-9/H-

11/H-12/C-10 HMBC correlations placed the methylene at C-9 connected to the carbon C-10 

and not the carboxylic acid (Figure 10b). The chemical shift of the spiro at C-10 is more 

deshielded than expected for AZAs and hints at more strain in the ring systems providing 

further evidence of a 5-membered ring instead of a 6-membered ring for other AZAs. 

Additionally, a 1D TOCSY showed that signals from H-4 to H-8 and also H-Me-8 were present 

in the same spin coupled system further highlighting the presence of the 5-membered ring.  The 

remaining moiety of the molecule is consistent with AZA-37 and was confirmed by 1D and 

2D-NMR experiments. The configuration at C-20 for all AZAs is consistent with the last 
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conclusions drawn following the total synthesis of AZA-3 and the reassignment of this 

configuration (Kenton et al., 2018a; Kenton et al., 2018b).  This numbering as shown in Figure 

8 was preferred to be consistent with other AZA reported, highlighting a plausible biosynthetic 

consistency corresponding to one acetate unit less for AZA-39 compared to AZA-1. 

 

Figure 10. a. Partial structure first postulated for AZA-39 using NMR data. b. key COSY and HMBC correlations for the 

correct partial structure of AZA-39. c. key nOes for the relative configurations of the partial structure of AZA-39. 

 

As AZA-39 is the first azaspiracid with a 5-membered ring A, we then investigated the 

configurations of the three chiral centres at C-7, C-8 and C-10, considering that the other 

configurations were conserved with AZA-1. First, the key H-Me-8/H-7 and H-8/H-6 nOes were 

consistent with a trans relative configurations with the substituents at C-7 and C-8 (Figure 10c). 

Among the four remaining possibilities a key and unexpected H-6/H-Me-14 nOe allowed us to 

propose the most likely relative configurations between all substituents as depicted in Figure 

10. This nOe can only be observed first if the oxygen of the ring A is placed on the opposite 

side of the oxygen of ring C and then if the olefin at C-5/C-6 is oriented upwards in the same 

direction as Me-14. Finally, as epimerisation was observed at C-37 when AZA-1 was purified 

in acidic medium we wanted to ensure the configuration at C-37 for the purified AZA-39 
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(Kilcoyne et al., 2014a). The reported comparison of NMR data for AZA-2 and its 37-epi 

derivative was extremely useful to conclude that the isolated AZA-39 is not an epimer at C-37. 

For example, H-20 resonates at ŭH 3.85 in AZA-39 which is very similar to ŭH-20 3.82 for AZA-

2 and distinct to ŭH-20 3.50 for 37-epi-AZA-2. Similar conclusions could be drawn through 

comparisons of all other signals. We are therefore confident to conclude on the full 3D structure 

of AZA-39. 

1.2.4 Discussion 

Some strains of Am. languida have been established successfully as laboratory cultures over 

the last couple of years (Wietkamp et al., 2020; Wietkamp et al., 2019). However, this species 

is more difficult to maintain and grow in laboratory conditions on the long run, when compared 

to other small Amphidomataceae species. For example: Az. spinosum and Az. poporum have 

been kept in culture conditions for years and have been grown successfully in large-scale for 

toxin production without major difficulties (Jauffrais et al., 2012; Krock et al., 2015). In 

contrast, the type strain SM1 of Am. languida was lost a few years after its isolation from two 

different laboratories and from both culture collections where the strains had been deposited. 

In addition, growth of Am. languida in the laboratory is generally quite slow, cell densities 

remain low, and strains seem to be sensitive to stress as they hardly survive shipping from one 

laboratory to another (own unpublished results). Potential reasons for such a general sensitivity 

of Am. languida are unknown, but with the present work of a first successful mass culture of 

an Am. languida strain, few parameters are identified which seem to be crucial in this successful 

attempt. Microscopic observation of the newly inoculated cultures in the PBR showed that Am. 

languida sensitively reacted to this change, as live cells readily shed their thecal plates (a 

process called ecdysis). While ecdysal cells can remain viable and recover, cell densities in 

both PBR setups initially declined indicating that a significant number of cells died. This 
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problem was overcome by using repeated inoculations (e.g. three times in the first two weeks 

in PBR1) to counteract stress-induced cell loss and to allow the PBR culture to eventually start 

exponential growth. The preliminary attempts at establishing Am. languida in large-scale failed 

and it is most likely due to the sensitivity of this species to stress. Additionally, altering the pH 

set point (i.e the pH when CO2 addition starts) from 8.30 (used in the two preliminary attempts) 

to substantially higher values (> 8.7) enabled to successfully establish the culture in large-scale 

for the first time. For PBR2 the system was adjusted by reducing the pH set point from 8.80 to 

8.75 and halving the light intensity. With a set point of 8.80 in fact no CO2 was added at all 

because pH value above 8.91, the threshold point for CO2 to be added into the system, was not 

reached. Observing the development of the culture in the PBR2 conditions, it became clear that 

while the growth rates between PBR1 and PBR2 were similar (µ= 0.122 and 0.099 

respectively), Am. languida benefitted in terms of maximum cell densities achieved from the 

changed conditions. The similar growth rate indicates that growth was not light limited when 

light intensity was halved in PBR2, but a potential role of reduced light for the increase in 

maximum cell densities is not clear. In contrast, the potential effect of adding more CO2 to the 

system on an increase in final cell yield is plausible. The cell density improved almost two-

fold from PBR1 (max cell density = 75,000 cells mLī1) to PBR2 (max. cell density = 131,400 

cells mLī1). However, higher cell densities were not coupled to higher toxin yield as the toxin 

cell quota were lower in PBR2 compared to PBR1. Taking into consideration the differences 

of final cell yield and toxin yield between PBR1 and PBR2, a combination of factors increasing 

cell yield combined with factors favouring toxin yield will likely improve and optimize this 

system further. Both successful runs lasted 60 days each approximately and from them a total 

of 700 L of biomass with an equivalent raw toxin content of 753 µg and 960 µg of AZA-38 

and -39, respectively, was harvested. Both runs of the PBR indicate that CO2 limitation and 

light intensity play an important role, but additional replicated experiments including controls, 
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and also considering effects of nutrient limitation (P, N) should be performed to better define 

an optimal combination of environmental factors for an optimized cell and toxin yield of Am. 

languida in large-scale cultures.    

The AZA cell quota varied in the two runs. The vial method used here covers both intra- and 

extracellular toxins, and direct comparisons with literature reports on cell quotas obtained from 

cell pellets is difficult. Generally, high variability in cell quota among strains of Am. languida 

(Tillmann et al., 2021), and also intra-strain variability, partly depending on the growth phase 

of the culture, have already been reported (Wietkamp et al., 2019). Here, AZA ratio changed 

overtime during the culture life cycle, while AZA-38 amounts were maintained. The difference 

in the AZA-38/-39 ratio between exponential phase compared to late stationary to senescence 

phase (Table 2) suggests that an increase in AZA-39 compared to AZA-38 occurs at the onset 

of senescence phase. A first laboratory study reported for strain Z-LF-9-C9 high AZA-38 

amounts and an AZA-38/-39 ratio of 1.18, which was substantially higher than the range of 

0.38 to 0.69  reported for all other most Am. languida strains (Wietkamp et al., 2019), and also 

substantially higher than the toxin ratio reported here for the same strain (between 0.6 and 0.8). 

This high variability of the AZA-38/-39 ratio shows that it is not a constant trait for the species 

or for a specific strain. 

For harvesting, a semi-continuous system was chosen in which a replacement of the harvested 

volume with new culture medium allowed a stable system to run and to produce cells and toxins 

for a longer time. In total, between the two studies we extracted 700 litres of culture 

corresponding to 753 ɛg of AZA-38 and 960 ɛg of AZA-39 assessed by MS, which are not 

dissimilar to the amounts accomplished during the Az. poporum study where similar 

comparable volumes were worked on (Krock et al., 2015). 



57 

 

For the extraction of the toxins from the culture medium the technique previously employed 

by Krock et al. (2015) with HP20 resin trapping the lipophilic toxins. The toxins were then 

purified using a slightly different method in attempts to improve recovery yields. An initial C18 

SPE step was employed instead of a liquid-liquid partition or silica gel step normally used for 

purification of AZAs. This step returned a decent yield of 76% and a reduction of 85% which 

was comparable to recoveries seen for silica gel and liquid-liquid partitions (Kilcoyne et al., 

2014). We had initially tested the SPE method on extracts containing AZA-1 and had high 

recoveries of 90ï103% for AZA-1 (data not shown). The recovery of AZA-39 using SPE was 

slightly lower at 79%. The sample per SPE cartridge might have been too high in salt 

concentration for the 500 mg cartridges, saturating them and may have reduced the recovery 

for AZA-39. When attempting to resolubilize the sample in MeOH, insoluble material was 

present as salts which remained partly after the SPE. The salts were finally removed through 

precipitation in portions of MeOH with a recovery of 86%. Following this, two consecutive 

HPLC steps resulted in the purification of AZA-39. Recovery from the preparative HPLC was 

unexpectedly low, as it is normally reported with recoveries of >90%. Finally, the recovery of 

450 ɛg of pure AZA-39 suggested that the ionization potential was different compared to AZA-

1 and that the amount of AZA-39 has been underestimated in the previous quantifications vs 

AZA-1. Unfortunately, the amount of purified AZA-38 was not sufficient to run NMR 

analyses. 

The structure for AZA-39 was originally postulated in 2012 through MS/MS fragmentation 

analysis (Krock et al., 2012). It contained a tetrahydrofuran ring for A as a response to the 

absence of the typical fragment at m/z 672 in the CID spectra of AZA-39. A pseudo Retro-

DielsïAlder (RDA) reaction is known to be responsible for the fragmentation of the 

dihydropyrane ring A. Here, the presence of the tetrahydrofuran ring was confirmed through 

NMR data but the locations of some methylenes have been corrected. Importantly an additional 



58 

 

methyl was undoubtedly located at C-8. The 13C-NMR chemical shift of the first spiro centre 

at ŭC 116.4 was more deshielded than expected for AZAs (ŭC 108ï110) hinting at a change in 

electron density around this position and attributed to the ring contraction from 6 to 5 members. 

The fragmentation pattern of AZA-39 differs from AZA-38 and suggests that the easy cleavage 

of the terminal carboxylic acid may be induced by the presence of the double bond at C-5 

leading to a stabilised allylic carbocation. Importantly, the purified compound will be used to 

commence in vitro and in vivo studies. As AZA-39 is the first azaspiracid with a 5 membered 

ring A, toxicity assays on this compound will bring essential data for future monitoring of these 

toxins in the North Atlantic. 

1.2.5 Conclusion 

The first successful bulk culturing of the species Am. languida is presented using a prototype 

photobioreactor. The reactor was designed inhouse and purpose built for the continuous 

production of planktonic microalgal biomass. From the HP20 extracts produced by Am. 

languida cultures, we were able to purify for the first time 450 ɛg of the major metabolite AZA-

39. Using 1D and 2D NMR experiments the structure of AZA-39 was revised from the first 

hypothesis. The toxicity of AZA-39 relative to AZA-1 is currently being studied and will be 

included in subsequent publications. 
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Abstract:  Azaspiracids are polyether marine algal toxins produced by several species of dino-

flagellates from the family Amphidomataceae. Within the genus Amphidoma, Am. languida is the only 

species known so far to produce azaspiracids, while all the other toxin producers belong to the genus 

Azadinium. Strains of Am. languida collected in the Northeastern Atlantic have been found to produce 

AZA-38 and -39 as major metabolites. Cultures of Am. languida (24,000-30,000 cells mLī1) fed to 

mussels (Mytilus edulis), confirmed the bioaccumulation of AZA-38 and -39 in shellfish tissue. AZA-

38 and -39 were found to reach a combined 47.3 µg kgī1 (AZA-1 equivalents) in mussel tissue. The 

identification of new derivatives resulting from the biotransformation of AZA-38 and -39 from the 

shellfish tissue was performed by LC-HRMS/MS. Although toxin concentrations in the tissue never 

reached AZA-1 regulatory limits, the study demonstrates that toxins from Am. languida can readily 

bioaccumulate and -transform in shellfish and the toxicity of the products of biotransformation should 

now be assessed. Importantly, biotoxin data from the Irish monitoring program also identified AZA-38 

and -39 in several shellfish species from analyses of routine samples in several locations around the 

island of Ireland. 

Keywords: Harmful algal blooms, Azaspiracid, Amphidoma languida, mussel biotransformation, shellfish poisoning 

Key Contribution:  AZA-38 and -39 produced by Amphidoma languida are bioaccumulated by mussels and biotransformed 

into new azaspiracid derivatives. 
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1.3.1 Introduction 

Azaspiracids are a group of lipophilic toxins produced by dinoflagellates of the Amphidomataceae 

family. Their toxic effects were first observed when a diarrheic shellfish poisoning (DSP) event 

occurred in the Netherlands after consumption of Irish mussels but, in the absence of the known 

causative DSP toxins okadaic acid and dinophysistoxin-2, the conclusion was made that a new family 

of toxins must be present [1]. The causative agent of this toxicity, named azaspiracid (AZA), was 

isolated in 1998 from mussel tissue originating from Killary Harbour [2]. The name aza-spir-acid stems 

from the presence of three spiro-ring assemblies and both a cyclic amine and carboxylic acid. The first 

proposed structure of AZA-1 was later revised through total synthesis [3, 4]. The structures of AZA-2 

to -10 and -26 were subsequently elucidated using NMR and additional analogues were proposed using 

LC MS/MS fragmentation data of shellfish extracts before the toxin producing organism was identified 

in 2008 [5-7]. Following the first AZA poisoning event in 1995, similar poisoning events have occurred 

in other regions such as the Mediterranean Sea (France, Italy) and the Northwestern Atlantic (USA) 

with various analogues of AZAs present in the ingested shellfish tissue [8]. Shellfish contaminated with 

AZAs have been further detected in several coastal locations including Northwest Africa, Asia, South 

America, and the West coast of Europe [9-12]. Azadinium spinosum, discovered off the southeast coast 

of Scotland, was found to be the causative organism in the production of AZA-1 and -2 in 2009 [13, 

14]. The number of reported AZA analogues has reached more than 60, largely as products of 

biotransformation in animal tissues but also from laboratory cultures [5, 6, 15-21]. A few other species 

of Amphidomataceae have been found to produce close structural analogues of AZA-1. For instance, 

AZA-2, -11, -36, -37, -40ï42, -59 and -62 were identified from strains of Azadinium poporum [19, 22], 

while strains of Amphidoma languida originating in Irish and Norwegian waters produced AZA-38 and 

-39, and strains isolated from the Spanish coast produced AZA-2 and -43 [23-25]. 

In efforts to protect consumer health and maintain confidence in shellfish, legislation requiring the 

monitoring of shellfish samples has been implemented in Europe [26, 27]. Of the many identified AZAs, 

regulation currently explicitly requires the monitoring of only AZA-1ï3. Concentrations of AZA 

equivalents (sum of AZA-1ï3, corrected for their toxic equivalence factors) over 160 µg kgī1 of mussel 
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meat are deemed too toxic for human consumption [27]. Regulation (EC) No 2074/2005 states that the 

maximum levels of monitored toxins are provisional and should be amended to conform to new 

scientific findings [28]. There is a need to identify new toxins and investigate their potential threat to 

human health and to the shellfish industry. With the emergence of novel toxic species and in-creased 

prevalence of bloom events, the pressure is now on research and development to identify which toxins 

should be included in routine monitoring programs. 

Shellfish such as the blue mussel Mytilus edulis were found to bioaccumulate and biotransform ingested 

AZA -1 and -2 in multiple feeding studies with Az.  Spinosum [29, 30]. Once ingested, oxidation occurs 

in ring E with some hydroxylation observed at C-3 and C-23, and oxidation and decarboxylation at the 

methyl attached at C-22 of the structure of AZA-1 below (Figure 1). Carboxylation was proposed as 

the more likely biotransformation of AZAs in blue mussels [5, 29, 31-33]. In vitro metabolism studies 

using mussel hepatopancreas proteins also identified intermediates of the 22-carboxylated AZA-17 and 

-18, 22Ŭ-hydroxymethylazaspiracids AZA-65  and -66.[21] Am. languida is another species that could 

potentially intoxicate mussels in Ireland. This species has been reported to be widely distributed around 

the Irish coast and AZA intoxications through this species are there-fore a matter of concern [34]. 

Shellfish contamination with AZAs from a Spanish strain of Am. languida have already been detected 

[23]. Unlike AZAs -1, -2 and -3, already proven to be toxic, AZAs from the Irish strain of Am. languida 

have yet to be isolated and tested for toxicity. The first bulk culture of Am. languida was recently 

reported and led to the revision of the structure of AZA-39 [35]. 
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Figure 1. Structure of a) AZA-1 and AZA-38, b) revised structure of AZA-39. 

 

The aim of this study was to determine if AZA-38 and -39 produced by cultures of Am. 

languida could be bioaccumulated in mussel tissue and if retained, do these unregulated toxins 

undergo the typical biotransformations observed for AZA-1 and -2.[21] Finally, a survey of 

historical shellfish samples spanning a calendar year was performed using LC-MS analysis to 

assess whether AZA-38 and -39 and other derivatives were present in shellfish tissue provided 

to the Irish shellfish monitoring program. 

1.3.2 Results 

1.3.2.1 Microalgal Culture 

 The cultured strain of Am. languida (Z-LF-9C9) is already known to produce AZA-38 

and -39 [35], AZA-39 being the major toxin characterised by [M+H]+ m/z 816.48. The strain 

was cultured in a 180 L photo-bioreactor and the large-scale allowed for the production of 

culture with a concentration of 15ï20 fg cellī1 of AZA-39 and 10ï15 fg cellī1 of AZA38 (ratio 

1:0.75). The culture averaged 26,000 cells mLī1. 
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1.3.2.2 Mussel feeding experiments 

 The mussels were submerged directly into the algal cultures. They opened and began 

feeding within minutes. The mussels remained open for several hours, but some closed within 

an hour or two after initial submersion suggesting that feeding activity had ceased. Figure 2 

shows the decreasing density of Am. languida cells once exposed to the mussels over a 24 h 

period. 

 

Figure 2. Cell densities of Am. languida over 24 h during a feeding study with blue mussels. 

 

The highest rate of cell disappearance took place within the first hour (5300 cells mLī1) of the 

experiment with the rate decreasing after this point (3200, 1400, 2400 and 1000 cells mLī1 for 

hours 2ï5 respectively). After 24 h, the concentration was reduced to ~4,900 cells mLī1.  

1.3.2.3 Shellfish azaspiracid toxin analysis 

LC-MS/MS analyses of the control sea water and mussel tissues indicated an absence of AZA-

38 and -39 before the first feeding of Am. languida. After 24 h, three mussels were harvested 
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from each replicate and from the control sample. The mussels were dissected and their 

hepatopancreata and remaining tissue were analysed by LC-MS/MS and quantified against 

AZA-1 to give a relative quantification of the toxins present. Figure 3 shows the concentrations 

of AZA-38 and -39 detected in the musselôs hepatopancreas and remainder tissue. Larger 

amounts of AZA-38 and -39 were recovered from the hepatopancreas compared to the 

remainder tissue, with the presence in both tissues indicating cell ingestion. Concentrations of 

AZA-38 and -39 were not detected above the regulatory limit (160 µg kgī1) throughout the 

experiment. Readers should note that the relative response between both AZA-38 and -39 and 

AZA-1 is yet to be determined and might change quantification values significantly.  
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Figure 3. AZA-38 and AZA-39 concentrations in µg kgī1 in the hepatopancreas and remainder tissues after 24 h. 

 

LC-MS/MS quantitation of the AZA metabolites was performed on the culture at the start of 

the experiment (T0), particulate-free supernatant (T24), on the tissue extracts and the bio-

deposits, a methanol extract of the particulate matter removed by filtration. Most of the toxin 

was recovered in the particulate-free supernatant as AZA-38 and -39 along with the 22-
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carboxylated analogues which were the major metabolites present (Table 1, refer to Figure 5 

for structures). Higher ratios of 22-carboxylated analogues were found in the particulate-free 

supernatant than in the tissue extracts. Recovery varied greatly between replicates and as did 

the yield of AZA-38 and -39. AZA-39 had much higher recovery yields when compared to 

AZA-38. Concentrations of metabolites found in the pseudo-faeces and filtered particulate 

matter were very low with many being below the limits of accurate quantitation.  

 

 Table 1. Azaspiracid toxin budget. 

Replicates T0 (ng) T24 Culture (ng) Tissue after 24 h (ng) Bio-deposits (ng) Total (ng) 

 

 

AZA-38 AZA-38 AZA-70 AZA-38 AZA-69 AZA-70 AZA-71 AZA-72 AZA-38 AZA-69 AZA-70 AZA-71 AZA-72 Recovered % 

24405 R1 3596.5 1382.2 8.5 82.5 13.2 563.4 <LOQ 12.9 109.0 <LOQ 4.8 <LOQ <LOQ 2176.5 60.5 

24830 R2 3675.7 1316.8 52.8 57 18 823.8 <LOQ 28.5 64.0 <LOQ 0.7 <LOQ <LOQ 2361.0 64.2 

30616 R3 3227.1 1293.2 95.4 106.8 26.4 303.3 <LOQ 18.3 121.4 <LOQ 17.1 <LOQ <LOQ 1981.9 61.4 

Mean 3499.8 1330.7 52.3 82.1 19.2 563.5 <LOQ 19.9 98.1 <LOQ 7.5 <LOQ <LOQ 2173.1 62.0 

% toxins in mussel tissue  19.6 

% toxins in suspended particulate matter  39.5 

% toxins in bio-deposits  3.0 

Replicates AZA-39 AZA-39 AZA-73 AZA-76 AZA-39 AZA-73 AZA-74 AZA-75 AZA-76 AZA-39 AZA-73 AZA-74 AZA-75 AZA-76 Recovered % 

24405 R1 6636.3 3673.2 643.0 850.8 169.2 46.2 431.7 25.2 33.0 113.4 <LOQ <LOQ 15.4 9.2 6010.3 90.6 

24830 R2 6336.2 4668.3 483.0 796.8 113.1 69.0 712.2 33.9 11.4 87.2 <LOQ 40.0 23.0 <LOQ 7037.9 111.1 

30616 R3 5095.9 3024.8 <LOQ <LOQ 183.3 107.4 480.6 18.6 20.7 84.6 <LOQ 42.7 35.8 <LOQ 3998.5 78.5 

Mean 6022.8 3788.8 375.4 549.2 155.2 74.2 541.5 25.9 21.7 95.1 <LOQ 27.6 24.7 3.07 5682.4 94.3 

% toxins in mussel tissue  13.6 

% toxins in suspended particulate matter  78.3 

% toxins in biodeposits  2.5 

LOQ ς Limit of quantitation  

 

The tissue extracts from the replicate containing the highest concentration of AZAs were then 

analysed by LC-MS/MS for the detection of possible AZA derivatives produced by 

biotransformation in the shellfish tissue. A common product-ion, reported in a previous study, 

in the LC-MS/MS product-ion spectrum of AZA-38 and AZA-39 is a group 4 product-ion at 

m/z 348 instead of m/z 362 for AZA-1 (Figure 4) due to the loss of a methyl on ring I for both 

derivatives (Figure 1) [24]. In the same study, AZA38 (m/z 830) was deemed to be a close 

analogue of AZA-37 (m/z 846) with similar fragments in MS/MS spectra (Figure 4). The 

absence of the C-3 hydroxy group on the carboxylic chain was the only difference in structure 

between analogues, evidenced by the prominent loss of CO2 (43.9898 Da) for AZA-37 and 
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observed in the CID spectrum for AZA-38. Instead, the methyl which was originally postulated 

to be on C-3 was revised and placed on C-14 to conform to firstly, the observation that no CO2 

was initially lost and second, to the structure of AZA-37 which has been confirmed by NMR 

and shares the same m/z 348 product-ion. No other AZAs elucidated with NMR have exhibited 

a loss of the C-14 methyl, which makes it unlikely that AZA-38 is without a methyl at this 

location. No typical group 2 fragments are observed for both AZA-37 and -38 at m/z 672.  

Instead a product ion at m/z 686 [Mī144+H]+ was present that would not correspond to the 

postulated retro-DielsïAlder cleavage of AZA-1 in the presence of a fully saturated ring A in 

AZA-37 and -38 (Figure 1) [22].  

 

 

 

Figure 4. CID spectra for AZA-37 taken from krock et al.[21] and experimental CID spectra recorded for AZA-38 and -39. 

 

The molecular formula of AZA-39 is consistent with a loss of a methylene when compared to 

AZA-38. However, the fragmentation pattern of these two compounds differs with the absence 

of the fragment at [Mī144+H]+ (m/z 686) in the CID spectrum for AZA-39 and the presence 

of a decarboxylation with a fragment at [Mī44+H]+. Initial loss of CO2 was first observed in 

AZA-37 [22]. Interestingly, the fragment ion ratio of the loss of CO2 in AZA-39 compared to 
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AZA-37 is worth observing as AZA-39 loses CO2 in a much higher ratio with [Mī44īH2O]+ 

being the largest fragment ion in the CID spectrum for AZA-39 compared to AZA-37 where 

that largest fragment ion is [MīH2O]+, which is characteristic for AZAs. This hinted at a 

different chemistry near the carboxylic acid. The structure of AZA-39 has recently been 

elucidated using NMR and it exhibits the first observation of a 5-membered ring A (Figure 

4)[35]. Together with AZA-38 and -39, eight additional azaspiracid analogues (Figure 5) were 

detected in the mussel tissue extracts and their structures, proposed based on MS/MS spectra, 

that shared some or most of the product-ions observed with AZA-38 and -39, (Figure 8). 

Following the previously reported metabolism of AZA-1 and -2 in the blue mussel,[30] 

oxidation/decarboxylation on ring E of both AZA-38 and AZA-39 could lead to these eight 

new derivatives named AZA-69 to -76. 

 

Figure 5. Fragmentation pattern for a) AZA-38 and b) -39 and possible structures for the new compounds AZA-69 to -76. 

 

Retention times (rt) of the shellfish metabolites were shifted from those seen for AZA-38 and 

-39.  As the polar surface area is increased by the shellfish metabolism, earlier elution can be 

seen for most metabolites. AZA-71 and 74, -69 and 75 and -39 and -76 are coeluting with each 



71 

 

other during our LC runs (Figure 6a). A metabolite at m/z of 862.5 was also present sharing a 

similar rt to the other metabolites which hinted at the presence of a 3, 23-hydroxy- C22-

desmtheyl form of AZA-38. Figure 6b shows the proposed pathway for the formation of the 

shellfish metabolites of AZA-38 and -39 as seen for AZA-1 and -2.[28] 

Retention times of the shellfish metabolites were shifted from those seen for AZA-38 and -39. 

As the polar surface area is increased by the shellfish metabolism, earlier elution was observed 

for most metabolites. AZA-71 and 74, -69 and -75 and -39 and -76 co-eluted with each other 

(Figure 6a). A metabolite at m/z 862.5 [M+H]+ was also present sharing a similar retention time 

to the shellfish metabolites which hinted at the presence of a 3,23-dihydroxy-22-desmethyl 

analogue of AZA-38. Figure 6b shows the proposed pathway for the formation of the 

biotransformed products of AZA-38 and -39 in the shellfish, similar to what Juaffrais et al. 

observed for AZA-1 and -2 [29]. 
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Figure 6. a) Extracted-ion full-scan chromatographic separation of AZA-38 (4.36 min), AZA-39 (3.99 min), AZA-69 (3.57 

min), AZA-70 (3.49 min), AZA-71 (3.16 min), AZA-72 (3.38 min), AZA-73 (3.19 min), AZA-74 (3.14 min), AZA-75 (3.99 

min) and AZA-76 (3.97 min) and b) Proposed formation pathway for AZA-69 to -76 (* = numbering system for AZA-39). 
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Figure 7. CID spectra of detected azaspiracids, indicating major fragments. (a) AZA-69, (b) AZA-70, (c) AZA-71, (d) AZA-

72, AZA-73, (b) AZA-74, (c) AZA-75, (d) AZA-76. 
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Table 2. Accurate mass measurements (ppm) of [M+H]+ and fragment 3. 

 

 

 

 

 

 

 

 

 

Hydroxylated analogues of both AZA-38 and AZA-39 named AZA-69 (Figure 6) with m/z 

846.5003 [M+H] +  and AZA-73 (Figure 7) with m/z 832.4840 [M+H] + were observed in the 

mussel tissue, 15.999 Da more than AZA-38 and -39 respectively. Similarly to the reported 

metabolism of AZA-1 [20], we propose that hydroxylation occurs on ring E, at C-23 for AZA-

38 and C-21 for AZA-39. Both compounds, AZA-69 and AZA-73, showed the same pattern of 

fragmentation for group 3, which exhibited an additional water loss indicated by fragments at 

m/z 464.2987 and 464.2993 respectively, and is consistent with the presence of the hydroxyl 

group at this position. Similar fragmentation patterns were observed for the hydroxylated 

products of AZA-1 and AZA-2 named AZA-5, AZA-8 and AZA-10 [36]. 

AZA-70 and -74 were present as the carboxylated analogues of AZA-38 and -39 respectively. 

AZA-70 had a m/z 860.4792 [M+H]+ and a fragmentation pattern characteristic of a facile 

decarboxylation. The MS/MS data suggest that this compound corresponds to the carboxylated 

product at C-22 of AZA-38. The facile loss of CO2 which is not common for the AZA-38 

metabolites can be explained by the presence of a second exocyclic carboxylic acid. As 

expected, the usual group 3 fragment was not present at m/z 448 but it was replaced by a 

product-ion at m/z 434.2893 indicative of a loss of CO2 at position C-22. This carboxylated 

derivative could be a precursor of the C-22 demethylated products usually observed within the 

  [M+H] + Fragment Group 3 

Compound  RT m/z Composition  ppm m/z Composition  ppm 

AZA-38 4.36 830.5051 C46H 72NO 12+ 0.23721 448.3064 C26H 42NO 5+ 1.44990 

AZA-69   3.57 846.5003 C46H 72NO 13+ 0.56940 464.2987 C26H 42NO 6+ Ǹ4.23002 

AZA-70 3.49 860.4792 C46H 70NO 14+ 0.13713 434.2893 C25H 40NO 5+ Ǹ1.84209 

AZA-71 3.16 876.5021 C46H 70NO 15+ Ǹ20.87569 432.2744 C25H 38NO 5+ Ǹ0.11567 

AZA-72 3.38 832.4836 C45H 70NO 13+ Ǹ0.68230 432.2724 C25H 38NO 5+ Ǹ4.74236 

AZA-39 3.99 816.4883 C45H 70NO 12+ Ǹ1.16719 448.3061 C26H 42NO 5+ 0.78072 

AZA-73 3.14 832.4840 C45H 70NO 13+ Ǹ0.20181 464.2993 C26H 40NO 5+ Ǹ2.93775 

AZA-74 3.19 846.4601 C45H 68NO 14+ Ǹ3.93638 434.2905 C25H 40NO 5+ 0.92104 

AZA-75 3.56 802.4741 C44H 68NO 12+ 0.61934 434.2877 C25H 40NO 5+ Ǹ5.52626 

AZA-76 3.97 818.4691 C44H 68NO 13+ 0.71108 432.2721 C25H 38NO 5+ Ǹ5.43636 
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biotransformation products of AZAs by the blue mussel. AZA-74 had a m/z 846.5021 [M+H]+ 

and, like AZA-70, showed a facile decarboxylation indicated by the product-ion at m/z 

784.4615 [M+HīH2OīCO2]
+. A second loss of CO2 along with H2O was also present in the 

CID spectrum which is typical of AZA-39 and 3-hyrdroxy-AZA-1. This fragmentation ion was 

the most abundant at m/z 740.4721 [M+Hī2CO2īH2O]+. A group 3 fragment was present with 

m/z 434.2905 indicating the absence of the methyl group at C-20. An unexpected product-ion 

with m/z 448.3084 was also present but could have originated from the co-elution of another 

AZA-metabolite. 

A metabolite at m/z 876.5021 [M+H]+ and named AZA-71 was observed in the mussel tissue 

extracts which corresponds to the 23-hydroxylated metabolite of the 22-carboxylated analogue 

of AZA-38 named AZA-70. The most abundant product-ion at m/z 796.4630 

[M+HīCO2ī2H2O]+ is reminiscent of the CID fragment pattern of AZA-70 which exhibits the 

most abundant fragment ion at m/z 798.4764 [M+HīCO2īH2O]+. A group 3 fragment indicated 

that the additional hydroxyl group is easily lost during CID leaving just the carboxylated group 

3 fragment at m/z 476.2696 followed by the typical loss of 43.9898 Da (m/z 432.2744) 

consistent with the loss of CO2.  

Two compounds AZA-72 and AZA-76 were then characterized by masses corresponding to a 

decarboxylated (-43.9898 Da) products of AZA-71, and the hydroxylated metabolite of AZA-

75 respectively, with m/z at 832.4836 and 818.4691 [M+H]+. Both compounds were 1.9833 Da 

more than AZA-38 and -39 respectively, corresponding to a loss of the C-22 methyl and the 

addition of a hydroxy group at C-23 for both derivatives. The location was identified with the 

increase of group 3 fragments by 1.9833 Da for both analogues with product-ion peaks at m/z 

450.2851 and 450.2981 respectively, indicating the presence of the hydroxyl at C-23. AZA-76 

showed an initial loss of CO2 with a fragment ion at m/z 756.4716 [M+HīCO2īH2O]+ as seen 

in other non-carboxylated AZA-39 metabolites.  
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Finally, AZA-75 was characterized by a m/z of 802.4741 [M+H]+ that corresponds to a 

demethylated derivative of AZA-39. All the fragments until group 3 lacked the one methylene 

unit when compared to the fragments of AZA-39. The only fragment in common was the group 

4 fragment at m/z 348 suggesting that AZA-75 is the demethylated product of AZA-39 at 

position C-22. This metabolite is presumably produced through a decarboxylative process of 

the oxidized product of AZA-39 at the methyl located at C-22 as already proposed for the 

oxidative products of AZA-1 and -2. 

Previous studies have shown that decarboxylation of carboxylated azaspiracid analogues 

occurs readily when heated [36]. A similar study was performed to confirm the presence of the 

carboxylic acid group on the derivatives AZA-70, -71 and -73 to form the decarboxylated 

analogues, AZA-72 and AZA-75 observed in this study. The shellfish sample was divided into 

two separate aliquots, one portion was heated before injecting into the LC-MS/MS along with 

the non-heated portion. A dramatic reduction in the levels of AZA-70 and -74 was observed in 

the heated sample compared to the sample that was not heated (Figure 9). Level of AZA-75 

(m/z 802.7141 [M+H] +) increased in the heated sample which corresponds to the 

decarboxylated metabolites of AZA-74. Levels of AZA-71 were too low to be quantified, 

therefore decarboxylation of AZA-71 during heat treatment is not presented here.  
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Figure 9. Concentration of AZA-39, -70, -74 and -75 (ng mLǸ1) in contaminated mussel tissue unheated and heated extracts. 

 

Finally, analysis of shellfish tissue extracts was performed to identify if AZA-38 and -39 are 

present in samples that were provided for routine analysis to the national monitoring program 

in Ireland. Table 3 shows quantitative data indicating the locations that AZA-38 and -39 were 

present in shellfish tissue. 22 sites were tested all around the coast of Ireland during period 

from the 26th of October until 2nd November 2020. Of the 22 sites, 9 locations on Irelandôs 

southwest coast tested positive for levels of AZA-38 and -39 (Table 3). Two species commonly 

farmed, Mytilus edulis and Pectin maximus were found to accumulate the toxins. 

Concentrations were below that of regulatory limits for AZA-1 equivalents.  
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Table 3. Shellfish harvesting sites that tested positive for AZA-38 and -39. 

 Concentration AZA-1 equiv. (µg kgǸ1) 

Shellfish species Sampling site Samping Date AZA-1 AZA-38 AZA-39 

Mytilus edulis Bantry Middle 26/10/2020 65.11 1.62 4.66 

Mytilus edulis Bantry South 26/10/2020 69.78 1.51 3.57 

Mytilus edulis Dunmanus Bay 26/10/2020 11.91 0.24 1.30 

Mytilus edulis Bantry North 26/10/2020 40.27 1.84 5.81 

Mytilus edulis Glengarriff 27/10/2020 22.41 1.80 7.32 

Mytilus edulis Castletownbere 26/10/2020 10.48 2.18 8.72 

Mytilus edulis Newtown 26/10/2020 60.03 LOD 4.57 

Mytilus edulis Adrigole 27/10/2020 LOD LOD 6.89 

Pecten maximus Castletownbere 26/10/2020 LOD 4.08 7.26 

Mytilus edulis Castletownbere 01/11/2020 14.82 1.18 8.16 

Mytilus edulis Castletownbere 01/11/2020 12.29 2.36 10.67 

Mytilus edulis Glengarriff 01/11/2020 33.46 2.23 6.90 

Mytilus edulis Bantry North 02/11/2020 33.77 2.81 6.92 

Mytilus edulis Bantry Middle 02/11/2020 41.27 1.42 4.01 

Mytilus edulis Castlemaine Harbour 02/11/2020 59.00 1.95 4.20 

Mytilus edulis Bantry South 02/11/2020 LOD 0 0.02 

 

1.3.3 Discussion 

Although no shellfish intoxication incidents relating to the AZA-38 and -39 producing strain 

of Am. languida have been reported thus far, shellfish intoxications reaching >500 µg AZA-1 

eq. kgǸ1 caused by the Andalusian strain of Am. languida, producing AZA-2 and -43, has 

occurred [23]. A 2017 survey of Irish waters found combined concentrations of AZA-38 and -

39 reaching 4.9 and 2.8 ng LǸ1 respectively along transects protruding from Bantry Bay and 

east along the Crease Line transect [37]. Interestingly, we show here that concentrations of 

both were present in tissue samples provided to the Marine Institute from several sampling 

sites around the Southwest coast in October to November, 2020 (Table 3).  

Our study tested the ability of AZA-38 and -39 to accumulate in the tissues of mussels by a 

live algal feeding experiment. Mussels began ingesting Am. languida within minutes of 

submersion, indicated by the opening of the shells and reduction in cell density recorded over 

the length of the experiment (24 h). The biggest reduction in cells was observed within the first 
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4 h of the experiment, with a reduction of approx. 66% of the initial value. In a previous feeding 

study with Az. spinosum, Salas et al noted that at similar initial densities of algal cells (30,000 

cells mLī1), cell density reduced to 5,000 cells mLī1 after 3 h compared to 16,600 cells mLī1 

in our study [23, 30]. The reduction in feeding rate observed in our experiment may have been 

a physiological response from the mussels to the presence of the toxigenic species or some 

components of the culture media. The age of the culture must be noted as toxins are known to 

be released into the growth medium over time. As it was grown in a bioreactor, the culture of 

Am. languida used for our feeding study might have had a higher initial level of dissolved 

toxins because it has been under aeration for up to two months and it has been noted that species 

of dinoflagellates in the Amphidomatacae family are susceptible to sheer stress caused by the 

bubbles [38]. Toxin concentrations were not found reach the regulatory limits (160 µg kgī1). 

This result contrasts with the previous feeding experiment with Az. spinosum where toxin 

concentrations reached well above the regulatory limit after 24 h of feeding with similar cell 

concentrations (reaching >500 µg kgī1) [30].  

Of the 10 compounds identified from the mussel extracts, two were the known metabolites 

AZA-38 and -39 from Am. languida first described in 2012 [24]. The structure of AZA-37 was 

later elucidated and represents a hydroxylated analogue of the structure postulated for AZA-38 

[24]. Both share similar fragmentation patterns with product-ions at m/z 686.4281 and 

668.4185, indicative of a conserved ring A. Following the structure elucidation of AZA-37 

from NMR data [22, 39, 40], we are confident to use the postulated structure of AZA-38. AZA-

38 at m/z 830.5051 [M+H]+ is proposed to be a close derivative of AZA-1 and AZA-37 (m/z 

846) with a dihydro-7,8 ring A and an absence of a methyl at C-39. All the derivatives gave 

product-ions 14.0157 Da less than the corresponding product-ions AZA-1, confirming the 

absence of the methyl at C-39 (or C-37 for AZA-39 derivatives). Both AZA-38 and -39 were 

readily metabolized by the blue mussel, as already observed for other AZAs [29, 30]. Based on 
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product-ion spectra analogies with the metabolism of AZA-1 [29], we propose that oxidation 

also occurs on ring E for the Am. languida AZA analogues. Oxidation at positions -23 (-21 for 

AZA-39) for both AZA-38 and -39 was observed in the two derivatives, AZA-69 and AZA-

73. This position seems to be a straightforward site of oxidation as it was already demonstrated 

for other azaspiracids [30]. Oxidation of the 22-methyl (21-Me for AZA-39) for both AZA-38 

and -39 also occurs in the mussel tissue forming the carboxylated analogues AZA-70 and -73 

respectively. As seen in the previous feeding study using AZA-1 and Az. spinosum [30], both 

AZA-70 and -74 were the most abundant shellfish metabolites with ratios of 1:6.9 (AZA-

38:AZA-70) and 1:3.5 (AZA-39:AZA-74) in shellfish tissue. The majority of AZA-70 and 74 

were present in the remainder tissue with ratios of 1:2.1 (AZA-38:AZA-69) and 1:2.8 (AZA-

39:AZA-74). This compares to reported ratios of AZA-17 found in mussel tissues with more 

found in the remainder than the hepatopancreas [30]. The 23-hydroxylated analogue of AZA-

70 was present at m/z 876.5021 [M+H]+ and we were also able to detect a metabolite at m/z 

862.4538 [M+H]+ for the hydroxylated derivative of AZA-74 but could not get conclusive CID 

data to provide a hypothesis for its structure. An additional analogue m/z at 862.4844 [M+H]+ 

was also present with a different retention time and may correlate to the C-3 hydroxylated 

metabolite of AZA-70. Subsequent decarboxylation of AZA-70 and -74 at C-22 led to the 

derivatives, AZA-72 and -75 respectively. Finally, the C-23 non hydroxylated but C-22 

decarboxylated product of AZA-39 was identified in the mussel extract as AZA-76. 

Heating studies were used to confirm the presence of the carboxylic acid group and to simulate 

the effects of cooking. Cooking can lead to total or partial decarboxylation of ring E of the 

carboxylated shellfish metabolites and reflects what compounds are potentially ingested by the 

consumers. Carboxylated AZA-17, -21, -19 and -23 were shown to convert to their 

decarboxylated products AZA-3, -4, -6 and -9 in previous heating studies [36]. These 

decarboxylated analogues can be more toxic and of concern as AZA-6 was several times more 
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toxic than AZA-1 using a Jurkat T-lymphocyte assay [40] In our study, AZA-70 was 

decarboxylated to form the 22-decarboxyated analogue of AZA-38 with m/z 816. Interestingly, 

the compound shared a similar retention time as AZA-39 indicated by the increase in 

abundance of ions at m/z 816.5 in the heated samples. The ratio of AZA-39 in unheated (10.2 

ng mLī1) to heated (19.8 ng mLī1) was 1:1.9. The ratio of the increase of AZA-39 (9.51 ng 

mLī1) to the decrease of AZA-70 (9.7 ng mLī1) in the heated sample is 1:1.27 indicating that 

some AZA-70 was lost or the response factor of both compounds differs. Heat-induced 

dehydration of AZA-73 could also cause the increase in AZA-39 observed in the heated 

samples but levels of AZA-73 remained relatively stable after the short period of heating. 

Before heating the sample, concentrations of AZA-74 were 14.5 ng mLī1 and AZA-75 were 

below the limits of quantitation. Once heated, the level of AZA-75 increased to 11.2 ng mLī1 

while concentrations of AZA-74 dropped to 4.9 ng mLī1.  

1.3.4 Conclusions 

So far, azaspriacids contamination events in Ireland have been an issue isolated to the 

metabolites produced from Az. spinosum, AZA-1 and -2.   As the Spanish strain of Am. 

languida has already been associated with a shellfish intoxication event, and with farmed 

samples in Ireland already show trace amounts of AZA-38 and -39, more work should be 

undertaken to determine the potential toxicity of AZA-38, -39 and their biotransformed 

products. Although we are confident of the proposed structures of the shellfish metabolites 

using MS/MS fragmentation patterns, isolation and NMR analyses will be useful in order to 

confirm the structures of the eight new azaspiracids metabolites reported here. As a precaution, 

national monitoring programs in Ireland could include azaspiracid-38 and -39 and treat their 

toxicity as that of AZA-1 until their toxicity is evaluated. 
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1.3.5 Materials and Methods 

1.3.5.1 Chemicals and Reagents 

All solvents (pestican-grade) were obtained from Labscan (Dublin, Ireland). Distilled water 

was purified further using a Barnstead nanopore diamond UV purification system (Thermo 

Scientific, Iowa, USA). Formic acid (>98%) (Sigma-Aldrich, Missouri,USA), ammonium 

formate (>98%) (Sigma-Aldrich, Missouri,USA). CRMs for AZA1 and -2 were obtained from 

the National Research Council (Halifax, NS, Canada).  

 

1.3.5.2 Culture of Am. languida 

The strain of Amphidoma languida (Z-LF-9C9) was isolated from the Northeast coast of 

Iceland and is fully described [41].  The strain was grown in K-NH4 medium until appropriate 

concentrations and quantities of cells were reached. The culture was then bulked up using 

modified K-medium recipe which included tris base and Na2SeO3 enrichment (1.29 g Lī1) but 

no NH4Cl. The culture was maintained in a walk-in incubator with 16:8 hr day/night cycle, and 

kept at 18.0 °C with an average photon flux density of 16.2 µmol (m2.sī1). The culture remained 

this way until cell concentrations reached 20,000 cells mLī1. The growth tank of 180 L, 

containing 25 L of K-modified medium, was inoculated with 20 L of culture. The pH was 

monitored throughout the growth of culture and controlled using CO2 diffusion. The culture 

was mixed through aeration. The volume of the PBR was slowly brought up to 180 L over 5 

days, while maintaining a concentration of <40,000 cells mLī1 to ensure no culture collapse 

with a higher dilution factor. 

1.3.5.3 Experimental design 

36 individual mussels (Mytilus edulis) were harvested off the west coast of Ireland. Mussels 

were inspected for any fouling organisms and places in a 10 L plastic container filled with 

sterile seawater (salinity of 35) in the walk-in incubator at 18 °C. Mussels that remained closed 
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were removed after 24 hours The experiment consisted of a 24-hour feeding experiment with 

monocultures of Am. languida to study feeding activity and toxin uptake and bioconversion.  

Algal portions were taken from the photobioreactor and their cell densities were recorded 

ranging from 24,000ï30,000 cells mLī1. The culture was then transferred to 5 L polyethylene 

jugs. Sterile sea water was added to the control. 10 mL of culture was taken in triplicate and 

stored at ī20 °C from each replicate and control to test for initial concentration of AZAs. 

Mussels (n=9) were submerged in 5 L polyethylene jugs to form 3 replicates and 1 control. 

Each replicate was mixed throughout the experiment using aeration via airstones, tygon tubing 

and air pumps. During the first 2 h of the experiment, 1 mL aliquots of seawater was collected 

from each flask every 20 min using a 1 mL pipette (Eppendorf, Cambridge, UK) and preserved 

with Lugolôs iodine (Clintech, Dublin, Ireland) 1% final concentration to estimate cell 

concentrations of Am. languida during the experiment. After 2 h samples were collected every 

hour for a further 3 h and finally at 24 h. A final suspension sample (10 mL) was collected at 

24 h to analyse the final toxin content in the culture media.  

After a 24 h period 3 mussels were removed at random from each replicate and control. The 

mussels were measured and weighed before being dissected with HPs and remainder tissue 

retained from each replicate. Particulate matter that built up during the experiment was 

recovered using GF/C Whatman (1.2 mm, 47 mm diameter) glass microfiber filters under 

vacuum. This likely contained the pseudo-faeces and any remaining algal cells. In triplicate, 

10 mL of the filtrate was also collected to quantify any dissolved toxins. 

1.3.5.4 Am. languida cell counts 

Cell counts of the 1 mL Lugolôs preserved aliquots were carried out using a Sedge-wick-Rafter 

cell counting chamber (Pyser-SGI, Kent, UK) for each flask at each time interval using an 

inverted optical microscope Leica DMI 6000B (Leica, Wetzlar, Germany). 

1.3.5.5 Solid Phase Extraction Protocol for Azaspiracid Quantification 

SPE samples: in triplicate, 10 mL of culture was collected from each replicate and the control 

for toxin analysis. The samples were stored at 20.0 ÁC until needed. The 10 mL samples were 

defrosted at room temperature and then loaded onto 1-gram 6 mL Oasis Bond Elut cartridges 

(Mega BE SPE, Agilent Technologies, Mississauga, Ontario, Canada), previously conditioned 
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with MeOH (6 mL) and H2O (6 mL). The cartridge was then washed with H2O (6 mL) followed 

by the elution of 15 mL of MeOH to recover azaspiracids from the cartridge. The eluent was 

evaporated to dryness using miVac QUATTRO concentrator (Genevac, Ipswich, England). 

The sample was then resuspended in 10 mL of MeOH and sonicated for 10 min (Elma S 100 

Elmasonic, Elma Schmidbauer GmbH, Singen, Germany). A volume of 1 mL was transferred 

via pipette and stored in 1.5 mL vials (Apex Scientific Limited, Kildare, Ireland) for LC-

MS/MS analysis. 

1.3.5.6 Dissection of mussels and toxin analysis of shellfish tissues 

In this study, the same method as used in [29] was used. 

1.3.5.7 LC-MS/MS conditions  

Identification and quantification of toxins was performed on an Acquity UPLC coupled to a Xevo G2-

S QToF (Waters, Manchester, UK). All quantitations of AZAs were collected in MS/MS mode with 

full scans from m/z 200ï1200 with positive ionization. MS/MS spectra were collected in targeted 

MS/MS mode scanning for the target masses of potential AZA analogues with a window of ±0.5 Da 

(m/z 830.5, 816.5, 846.5, 860.5, 876.5, 832.5, 846.5, 802.5 and 818.5). The reference compound used 

for calibration was leucine encephalin. The cone voltage was 40 eV, collision energy was 50 eV, the 

cone and desolvation gas flows were set at 100 and 1000 L hī1, respectively, and the source temperature 

was 120 °C. The Quantitation was performed in MSe mode, using Targetlynx software. All toxins were 

quantitated against AZA1. 

 

1.3.5.7.1 Short Method 

Used in quantifications of azaspiracid-38 and-39 and analogues. Binary gradient elution was used, with 

phase A consisting of water and phase B of 95% acetonitrile in water (both containing 2 mM ammonium 

formate and 50 mM formic acid). The column used was a 50 mm × 2.1 mm i.d., 1.7 µm, Acquity UPLC 

BEH C18 (Waters, Wexford, Ireland). The gradient was from 30ï90% B over 6 min at 0.3 mL minī1, 
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held for 0.5 min, and returned to the initial conditions and held for 1 min to equilibrate the system. The 

injection volume was 2 µL and the column and sample temperatures were 25 °C and 6 °C, respectively. 

 

1.3.5.7.2 Long Method 

Method used to determine CID product-ion spectra of new azaspiracid analogues. Gradient from 30ï

90% B over 8 min at 0.3 mL minī1, held for 0.5 min, and returned to the initial conditions and held for 

1 min to equilibrate the system. Remaining conditions see short method. 
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2. Section 2. Study and Applications of Amphidinols 

2.1     Introduction 

2.1.1 Natural Products 

Natural Products (NPs) are metabolites produced by living organisms found in nature. NPs are 

often referred to as secondary metabolites (SMs) as they have no understandable role in 

primary metabolism (chemicals involved directly in growth, development, and reproduction). 

SMs perform tasks which are not essential to the organismôs survival. Although not essential, 

SMs can have different roles including chemical defences and signalling. Each organismôs SM 

bouquet is often specific to that genus or individual species. The vast structural diversity found 

in NPs can be correlated to the diversity in the organisms and competitive ecosystems that 

produce them. 

The drug industry has incorporated NPs and NP derived compounds into some of the medicines 

found on the market today. Research conducted by Newman and Cragg recorded the newly 

approved drugs and their sources between the years of 1981 to 2019 (Figure 10) and found that 

only 25% of drugs came from purely synthetic origins with most derived or mimicking a NP.82 
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Figure 10. All approved drugs from 01/Jan/81 to 30/Sep/19, ñBò = Biological, large (>50 residues) peptide or protein either 

isolated from an organism/cell line or produced by biotechnological means in a surrogate host; ñNò = Natural Product; ñNBò 

= Natural product ñBotanicalò; ñNDò Derived from a natural product and is usually semisynthetic modification; ñSò = 

Totally synthetic drug; ñS*ò Made by total synthesis but pharmacore is from natural product; ñVò = vaccine; ñNMò = 

Natural product mimic, taken from Newman et al.82 

 

Their work emphasized the importance of NPs not only in terms of bioprospecting but also as 

scaffolds which have inspired synthetic chemists to mimic natural structures and in the 

development of analogues. NPs have entered and gained FDA approval as therapeutic agents 

for fighting cancers and infections, but also cardiovascular, neurological and inflammatory 

diseases. 

2.1.2 Marine natural products 

Natural products have been the historic solution to human disease and ailments for the past 

millennia. Understandably, humans have turned towards terrestrial species primarily in the past 

but within the last 5 decades advances in technology have opened the marine biosphere for 

chemo prospecting. The worldôs oceans cover over 71 % of the planet and unlike terrestrial 

land where microbial growth barely penetrates the planetôs soil layers, oceans can host life 

throughout their depths, from the surface all the way down to the darkest sea floors. To put this 

into perspective, the oceans have an average depth of > 3000 m with every square meter 
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holding the ability to support both macro and microfauna. The oceans are also the most 

biodiverse environments present, hosting 34 animal phyla of the 36 identified on planet Earth. 

Half of the phyla found in the oceans are not found on land.83 Exploration of the marine 

environment is also limited, as 5 % of the ocean is thought to be documented and less than 0.1 

% of the deep-sea floor has been sampled.84 On top of this it is thought that only 0.1 % of all 

marine microbes have been described, leaving a treasure trove of organisms yet to have their 

chemical diversity documented.85 

In the past, marine invertebrates have been the main sources of natural products, with sponges 

and macroalgae being heavily explored for therapeutics. More recently, however, marine 

microbes have become the dominate source of novel NPs with fungi producing 47% of the NPs 

identified in 2019. The ability to perform laboratory culture and promote compound production 

makes them ideal candidates for drug discovery.86 Comparatively, dinoflagellates have 

produced a small fraction of the NPs discovered in 2019. Maintaining cultures and producing 

biomass in a laboratory setting can make the microalgaeôs chemodiversity difficult to explore. 

They are often sensitive to stress and have a slow rate of growth. For some species, it can take 

many litres of culture to produce < 10 mg of purified product, limiting biological testing. But 

in contrast to sponges/corals and other sessile invertebrates, the ability to culture 

dinoflagellates in laboratories give them enormous advantages for continued production of 

target compounds. 

2.1.3 Dinoflagellate Natural Products 

Although more widely known for causing shellfish poisoning events around the world,87 

dinoflagellate metabolites are readily being explored for their therapeutic potential.88 These 

marine toxins are highly bioactive and strongly affect biological receptors and metabolic 

processes, often to the detriment of organism on which it is acting. Because of this potency, 
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numerous patents have been filed relating to these biotoxins and their potential therapeutic 

uses. These patents include applications as local anaesthetics, tumour growth inhibitors and 

preventing neurodegenerative diseases (Table 5). 

Table 5. Selected patents related to biotoxins produced by dinoflagellates and potential therapeutic uses. Edited and taken 

from Assunção et al.88 

Patent Name/Application Biotoxin Used Year Reference 

100 ,110 -modified saxitoxins useful for treatment of pain Modified saxitoxin 2017 US20170029431 

Use of sodium channel blockers for treatment of neuropathic 

pain developing as consequence of chemotherapy 

Tetrodotoxin, 

saxitoxin (analogues 

and derivatives) 

2017 US20170000797 

 

Ladder-frame polyether conjugates Brevetoxin, 

maitotoxin, 

yessotoxin, 

gambierol 

2016 US20160128321 

 

Sodium channel blocker for treatment of loss of superficial 

sensitivity 

Gonyautoxin 2016 US20160000793 

Palytoxyn, medical use and process for its isolation Palytoxin 2014 EP3087172 

Neosaxitoxin combination formulations for prolonged local 

anesthesia 

Neosaxitoxin 2014 WO2014145580 

Treatment of loss of sense of touch with saxitoxin derivatives Saxitoxin 2014 EP2533785 

Using yessotoxin and its derivatives for treatment of gliomas Yessotoxin and 

derivatives 

2013 ES2393696 

Use of yessotoxin and analogues and derivatives thereof for 

treating and/or preventing neurodegenerative diseases linked 

to tau and beta amyloid 

Yessotoxin 

(analogues and 

derivatives) 

2013 US20130035302 

Use of gambierol for treating and/or preventing 

neurodegenerative diseases related to tau and beta-amyloid 

Gambierol 2012 US20120283321 

Use of yessotoxins and derivatives thereof for treatment 

and/or prevention of metabolic diseases 

Yessotoxin and 

derivatives 

2012 WO2012140298 

Use of gymnodimine, analogues and derivatives for treatment 

and/or prevention of neurodegenerative diseases associated 

with tau and beta-amyloid 

Gymnodimine 

(analogues and 

derivatives) 

2012 US20120245223 

 

One such example is the group called saxitoxins (STXs) (Figure 11), which are produced by 

species of the genera Alexandrium, Gymnodinium and Pyrodinium and also some species of 

cyanobacteria.89 The compounds have long been known to cause severe paralysis, with a major 

paralytic shellfish poisoning event in the 1930s leading to its identification. Due to its potency, 

the Chemical Weapons Convention classified it alongside ricin and mustard gas and it is 

reported to have an LD50 of 3-4 µg kgī1 in small animals. To date, over 60 congeners of the 

tricyclic alkaloid have been reported.90 The compound acts as a highly selective sodium ion 

https://en.wikipedia.org/wiki/Alexandrium_(dinoflagellate)
https://en.wikipedia.org/wiki/Gymnodinium
https://en.wikipedia.org/w/index.php?title=Pyrodinium&action=edit&redlink=1
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channel blocker which means it has the ability to stop neurons from transmitting signals making 

it a good potential candidate for pain relief.89 

 

Figure 11. Chemical structure of neoSTX. 

 

Interestingly, one congener named neoSTX has entered phase 1 FDA regulated clinical trials 

as a local anaesthetic. The study showed that a mixture of neoSTX and Bupivacaine had a 

prolonged therapeutic effect when compared to using Bupivacaine alone.90 Marine toxin 

biological activities show that they make ideal candidates for synthetic studies aimed at 

modulating the toxinôs activity in humans while still maintaining therapeutic activity. 

2.1.4 Amphidinols 

Amphidinols are another class of dinoflagellate metabolites being studied for their therapeutic 

potential. They are a class of secondary metabolites produced by marine dinoflagellates of the 

genus Amphidinium. The genus is found predominantly in temperate and tropical waters around 

the world.91 The first isolation of an amphidinol (AM-1) came from Japanese laboratory 

cultures of Amphidinium klebsii in 1991.92 A chemical investigation of active extracts which 

had hemolytic, ichthyotoxic and antifungal activity led to the first isolation.92 Now, over 40 

known AM like compounds have been identified including amphidinols (AM), luteophanols 

(LP), lingshuiols (LS), symbiopolyols (SP), karatungiols (KAR), and carteraols (CAR), all 

containing the same core unit but differing in their hydrophilic and lipophilic moieties. 

Although most amphidinol-like compounds share the same structural core (Figure 12), 
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Wellkamp et al. have noted that naming of this group of compounds is inconsistent and is 

determined by the researchers publishing new structures within the family.93 The naming of 

such should be uniform with respect to compounds sharing the same structural core. 

 The core moiety of AM congeners is made up of two tetrahydropyran (THP) rings 

separated by 6 membered carbon chain. Numbering of the structure with the first carbon being 

on the C-6 chain seems the most rational as the polyol chain length varies more dramatically 

than the olefinic chain. The core contains 15 hydroxy methines and 2 methyl groups at C-15 

and C-22 (Figure 12).  
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Figure 12. Structure of amphidinol 1 with core shared between congeners highlighted in red. 

 

The structures of amphidinols diverge on the polyhydroxy and olefinic terminal chains. The 

olefinic chain is thought to be the starting unit in the biosynthesis as it is largely conserved 

between analogues. Small changes in the chain length are observed between analogues with 

AM-1 having an olefinic chain length of 16 carbons long as is also present in AM-A, -B, -C, 3 

and -5. AM-2 has a chain length 2 carbons less that is also present in AM-4, AM-6 to -12, AM-

17, AM-20 and -21. All congeners have been isolated from various species in the genus 

Amphdinium (Table 6) and are generally observed in the mass spectra as their sodium adducts.93  

 
Table 6. Amphidinols and amphidinol like compounds produced from laboratory cultures of Amphidinium sp. 

Name [M+Nan]+ Chemical Formula Species Reference 

Amdingenol A 2192.1277 C104H177NaO43S+ Amphidinium sp 94 

Amdingenol D 2224.1382 C107H179NaO44S+ Amphidinium sp 95 

Amdingenol E 1768.8452 C82H137NaO37S+ Amphidinium sp 96 

Amdingenol G 1276.6245 C60H101NaO25S+ Amphidinium sp 96 

Amphidinol A 1361.8531 C69H126NaO24
+ Am. carterae 97 

Amphidinol B 1463.7919 C69H125Na2O27S+ Am. carterae 97 

Amphidinol C 1343.8426 C69H124NaO23
+ Am. carterae 98 

Amphidinol 1 1488.8021 C73H125NaO27S+ Am. klebsii 92 

Amphidinol 2 1397.8167 C71H122NaO25
+ Am. klebsii 99 

Amphidinol 3 1349.7956 C70H118NaO23
+ Am. klebsii 100 

Amphidinol 4 1323.7800 C68H116NaO23
+ Am. carterae 101 

Amphidinol 5 1393.8218 C72H122NaO24
+ Am. klebsii 102 

Amphidinol 6 1367.8062 C70H120NaO24
+ Am. klebsii 102 

Amphidinol 7 1253.6088 C59H99Na2O23
+ Am. klebsii 103 

Amphidinol 9 1349.7956 C70H118NaO23
+ Am. carterae 104 

Amphidinol 10 1295.7487 C66H112NaO23
+ Am. carterae 104 

Amphidinol 11 1476.7657 C71H121NaO28S+ Am. carterae 104 

Amphidinol 12 1425.7187 C68H115Na2O26S+ Am. carterae 104 

Amphidinol 13 1451.7343 C70H117Na2O26S+ Am. carterae 104 

Amphidinol 14 1287.6142 C59H101Na2O25S+ Am. klebsii 103 

Amphidinol 15 1185.6755 C59H102NaO22
+ Am. klebsii 103 

Amphidinol 17 1305.7000 C63H110NaO24S+ Am. carterae 105 

Amphidinol 18 1381.8218 C71H122NaO24
+ Am. carterae 106 

Amphidinol 19 1483.7606 C71H121Na2O27S+ Am. carterae 106 
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Amphidinol 20 1652.0413 C87H152NaO27
+ Am. carterae 107 

Amphidinol 21 1798.1356 C94H166NaO30
+ Am. carterae 107 

Amphidinol 22 1667.9271 C84H140NaO31
+ Am. carterae 108 

Amphidinol 24 1363.7596 C66H116NaO27
+ Am. carterae 109 

Amphidinol 25 1521.6580 C66H114NaO33S2
+ Am. carterae 109 

Amphidinol 26 1191.6497 C57H100NaO24
+ Am. carterae 109 

Cateraol E 1421.8531 C74H126NaO24
+ Am. carterae 110 

Karatungiols A 1479.8797 C73H132NaO28
+ Amphidinium sp 111 

Karatungiols B 1461.8692 C73H130NaO27
+ Amphidinium sp 111 

Luteophanol A 1277.6323 C60H102NaO25S+ Amphidinium sp 112 

Luteophanol B 1343.7698 C67H116NaO25
+ Amphidinium sp 113 

Luteophanol C 1343.7698 C67H116NaO25
+ Amphidinium sp 113 

Luteophanol D 1329.7541 C66H114NaO25
+ Amphidinium sp 114 

Lingshuiol 1373.8167 C69H122NaO25
+ Amphidinium sp 115 

Lingshuiol A 1295.7487 C66H112NaO23
+ Amphidinium sp 116 

Lingshuiol B 1265.6088 C60H99Na2O23S+ Amphidinium sp 116 

Symbiopolyol 1265.6088 C60H99Na2O23S+ Amphidinium sp 117 

 

2.1.5 Structure Elucidation of Amphidinols 

Amphidinols are complex molecules that contain 25 stereogenic centres which have made 

determining its absolute configuration a difficult task. The planar structure of AM-1 was put 

together using several 2D NMR experiments (COSY, DQF COSY and HOHAHA), hydroxyl 

groups were placed on carbons by comparing 13C-NMR chemical shifts in CD3OH/C5D5N and 

CD3OD/C5D5N solvents and finally the THP rings were confirmed with NOE and 3JH,H 

measurements.92 Being a large molecule with a high degree of flexibility itôs not always 

appropriate to rely totally on computational methods for elucidating its absolute configuration. 

This led many research groups to the conclusion that total synthesis of the molecule would be 

the most appropriate and accurate method in the determination of its absolute configuration. 

One amphidinol congener, AM-3, has received an enormous amount of attention by both 

analytical and synthetic chemists. Its structure was first reported in 1996.100 In 1999 the 

development of J-based configurational analysis (JCBA), a pioneering method in structure 

elucidation, gave scientists a relative configuration on a number of the stereocentres, 

particularly the acyclic subunits.118 With some partial data on its stereochemistry, AM-3 then 

became the target for synthetic chemists who would continue to mine away at the compoundôs 

structure over a span of 20 years. Numerous revisions were made with each providing more 
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insight into its configuration,119-123 and all stereogenic centres were finally confirmed in 2018 

through comparison of NMR data from the naturally occurring and synthetic AM-3 (Figure 

13).124  

 

Figure 13. Absolute configuration of AM-3 including several stereochemical revisions as reported by Wakamiya et al.124 

 

The most interesting revision to its structure came in the correction of the C-38 position in 

2018. Ring A configuration, originally elucidated using JBCA in 1999, had misassigned C-38 

as R because of medium-range J values, this meant the stereochemistry of positions C-32 to C-

36 were also misassigned as they were based off their relative stereochemistry to the C-38 

proton. Through synthesis Wakamiya et al. reassigned the C-38 stereochemistry as S and made 

the realisation that rings A and B are antipodal to one another, a rare occurrence in nature as 

typically polyketides are biosynthesised in a linear fashion. The antipodal nature indicated that 

compounds might be formed in two moieties and connected via a coupling between C-38 to C-

45.124 

2.1.6 Bioactivity of Amphidinols 

Amphidinolsô range of biological activities include anti-cancer,125 anti-fungal,98, 106, 108 

haemolytic,99 and cytotoxic108. Their óhairpin likeô structure is thought to play an important 

role in the compoundsô ability to form pores in membranes, doing so more efficiently in 

membranes containing ergosterol which makes for a potent antifungal agent (Table 7). The 

structure of amphidinols shares similarities to amphotericin B (Figure 14), a commonly used 

anti-fungal. Both have a hydrophilic polyol chain, THP ring and olefinic chain.  AM-1, first 

isolated in 1991, was found to be 3 times as potent as amphotericin B.92 AM-3 was found to 

have extremely potent haemolytic activity against erythrocytes at an EC50 of 0.4 µM.103  
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Figure 14. Structures of AM-1 (top) and amphotericin B (Amp-B) (bottom). 

 

Table 7. Selected activities of Amphidinol like compounds. 

Name Hemolytic activity (nM) Antifungal activity µg diskī1 

(A. niger) 

Antifungal activity µg 

mLī1 (C. albicans) 

Cytotoxicity 

µg mLī1 

AM-A - - b 19 97 - 

AM-B - - b 150 97 - 

AM-C - - b 16 98 - 

AM-1 - d 6 92 - - 

AM-2 c 7.3 (human) 99 

d 1160 (mouse) 104 

c 1.7 (human) 103 

d 6 99 

d 44.3 104 

a 6 103 

- 

- 

- 

d 25.3 104 

- 

- 

AM-3 0.4 103 a 6 103 - - 

AM-4 d 207 (Mouse) 104 d 58.2 104 - d 36.5 104 

AM-6 c 2.9 (human) 103 a 6 103 - - 

AM-7 c 3 (human) 103 a 10 103 - - 

dsAM-7 c 1.2 (human) 103 a 8  103 - - 

AM-10 d 6530 (Mouse) 104 d 154.0 104 - d 35.2 104 

AM-11 d 28900 (Mouse) 104 d 256.6  104 - d 23.0 104 

AM-12 d 2990 (Mouse) 104 d >100 104 - d 26.8 104 

AM-13 d 2020 (Mouse) 104 d 132.0 104 - d 32.5 104 

AM-14 c >50 (human) 103 a >60 103 - - 

AM-17 d 4.9 (human) 105 - - - 

AM-18 - - b 9 106 - 

AM-20 c 1-3 (human) 107 c >15 107 - - 

AM-21 c >10 (human) 107 c >15 107 - - 

a MEC 

b MIC 

c EC50 

d Not given 
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2.1.7 Anti-fungal Mode of Action 

Amphidinols were found to bind to lipid bilayers containing ergosterol with greater efficiency 

than with cholesterol. This binding preference is also present for amphotericin-b (Amp-B) . 

Once bound, the compound causes ion-permeable pore/lesion across the membrane, leading to 

unregulated movement of cations and eventual cell death. The óbarrel-staveô hypothesis was 

postulated using space-filling models in 1974 to account for the coordination of Amp-B to 

cholesterol in the lipid bilayer.126 Amp-B (n = 8) molecules were thought to orientate 

themselves in a ring coordinating to the sterols present on the membranes through hydrogen 

bonds and Van Der Waalsô forces. Originally suggested to have a pore diameter of 8 Å, a later 

study using molecular membrane models and molecular dynamics theorised a pore size closer 

to > 4 Å.126, 127 

Amphidinols are thought to form a hairpin-shape conformation in their core region (C-20 to C-

52) due to hydrogen bonds between hydroxy groups.129 This confirmation is reminiscent of 

Am-B which also contains two THP rings and suggests the same hypothetical barrel stave 

model could also be the mechanism in which AMs form membrane pores. Dye-leakage, surface 

plasmon resonance and solid state 2H-NMR have proved that the efficiency of binding of AMs 

is not just dependant on the presence of ergosterol and cholesterol but also the stereochemistry 

of the 3-OH in the sterols. Studies on epicholesterol indicated that 3Ŭ-cholesterol had a much 

weaker binding affinity to AM-3 than it does for 3ɓ-hydroxy sterols.130 

2.1.8 Conclusion 

Microalgae and their associated compounds present a promising source of novel therapeutics 

and anti-microbial agents. Their ability to be cultured in laboratories at large-scales gives them 
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enormous advantages over the isolation of NPs from more typical marine organisms in the 

production of NPs, like porifera. 

AMs present an interesting bouquet of biological activities including anticancer and antifungal. 

Novel analogues of AMs are routinely being reported from cultures of Amphidinium spp. which 

presents as good source for the production of structurally novel compounds. Rigorous synthetic 

routes can be avoided with laboratory cultures effectively making the production process 

greener. Although cytotoxic at concentrations as low as 14.8 µg mLī1 (AM-2), synthetic studies 

aiming to derivatise isolated compounds could be undertaken to make active amphidinols less 

toxic while still maintaining their therapeutic potential. 

2.1.9 Aims 

In this context, our study aimed at assessing the antimicrobial potential of a strain of the 

dinoflagellate Amphidinium carterae isolated from the west of Ireland.  

¶ An active extract from A. carterae biomass was fractionated using solvents of varying 

polarity on solid phase extraction cartridges and the fractions were tested against 

several bacterial pathogens. Due to the low amount of material available, the main 

amphidinols present in the bioactive fractions were targeted and identified by a 

metabolomic analysis using UHPLC-HRMS/MS. Several known compounds were 

identified along with a dehydrated analogue of AM-A. 

¶ The strain was cultured at a larger scale and a deep chemical investigation was 

undertaken to isolate any AM like compounds which displayed structural novelty 

including the dehydrated analogue of AM-A.  
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2.2  Chapter 3. Antibacterial Activity and Amphidinol Profiling of the Marine 

Dinoflagellate Amphidinium carterae (Subclade III) 
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Abstract: Microalgae have received growing interest for their capacity to produce bioactive 

metabolites. This study aimed at characterising the antimicrobial potential of the marine dinoflagellate 

Amphidinium carterae strain LACW11, isolated from the west of Ireland. Amphidinolides have been 

identified as cytotoxic polyoxygenated polyketides produced by several Amphidinium species. 

Phylogenetic inference assigned our strain to Amphidinium carterae subclade III, along with isolates 

interspersed in different geographic regions. A two-stage extraction and fractionation process of the 

biomass was carried out. Extracts obtained after stage-1 were tested for bioactivity against bacterial 

ATCC strains of Staphylococcus aureus, Enterococcus faecalis, Escherichia coli and Pseudomonas 

aeruginosa. 

The stage-2 solid phase extraction (SPE) provided 16 fractions, which were tested against S. aureus and 

E. faecalis. Fractions I, J and K yielded minimum inhibitory concentrations between 16 µg mLī1 and 

256 µg mLī1 for both Gram-positive bacteria. UHPLC-HRMS analysis was applied to fractions G to J 

evidenced the presence of amphidinol-type (AM) compounds AM-A, AM-B, AM-22 and a new 

derivative dehydrated AM-A, with characteristic masses of m/z 1361, 1463, 1667 and 1343, 

respectively. Combining the results of the biological assays with the targeted analysis of active 

fractions, we could conclude that AM-A and the new derivative dehydrated AM-A are likely 

responsible for the detected antimicrobial bioactivity. 

Keywords: microalgae; Amphidinium carterae; antimicrobial activity; marine natural products (MNP); minimum 

inhibitory concentration (MIC); minimum bactericidal concentration (MBC); amphidinols; UHPLC-HRMS; 

targeted metabolomics 
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2.2.1  Introduction 

The emergence of antimicrobial resistance has hindered the effectiveness of treatments for a 

growing number of bacterial infections worldwide [1,2]. The overuse and misuse of antibiotic 

drugs have led bacteria to develop adaptations to overcome the mechanisms of action of several 

commonly used drugs [3,4], hence requiring the urgent identification of novel antimicrobial 

compounds. Several bioactive metabolites isolated from marine bioresources, also known as 

marine natural products (MNPs), have elicited potent bioactivity against cancer and other 

ailments induced by pathogens such as viruses, bacteria and fungi [5ï7]. Antimicrobial MNPs 

show a high chemical diversity and include, for example, alkaloids, terpenoids, peptides, 

halogenated compounds, polyketides, isocoumarins, or nucleosides [6,8].  

Microalgae are photosynthetic organisms increasingly exploited in the context of 

bioenergy, bioremediation or the biorefinery of high-value compounds [9]. Some species can 

biosynthesise and accumulate compounds such as polysaccharides, pigments, proteins, 

vitamins, polyunsaturated fatty acids, antioxidants, and other bioactive molecules [9,10]. 

Microalgae have also been increasingly screened for new antibacterial drugs [6,11ï16]. 

Compounds such as cyanovirin, oleic acid, linoleic acid, palmitoleic acid, carotene, 

fucoxanthin or phycocyanin do exhibit antioxidant or anti-inflammatory properties as well as 

antimicrobial activity, for example, against Staphylococcus aureus and Methicillin-Resistant 

Staphylococcus aureus (MRSA) [14,17ï19]. 

Several marine dinoflagellates are known producers of potent bioactive compounds and 

some of them biosynthesise biotoxins that can render shellfish unsafe for human consumption 

[20], including polyketides, ladder-shaped polyethers and alkaloids [21,22]. Polyhydroxylated 

polyketides, named amphidinols, have been identified in species of the marine dinoflagellate 

genus Amphidinium and have previously shown anti-fungal, anti-tumour and anti-bacterial 
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activity [13,23ï28]. In this context, this study aimed at assessing the antibacterial potential of 

a strain of the dinoflagellate Amphidinium carterae isolated from the west of Ireland. The 

fractions obtained sequentially using solvents of varying polarity in solid phase extraction were 

tested against several bacterial pathogens. Due to the low amount of material available, the 

main amphidinols present in the bioactive fractions were targeted and identified by analysis 

using UHPLC-HRMS. 

2.2.2 Results 

2.2.2.1 Phylogenetic Characterisation of Strain A. carterae LACW11 

Sequencing of the D1D2 domain of the LSU rRNA gene and subsequent BLAST analysis 

indicated strain LACW11 to belong to the species A. carterae. The phylogenetic tree showed 

this strain to group with other members of the species in a sister clade to that including 

Amphidinium trulla, Amphidinium gibbosum, Amphidinium massarti, Amphidinium tomasi, 

Amphidinium theodori and Amphidinium thermaeum (Figure 1). The four subgroups of A. 

carterae characterised in previous studies were visible; the Irish strain LACW11 clustering 

with other isolates from Europe, Canada, Brazil, Puerto Rico and Australia within subclade III. 

2.2.2.2 A. carterae Culture 

The culture of A. carterae LACW11 was maintained for 30 days in f/2 medium and harvested 

during the exponential phase (Figure 2). The recovered freeze-dried biomass was estimated at 

850 mg for 6.1 L of culture. 

2.2.2.3 Stage-1: Bioactivity Assays on the Extracts 

The freeze-dried biomass of A. carterae LACW11 was first extracted with Et2O then MeOH. 

The methanol extract was then partitioned between EtOAc and H2O to provide three final 
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extracts Et2O, EtOAc and H2O. These extracts were tested for antimicrobial activity (Figure 

2). 

 

Figure 1. Phylogenetic tree inferred from the maximum likelihood analysis of partial LSU rDNA sequences of Amphidinium 

species. The optimal base substitution model derived from the Bayesian Information Criterion (BIC) using MEGA X was 

Tamure Nei gamma distributed (TN93 + G, parameter = 0.4032). Bootstrap values (%) of 1000 replicates are shown (only 

values > 50). The position of strain LACW42 in the tree is highlighted in green. 

The assays for stage-1 samples showed moderate antimicrobial bioactivity for extracts Et2O 

and EtOAc against S. aureus and Enterococcus faecalis, and low activities for the H2O extract. 

For EtOAc, the minimum inhibitory concentration (MIC) values against S. aureus and E. 

faecalis were 256 and 512 µg mLī1, respectively. Only EtOAc returned promising minimum 

bactericidal concentration (MBC) values of 512 and 1024 µg mLī1 against S. aureus and E. 



105 

 

faecalis, respectively. H2O showed minor antimicrobial bioactivity against the Gram-negative 

bacterium Escherichia coli, with a MIC of 8192 µg mLī1. No bioactivity was detected against 

Pseudomonas aeruginosa. 

 

Figure 2. Representative scheme of Stage-1: three extracts obtained from A. carterae LACW11 biomass (freeze-dried, mg) 

were screened against Gram-positive bacteria. activities are expressed in g mL
ī1

. Sa, S. aureus ATCC 25,293; Efc, E. 

faecalis ATCC 29,212. The bioactivities of each extract are highlighted with different colours. 

The assays for stage-1 samples showed moderate antimicrobial bioactivity for extracts Et2O 

and EtOAc against S. aureus and E. faecalis, and low activities for the H2O extract. For EtOAc, 

the MIC values against S. aureus and E. faecalis were 256 and 512 ɛg mLī1, respectively. Only 

EtOAc returned promising MBC values of 512 and 1024 ɛg mLī1 against S. aureus and E. 

faecalis, respectively. H2O showed minor antimicrobial bioactivity against the Gram-negative 

bacterium E. coli, with a MIC of 8192 ɛg mLī1. No bioactivity was detected against P. 

aeruginosa. 

2.2.2.4 Stage-2: Bioactivity Assays on the Fractions 

2.2.2.4.1 Microbial Assays 

Stage-2 focused on the most bioactive extract EtOAc, which was further fractionated via C18 

solid phase extraction into 16 fractions using mixtures of solvents of decreasing polarities 

(H2O:MeOH:EtOAc). The resulting fractions were tested against the two Gram-positive 

bacteria (Fig. 3). 
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Figure 3. Representative scheme of Stage-2: fractions obtained via C18 SPE of the EtOAc fraction from A. carterae 

LACW11, which were tested against Gram-positive bacteria. Activities are expressed in ɛg mLī1. The bioactivities of 

fractions I and J are highlighted. 

The four fractions H, I, J and K, demonstrated some anti-bacterial activity against S. aureus 

and E. faecalis (MICs from 16 to 256 µg mLī1). Fractions I and J showed good bactericidal 

activity against S. aureus with MBC value of 32 µg mLī1. In comparison, E. faecalis showed 

lower susceptibility to fractions I and J, which were still bacteriostatic, returning higher MIC 

and MBC values than those obtained for S. aureus. 

2.2.2.5 Chemical Profiling of the Bioactive Fractions 

Fractions G to K were first analysed by HPLC-DAD coupled to an evaporative light scattering 

detector (ELSD), evidencing major compounds by ELSD with UV profiles at wavelength 210 

nm (Figures S1ïS6). Due to the low amount of material available, a purification process could 

not be envisioned, and we used previously described m/z data  and MS fragments to assess the 

chemical composition of these five fractions. The UV profiles were then used as comparative 

data in UHPLC-DAD-HRMS to obtain the MS spectra of these major compounds. AM-type 

compounds were detected as major compounds in the bioactive fractions GïJ due to 

characteristic m/z and fragmentation data, but these compounds were absent in fraction K [29]. 

The retention times for the compounds of interest ranged from 3.4ï4.1 min with m/z 1343.8447, 

1361.8547, 1463.7927 and 1667.9270 during a 16 min UHPLC run (Table 1). The main 

fragments observed in the HRMS fragmentation spectra of the compounds at m/z 1343.8447, 



107 

 

1361.8547 and 1463.7927 (all [M+Na]+) were found at m/z 1085.6591 and 687.3940, while the 

main fragments of amphidinols/luteophanols were shown to be at m/z 903 or 1105 recently by 

Wellkamp et al. [29]. The only known derivatives with fragments at m/z 1085.6591 (C-29/C-

30) and 687.3940 (C-29/C-30 and C-1/C-10) were tentatively identified as AM-A (m/z 1361) 

and -B (m/z 1463) from the comprehensive analysis of Wellkamp et al. [29] and Cutigano et 

al. [28]. A third derivative at m/z 1667.9270 [M+Na]+ shares the same m/z to the sodiated 

parent-ion of AM-22 and could be tentatively assigned as such as the fragmentation pattern 

retains some key product-ions to AM-22 that was reported by Martinez et al. [25]. 

Table 1. AM derivatives present in fractions GïJ. 

 

 

 

The collision induced MS dissociation spectra obtained from fractions G, H, I and J evidenced 

the presence of some previously reported amphidinols [29]. Three already known compounds, 

putative AM-A, AM-B and AM-22, were found in fractions G, H and I. Another major 

derivative with m/z 1343.8447 [M+Na]+ was found in fraction J. The fragmentation pattern of 

Compound Fraction m/z 

observed 

Elemental 

Composition 

RT (min) ±ppm 

AM-B G, H 1463.7927 C69H125Na2O27S 4.13 0.2 

AM-22 I 1667.9270 C84H140NaO31 3.47 0.7 

AM-A I, J 1361.8547 C69H126NaO24 3.65 1.4 

Dehydrated AM-A J 1343.8447 C69H124NaO23 3.77 1.0 
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this compound was very similar to an unknown derivative, named N16, in Wellkamp et al. [29] 

with a main fragment at m/z 1085.6543 and no other fragment at 1100.  

The mass of this compound indicated that it could correspond to a dehydrated derivative of 

AM-A. The characteristic fragmentation pattern of AM-A leads to two major fragments at m/z 

1143 (C-32/C-33 fragmentation) and 1085 that follow a McLafferty rearrangement around the 

ketone at C-31. The change in fragmentation pattern between the new derivative dehydrated 

AM-A (N16) and AM-A with an absence of the fragment at m/z 1143 suggests that a loss of 

the hydroxyl group might occur at position C-33, but NMR data are needed to confirm this 

assumption. A comparative study was then performed on the different collected fractions 

targeting only the main amphidinol derivatives. Relative amounts of the LC-HRMS peaks for 

the putative AM derivatives were measured in the different fractions, assuming a similar 

response potential between these analogues (Table 2). AM-B appeared as the major AM in 

fractions G and H. AM-A appeared to be the major AM derivative in fraction I and dehydrated 

AM-A in fraction J. As both fractions were the most active on S. aureus, we can suggest that 

both compounds might be causing the activity against this strain. Even though fraction K was 

found to be active on the two Gram-positive strains, we could not detect any AM derivative. 

This activity should therefore originate from other metabolites to be further investigated. 

Table 2. Relative proportions of the main putative AM derivatives identified in fraction GïK. MIC values are expressed in 

µg mLī1. 

 Stage-2 Fractions 

 G H I  J K 

MIC S. aureus - 64 16 16 64 

MIC E. faecalis - - 64 128 256 

AM -B 100 100 0 0 0 

AM -22 0 0 8 0 0 

AM -A 0 0 92 8 0 

Dehydr ated 

AM -A 

0 0 0 92 0 
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2.2.3 Discussion 

There has been a pressing demand worldwide for the identification of new bioactive 

compounds to address the emerging issue of antibiotic resistance, which is associated with an 

increasing number of bacterial pathogens in both veterinary and human health settings 

[4,30,31]. The bioprospecting and screening of extracts obtained from natural sources, 

including marine organisms such as bacteria, microalgae, sponges, or molluscs, have led to the 

identification of pharmacologically active compounds with the potential for translation into 

novel drugs [5,13,21,24,25]. In particular, recent studies have reported the identification of 

various new bioactive from marine microbial sources [5,13,32]. Microalgae constitute a 

polyphyletic and heterogeneous group of protists that have been portrayed as promising 

bioresources to further exploit owing to the scalability of their cultivation and the range of 

bioactive molecules they are known to biosynthesise [9,33]. The marine dinoflagellate genus 

Amphidinium has been of interest for the production of several bioactive compounds [34ï36]. 

Amphidinium species such as A. carterae, A. massartii, A. klebsii and A. operculatum also 

produce molecules with antimicrobial potential, such as polyhydroxylated polyketides, which 

encompass an array of chemically related compounds such as amphidinols, amphidinolactones, 

lasonolide, iriomoteolides, amphirions, colopsinols, amphezonol, luteophanols or karatungiols 

[5,21ï25,37ï42]. There is a degree of genetic diversity among A. carterae isolates that has 

been previously revealed via the analysis of the large subunit rRNA gene, leading to the 

delineation of four subgroups based on the clustering of specific strains within defined clades 

in phylogenetic inferences [32,43]. Our strain, A. carterae strain LACW11 from the west of 

Ireland, grouped with other strains of subclade III, including strain DN241EHU previously 

analysed by Wellkamp et al. [29]. These strains seem to be the only isolates originating from 

the northwest European Atlantic area so far. Other species complexes have previously been 

identified in marine dinoflagellates, such as the Harmful Algal Bloom (HAB) species 
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Alexandrium tamarense, and sub-groups tend to show distinct biogeographic patterns in their 

global distributions [44]. There are far fewer sequences of Amphidinium available in GenBank 

compared to HAB species, but the isolates of A. carterae that cluster together with strain 

LACW11 within subclade-III appear to be globally distributed. In the context of potential inter-

strain variability in the bioactivity of extracts of distinct isolates of this species, and of their 

chemical make-up, akin to the existing variability of toxin profiles among some HAB species 

[45,46], questions do arise with regard to their composition in amphidinols, which could 

potentially be used as chemical markers for the four previously identified subclades. 

AMs were first described by Satake et al. [26] from purified extracts of the species 

Amphidinium klebsii. While recent studies have focused on the profiling of a different family 

of polyketide macrolides named amphidinolides, also produced in certain strains of 

Amphidinium and exhibiting high cytotoxicity, there are fewer reports on the polyhydroxylated 

polyketides of the amphidinol family, especially on their antimicrobial potential. Of 

significance, Morales-Amador et al. [47] were able to purify AM-20B, 24, 25, 26 and 

luteophanol D from the medium of a batch-culture of the strain A. carterae ACRN03, isolated 

from the Indian Ocean in La Reunion Island. Martinez et al. [25] on the other hand worked 

with a strain of American origin, CCMP1314, and confirmed the presence of AM-18, -19 and 

-22. The latter was purified, and subsequent bioactivity tests showed that these compounds did 

not exhibit antibacterial activity against MRSA, an MSSA strain of S. aureus. In our work, the 

collision-induced dissociation (CID) spectra (MS/MS) obtained from fractions G-J from A. 

carterae LACW11 revealed the putative presence of previously identified and reported 

amphidinols AM-A, AM-B and AM-22. Using a comparison of fragmentation patterns with 

known AMs, we suggest that a dehydrated AM-A derivative, also likely characterized as N16 

by Wellkamp et al. [29], would be the major component of fraction J. Fractions I and J 

exhibited the highest antibacterial activity against S. aureus and E. faecalis. As suggested by 
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the ELSD profiles, the major AMs present in our strain appeared to be AM-A (Fraction I) and 

Dehydrated AM-A (Fraction J). Interestingly, this AM profile shows a very high level of 

similarity with that of strain DN241EHU collected in Mallorca (Spain) in the Mediterranean 

Sea, as reported by Wellkamp et al. [29]. This strain is the only one containing the putative 

dehydrated derivative N16 of amphidinol A and therefore the Irish strain appears to represent 

a second example of a strain producing this derivative. The combination of chemical profiles 

and the bioactivities of the fractions leads to the conclusion that AM-A and its new dehydrated 

derivative could be responsible for the antibacterial activity detected in the extracts. These 

results also confirm that AM-22 does not exhibit a significant antibacterial activity on the tested 

strains, but also that non-AM derivatives could be responsible for antibacterial activity in 

fraction K. Previous studies reported the isolation and structure elucidation of metabolites from 

Amphidinium spp. with bactericidal, fungicidal, anti-cancer and hemolytic bioactivities 

[21,24,25,48]. Here, the initial EtOAc extract of A. carterae LACW11 showed promising 

bioactivity against Gram-positive bacteria, in particular S. aureus. Then, the two fractions I and 

J resulting from the SPE-based purification process, showed inhibitory and bactericidal 

activities against S. aureus at 16 µg mLī1 and 32 µg mLī1, respectively. Kubota et al. [49] 

reported similar MICs, albeit using purified compounds, for Amphidinins CïF and 

Amphidinolide Q extracted from Amphidinium sp. (2012-7-4A strain) against E. coli, S. aureus, 

Bacillus subtilis, Aspergillus niger, Trichophyton mentagrophytes and Candida albicans. Other 

polyketide derivatives extracted from Amphidinium species, such as karatungiols or 

amphirionin-2, have also shown bioactivity against fungi and human cancer cell lines [41,50]. 

Interestingly, AM-3 showed a mechanism of action similar to that of other polyene antibiotics 

such as amphotericin B and filipin [27]. It has been suggested that AMs may interact with 

membranes, leading to their permeabilization via pore formation and subsequent cell death 

[51,52]. It is noteworthy that our AM-containing extracts showed much greater activity against 
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S. aureus and E. faecalis compared to E. coli and P. aeruginosa, which may reflect fundamental 

differences in cell membrane and peptidoglycan characteristics between Gram-positive and 

Gram-negative bacteria. Antimicrobial activity against E. faecalis was also observed in the 

present study, with MIC and MBC values ranging from 60 to 250 µg mLī1 and 1000 to 8200 

µg mLī1, respectively, showing bacteriostatic activity similar to that of some macrolides (e.g., 

erythromycin), which can become bactericidal at higher doses [53,54]. It is noteworthy that 

some bioactivity against E. faecalis was recorded for fraction K, in which no amphidinol was 

detected. Moreover, fractions G and H, which both appeared to contained AM-B, returned very 

moderate antibacterial activities. These results indicate the presence of other bioactives in these 

fractions, and/or potential synergistic effects with other compounds. Future work will focus on 

purifying the new putative dehydrated AM-A detected in our strain and on characterizing both 

its structure and antibacterial activity. Subjecting the microalgal cells to varying incubation 

regimes may also lead to the potential observation of variations in the profile of the AMs this 

species can synthesize. 

2.2.4 Materials and Methods 

2.2.4.1 Amphidinium carterae cultivation 

A batch culture of A. carterae LACW11 isolated from the northwest of Ireland was prepared 

in a sterile 10 L glass bottle (6.1 L final volume culture) fitted with a 2-port vented cap at a 

starting concentration of 0.5 mg mLī1 (wet biomass) in f/2 medium without silicate [55,56]. 

The culture was incubated for 30 days at 20 ±1 oC under ca. 60ï80 ɛmol mī2 sī1 illumination 

provided by light emitting diode panels (white light) and a 14:10 light:dark photoperiod. 

Aeration through a 0.22 µm filter airline was provided at a rate of 210 mL minī1. On day 30, 

the cells were harvested by centrifugation at 2,000 rpm for 5 min to collect the biomass, which 
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was then desalted with 1 mL of 0.5 M ammonium formate prior to overnight freeze-drying 

(Scanvac. MillRock, Kingston NY) and subsequent storage at -20oC. 

2.2.4.2 DNA extraction, partial 28SrDNA gene PCR and sequencing 

DNA extraction was carried out using the E.Z.N.A. Plant DNA kit (Omega Bio-Tek, Norcross, 

GA, USA). PCR targeting the D1D2 domain of the 28S rRNA ribosomal gene was performed 

using the 1X DreamTaqÊ Green PCR Master MIX (Thermo Fischer Scientifics, Waltham, 

MA, USA) using the primers D1R (forward, 5ǋ ACCCGCTGAATTTAAGCATA 3ǋ) and D2C 

(reverse, 5ǋCCTTGGTCCGTGTTTCA AGA 3ǋ) [57]. The thermocycling program was as 

follows: 94 oC for 3 min then 35 cycles consisting each of 94 oC for 1 min (denaturation), 52 

oC for 1 min (annealing) and 72 oC for 3 min (extension). A final extension step of 72 oC for 6 

min was included prior to gel electrophoresis that was carried out using a 1% agarose 1X Tris-

acetate-EDTA buffer gel stained with Gel Red and observed under UV light in a 

transilluminator. The amplicon was purified using the E.Z.N.A  Cycle Pure Kit (Omega BIO-

TEK, Norcross, GA, USA) prior to external sequencing (MWG-Eurofins, Ebersberg, 

Germany). 

2.2.4.3 Phylogenetic inference 

The A. carterae LACW11 sequence was run through BLAST against other deposits in the 

NCBI database. Several Amphidinium spp. and dinoflagellate LSU rDNA sequences were 

imported from GenBank to generate a multiple sequence alignment using Clustal W and Mega 

X [58]. A phylogenetic tree was constructed using a Neighbor-Joining matrix with a Tamura-

Nei model and a discrete Gamma distribution (TN93+G) [59]. Maximum likelihood was 

chosen using a number of three threads on nucleotide substitution. The robustness of the tree 

typology was determined via bootstrap analysis of 1,000 replicates. 
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2.2.4.4 Extraction and fractionation of the biomass 

The extraction and antimicrobial activity tests were carried out in two phases. For stage-1, 850 

mg of freeze-dried biomass was homogenised for 2 min with 55 mL of diethyl ether (Et2O) 

then stored at 4 oC for 24 h. The extract was centrifuged at 2,000 rpm for 3 min and the 

supernatant evaporated using a rotary evaporator (Et2O). The residual cellular materials 

collected after centrifugation of the initial Et2O extract were further extracted in 55 mL of 

MeOH for 24 h at 4 o C. Following centrifugation at 2,000 rpm for 3 min, the extract was 

evaporated to dryness under reduced pressure. A liquidïliquid partition (1:1 v/v) was then 

carried out on this residue using 2 mL of EtOAc and 2 mL of deionised water (H2O), returning 

two phases which were separately collected as fractions EtOAc and H2O, respectively. All 

three extracts were dried and weighed prior to storage at -20 o C and subsequent antimicrobial 

activity tests. 

Stage-2 focused on EtOAc extract based on the result of the first round of antimicrobial tests. 

EtOAc (108 mg) extract was resuspended in EtOAc and transferred to a 50 mL round bottomed 

flask containing 600 mg of C18 powder (POLYGOPREP 60-50 µm C18, Allentown, PA, USA). 

The suspension was evaporated under reduced pressure. A C18 SPE Cartridge (Agilent Bond 

Elut Mega BE-C18 1 gram 6 mL, Santa Clara, CA, USA) was conditioned with MeOH (2 × 6 

mL) followed by H2O (2 × 6 mL). Once conditioned, the dried sample absorbed in the C18 was 

loaded to the column. In total, 16 fractions (12 mL each) were recovered by eluting solvents of 

decreasing polarity: (A) 100% H2O, (B) H2O:MeOH (90:10 v/v), (C) H2O:MeOH (80:20 v/v), 

(D) H2O:MeOH (70:30 v/v), (E) H2O:MeOH (60:40 v/v), (F) H2O:MeOH (50:50 v/v), (G) 

H2O:MeOH (40:60 v/v), (H) H2O:MeOH (30:70 v/v), (I) H2O:MeOH (20:80 v/v), (J) 

H2O:MeOH (10:90 v/v), (K) 100% MeOH, (L) MeOH:EtOAc (80:20 v/v), (M) MeOH:EtOAc 

(60:40 v/v), (N) MeOH:EtOAc (40:60 v/v), (O) MeOH:EtOAc (20:80 v/v) and (P) 100% 
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EtOAc. Samples were evaporated under reduced pressure and weighed prior to storage at ī20 

°C for further chemical and antibacterial activity analyses. 

2.2.4.5 Chemical profiling of the fractions by HPLC and UHPLC-MS 

Approximately 0.2 mg of dried extract of the 16 fractions (A to P) was dissolved in the 

corresponding fraction solvent at a concentration of 1 mg mLī1 prior to chemical profiling. 

Chemical profiling was first performed on a HPLC-DAD-ELSD (Agilent Infinity 1260 Quat. 

pump and UV-DAD, Agilent technologies 385-ELSD). The column used was a 4.6 mm × 250 

mm i.d., 5 µm, symmetry C18 (Waters, Wexford, Ireland). Mobile phase A was H2O with 6.7 

mM ammonium formate and mobile phase B was acetonitrile and 6.7 mM ammonium formate.  

The gradient was from 30% B until 5 min, 30ï90% B over 20 min and held for 7 min, then 

returned to 30% B over 2 min at 1.0 mL minī1, held for 1 min, and returned to the initial 

conditions, 30% B, over 1 min and held for 5 min to equilibrate the system. UV detection was 

performed at 210, 254 and 290 nm. The injection volume was 30 µL and the column and sample 

temperatures were set at 40 °C and 10 °C, respectively.  

Samples were then run in positive MSe (200ï3000 m/z) and MS/MS modes. High resolution 

mass spectral data were obtained with an Agilent 6540 qTof mass spectrometer UHPLC-DAD-

HRMS. MS/MS resolution was extremely poor on our machine which was overdue an 

extensive service. No fragmentation of targeted masses presented itself in the CID spectra on 

both untargeted and targeted MS/MS runs. To get around this issue in order to provide some 

diagnostic fragments for structure postulation samples were run in MSe with collision energy 

applied at the source instead of the collision cell. This led to few but some key diagnostic 

fragments for the amphidinols present. The cone voltage was 40 V, collision energy was 75 

eV. The cone and desolvation gas flows were set at 300 and 12 L minī1, respectively, and the 

source temperature was 300 °C. A binary gradient elution was used, with phase A consisting 
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of water and phase B of acetonitrile in water (both containing 6.7 mM ammonium formate). 

The column used was a 50 mm × 2.1 mm i.d., 1.7 µm, Acquity UPLC BEH C18 (Waters, 

Wexford, Ireland). The gradient was from 30ï90% B over 11 min at 0.4 mL minī1, held for 1 

min, and returned to the initial conditions over 1 min and held for 2 min to equilibrate the 

system. The injection volume was 5 µL and the column and sample temperatures were 40 °C 

and 10 °C, respectively. 

 

2.2.4.6 Microbiological assays 

2.2.4.6.1 Bacterial strains 

Microbiological assays were carried out using the Gram-positive S. aureus ATCC 25923 and 

E. faecalis ATCC 29212, and the Gram-negative E. coli ATCC 25922 and P. aeruginosa 

ATCC bacterial controls. The strains were grown on solid agar media then incubated at 37 °C 

overnight prior to carrying out the bioassays. The strains were grown in selective agar media: 

Bile Aescuilin Azide for E. faecalis, Mannitol Salt Agar for S. aureus and MacConkey agar for 

both E. coli and P. aeruginosa. All media were manufactured by Oxoid (Basingstoke, UK). 

2.2.4.6.2 Determination of Minimum Inhibitory Concentrations 

The susceptibility tests were carried out using a broth microdilution assay based on the CLSI 

2020 guidelines [60]. One colony of each ATCC strain was inoculated in 5 mL of Brain 

Heart Infusion (BHI) broth for 4 hours prior to carrying out a dilution at a final concentration 

of 105 colony forming units (cfu) per mLī1 for inoculation of the wells of a 96-well plate in 

0.1 mL of sterile Muller-Hinton broth (MHB). 

For the stage-1 fractions, the dried microalgal extracts were dissolved in 4% DMSO for the 

H2O fraction, and 10% acetone in water for fractions Et2O and EtOAc (n=3).  
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For the stage-2 fractions, all the extracts (A to P) were dissolved in 10% acetone in water. Prior 

to bacterial inoculation, serial dilutions (1:2) of the extracts were performed from the 1st to the 

11th wells of a row of a 96-well plate with a final volume of 100 ɛL of MHB. The 12th well 

was used as a bacterial growth control. 

The antibiotics kanamycin and colistin were used as positive controls for the gram-positive and 

negative bacterial species, respectively. Control wells of MHB and solvents were also included. 

Triplicate wells were used for all the samples and the plates were incubated at 37 oC for 14ï18 

h. Nitro blue tetrazolium chloride (NBT) (1 mg mLī1) was then added to each well and 

incubated for 30 minutes to determining the MIC points, based on the ability of bacteria to 

reduce NBT to formazan, as previously described [61]. 

2.2.4.6.3 Determination of Minimum Bactericidal Concentration 

Wells above the MIC value was plated in Muller-Hinton agar and incubated at 37 °C overnight. 

The MBC value was identified by determining the lowest concentration of antibacterial agent 

that kills Ó99.9% of the bacterial population. Antibacterial agents are usually regarded as 

bactericidal if the MBC value is no more than four-fold the MIC value. 

2.2.5 Conclusions 

SPE-based fractionation of extracts from an Irish isolate of A. carterae, which grouped 

genetically with strains from other geographic areas within sub-clade III, returned bioactivity 

against the Gram-positive bacteria S. aureus and E. faecalis. The activity against S. aureus was 

mostly associated with fractions I and J, where amphidinols AM-A and dehydrated AM-A were 

present. Fraction K returned minor activity against E. faecalis but did not contain known AMs 

while fractions G and H, which contained AM-B, also did not return noteworthy antibacterial 

activity. Further fraction purification and testing of individual compounds is warranted. 

6. Patents: N/A  
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Abstract: An Irish strain of the dinoflagellate was previously shown to produce antibacterial 

amphidinol derivatives of unknown masses. Inspection of the major metabolites present in a bulk 

culture of this strain led to the isolation and structure elucidation of a new amphidinol C derivative 

featuring an unprecedented tetrahydropyrane ring between the positions C-7 and C-11. The structure 

was determined using extensive analyses of NMR and MS data and comparison with data of analogues. 

The new ring was proposed to stem from a nucleophilic substitution of the sulfate present on the side 

chain of Amphidinol B. The major metabolites isolated were tested for their antibacterial and antifungal 

activities. Amphidinol C was tested for antibacterial and antifungal activity and only fungicidal activity 

was observed against yeast and filamentous fungi at 8-16 µg mLī1. 
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2.3.1  Introduction 

Microalgae have become a hotbed for natural product researchers in the search for new and 

bioactive metabolites. The large diversity of chemical structures isolated from microalgae 

makes them ideal candidates for drug discovery. Dinoflagellates, in particular, are known for 

their ability to produce a variety of secondary metabolites which are sometimes toxic and/or 

can have a wide range of biological and pharmaceutical applications.1, 2 The focus on 

microalgae for metabolite production is also linked to the ability of large-scale laboratory 

cultures allowing the production of metabolites in sufficient amount for biodiscovery.3 

Dinoflagellates of the genus Amphidinium occur both in temperate and tropical waters and 

they have been found to produce a large array of highly complex metabolites of polyketide 

origin such as amphidinols, amphirionins, karatungiols and other macrolides.4-9 Amphidinols 

(AMs) are long and polycyclic polyhydroxy polyketides which have proven to show potent 

antifungal, ichthyotoxic, hemolytic, cytotoxic, antiprotozoan or antidiatom activities.10, 11 The 

structure of the first amphidinol was reported in 1991 from the dinoflagellate Amphidinium 

klebsii and almost 30 amphidinols have since been isolated from various Amphidinium spp.12, 

13 

Amphidinium carterae is a widely distributed species of dinoflagellate which has a large 

variation in amphidinol composition reported to be strain specific.13 Previous studies on 

methanolic fractions containing amphidinol derivatives from the Irish strain LACW11 of A. 

carterae indicated strong activity against S. aureus and E. faecalis.14 One of the major 

compound was characterized by LC-MS with a molecular mass corresponding to a dehydrated 

derivative of amphidinol A. The strain was then cultured at large-scale and a deep chemical 

investigation was undertaken with a focus on this new mass. Herein, we describe the isolation 

and structure elucidation of the new amphidinol C. Further, amphidinol C was tested against a 

panel of Gram-Positive and Gram-negative bacteria as well as yeast and filamentous fungi. 
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2.3.2  Results and Discussion  

 

Figure 1. Chemical structures of the new amphidinol C (1), and the known amphidinols A (2) and B (3). 

Compound 1 was obtained as an off white amorphous solid (1.2 mg) from 7.0 g of freeze-dried 

biomass of A. carterae. The molecular formula of 1 C69H124NaO23 was deduced from the 

observation of the  [M+Na]+ adduct at m/z 1343.8415. The compound was found to belong to 

the amphidinol family by the presence of two characteristic methyl doublets at ŭH 0.94 (d, J = 

7.0 Hz, 3H, H-67) and 0.96 (d, J = 6.5 Hz, 3H, H-66) in its 1H-NMR spectrum and the presence 

of 25 oxygenated carbons together with 9 unsaturated carbons corresponding to 4 olefins and 

a ketone with a characteristic signal at ŭC 211.3 (C-13) among the 69 non-equivalent carbons 

observed in the 13C NMR spectrum of 1. Comparison of the 1H NMR spectrum of 1 with those 

of different amphidinols revealed a high level of similarity with the spectra of amphidinol A 

(2) and B (3) recently isolated from another strain of A. carterae,15 described themselves as 

shorter analogues of amphidinol 18 and 19.5 Most regions of the 1H NMR spectra of 1-3 were 

superimposable apart from the signals corresponding to the northern part of the molecule and 

more precisely the subunit C-7/C-11. As the molecular formula suggested the loss of a 
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molecule of water compared to AM-A, we first assumed that 1 was a dehydrated product of 

AM-A that could lead to a conjugated ketone at C-13. However, the 13C-NMR spectrum of 1 

did not evidence any additional olefin compared to AM-A and B and the chemical shift of the 

signal corresponding to the ketone at C-13 was not consistent with a conjugation. Due to a 

series of overlap of signals in the 1H NMR spectrum, we assigned all spin coupled systems 

using COSY, HSQC and H2BC experiments. The deshieldings of the signals corresponding to 

the carbons C-7 and C-11 at ŭC 79.4 and 75.6 compared to the corresponding signals in AM-A 

suggested a substitution on the oxygens of both alcohols. A large splitting of the signals of the 

geminal diastereotopic protons for H-8, H-9 and H-10 were consistent with a ring between 

these two positions. As the HMBC spectrum did not evidence any clear H-7/C-11 nor H-11/C-

7 correlation, we had to rely to the NOESY spectrum to give additional proof of the presence 

of this ring. Gratifyingly, the observation of key H-7/H-11/H-9b nOes came as confirmations 

of this tetrahydropyrane (THP) ring. At the same time, the H-7/H-11 nOe revealed a cis diaxial 

orientation for both H-7 and H-11 protons. A nOe was observed between H-29/H-31 which 

was indicative of an E configuration around the double bond at C-30/C-31 while a coupling 

constant of 15.5 Hz between H-52 and H-53 was reminiscent of the same E configuration for 

this second olefin. When comparing our NMR data in CD3OD with some of AM-B, we noticed 

that AM-B had been previously reported with some discrepancies observed in the numbering 

of the carbon chain and we therefore bring some corrections in the table below (Table 1).15 

 

Figure 2. a. nOe for the first tetrahydropyran ring between C-7 and C-11 for 1; b. proposition of transformation of AM-B 

into dehydrated AM-A (1). 
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Table 1. 1H NMR (600 MHz) and 13C NMR data (150 MHz) for Compound 1 and AM-B15 in CD3OD. 
Compound 1 AM-B 

pos. 
ŭC ŭH , mult., J in 

Hz 
pos. 

ŭC ŭH , mult., J in 

Hz 

pos. ŭC ŭH , mult., J in 

Hz 

pos. ŭC ŭH , mult., J in 

Hz 

1a 

 

1b 

67.5 3.47, dd 11.0, 

5.0;  

3.41, dd 11.0, 

6.5 

36 67.5 3.97 m 1a 

 

1b 

67.1 3.44, dd, 11.0, 

6.0 

3.51, m 

36 67.2 4.00, m 

2 73.4 3.56, m 37 30.5 1.79, m 2 73.0 3.61, m 37 30.2 1.82, m 

3a 

3b 

34.6 1.48, m 

1.35, m 

38 75.8 3.49 m 3 34.2 1.41, m 38 75.5 3.55, m 

4a 

4b 

26.8 1.44, m 

1.40, m 

39 74.7 3.60 m 4a 

4b 

26.6 1.52, m 

1.43, m 

39 74.0 3.64, m 

5a 

 

5b 

26.9 1.44, m 

 

1.35, m 

40a 

 

40b 

32.5 1.97, br d 13.5 

1.56, m 

5 25.8 1.48, m 40a 

40b 

32.1 2.00, m 

1.60, m 

6a 

6b 

37.6 1.46, m 

1.40, m 

41 27.9 2.42, m 

2.09, m 

6a 

6b 

35.2 1.70, m 

1.50, m 

41 27.7 2.45, m 

2.15, m 

7 79.4 3.31, m 42 151.5 - 7 80.3 4.39, m 42 151.3 - 

8a 

8b 

32.7 1.59, m 1.17, qd 

11.5, 3.5 

43 76.9 4.19, d 9.0 8a 

8b 

35.3 1.70, m 

1.50, m 

43 76.4 4.22, d 8.8 

9a 

9b 

24.7 1.83, m 

1.58, m 

44 75.2 3.35 m 9a 

9b 

21.9 1.60, m 

1.49, m 

44 75.1 3.38, m 

10a 

10b 

32.7 1.61, m 

1.19, qd 13.0, 

4.5 

45 70.5 4.04 m 10a 

10b 

38.4 1.55, m 

1.48, m 

45 70.4 4.07, m 

11 75.8 3.79, br dd 10.0, 

9.0 

46 31.6 2.09, m 

1.55, m 

11a 

11b 

68.6 4.09, m 46 31.5 2.12, m 

1.60, m 

12 50.9 2.61, d 9.0 47 67.4 4.05, m 12 51.6 2.65, m 47 69.2 4.07, m 

13 211.

3 

- 48 68.7 4.04, m 13 211.6 - 48 68.6 4.07, m 

14 51.8 2.62, m 49 80.7 3.75, d 10.0 14 51.6 2.65, m 49 80.4 3.78, m 

15 69.4 4.00, m 50 71.9 3.96, m 15 68.8 4.07, m 50 71.9 3.99, m 

16a 

16b 

35.8 1.55, m 

1.40 m 

51 74.3 4.36, dd 8.0, 3.0 16a 

16b 

35.5 1.50, m; 1.40, m 51 74.1 4.39, m 

17a 

17b 

33.3 1.61, m 

1.12, m 

52 128.6 5.60, dd 15.5, 

8.0 

17a 

17b 

33.0 1.62, m; 1.15, m 52 128.1 5.63, dd 15.0, 

7.5 

18 30.9 1.67, m 53 136.1 5.79, dt 15.5, 

7.0 

18 30.2 1.70, m 53 135.6 5.82, dt, 15.0, 

6.5 

19a 

19b 

41.6 1.47, m 

1.36, m 

54 33.8 2.08, m 19a 

19b 

41.8 1.50, m; 1.40, m 54 33.2 2.10, m 

20 73.4 3.52 m 55 30.6 1.40, m 20 73.3 3.55, m 55 30.8 1.44, m 

21 72.8 3.51 m 56-

61 

30.8 1.31, m 21 72.6 3.50, m 56-

61 

30.6 1.35, m 

22 38.5 1.68, m 

1.39, m 

62 30.4 1.30, m 22 38.3 1.50, m; 1.40, m 62 30.6 1.33, m 

23 31.3 2.14, m 63 35.1 2.05, q 7.5 23 31.0 2.18, m 63 34.4 2.08, m 

24 77.3 3.36, dd 7.0, 2.0 64 140.4 5.80, m 24 77.2 3.39, m 64 135.8 5.81, m 
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25 72.5 3.67, m 65a 

65b 

114.7 4.98, br d 16.5 

4.91, br d 10.5 

25 72.5 3.71, m 65a 

65b 

114.3 5.01, m 

4.94, br d 10.7 

26a 

26b 

42.0 1.98, br d 14.0 

1.51, m 

66 21.2 0.96, d 6.5 26a 

26b 

41.7 2.02, m 

1.56, m 

66 20.8 0.99, d 6.9 

27 71.7 3.87, m 67 14.0 0.94, d 7.0 27 71.4 3.90, m 67 13.7 0.97, d 7.0 

28a 

28b 

36.7 1.68, m 

1.59, m 

68 17.4 1.75, s 28a 

28b 

36.7 1.71, m; 1.63, m 68 17.0 1.78, s 

29a 

29b 

36.8 2.21, m 

2.12, m 

69a 

69b 

113.2 5.07, br s 

4.98, br s 

29a 

29b 

36.4 2.24, m; 2.17, m 69a 

69b 

112.7 5.10, s 5.01, s  

30 139.

3 

-    30 139.2 -    

31 126.

5 

5.48, br d, 9.0    31 126.0 5.52, d 8.5    

32 68.0 4.56, br d, 9.0    32 67.6 4.58, dd 8.5, 1.5    

33 72.5 3.68, br d, 9.0    33 72.4 3.70, m    

34 79.3 3.96, br d, 9.0    34 79.2 3.99, m    

35 69.0 4.04, m    35 67.2 4.07, m    

 

Due to the low natural abundance of amphidinols, it is usually not straightforward or even 

impossible to determine their relative/absolute configurations by spectroscopic methods. Even 

though computational methods have made enormous improvements in recent years, the 

technique is not appropriate for highly complex molecules like amphidinols. Organic synthesis 

is then the only alternative route to assess with confidence the configurations of the stereogenic 

centers. In the amphidinol family, amphidinol 3, with a planar structure first reported in 199112 

and a spatial arrangement proposed in 1999,16 has been targeted for total synthesis by the group 

of Oishi. Their immense efforts culminated recently in the total synthesis of this polyketide 

that led to successive revisions of the relative/absolute configurations of all stereogenic 

centers.17, 18  The planar structures of amphidinol 3 and amphidinol A and  B being identical 

between C-19 and C-55 and the chemical shifts of the NMR signals of compound 1 and AM-3 

being comparable for this region, we propose the same configurations for this core part of all 

analogues of AM -A (Figure 1).17 Combinatorial syntheses of the C-1/C-14 subunit found the 

hydroxy groups to be R at positions C-2, C-6 and C-10 for AM-3.19, 20 For AM-A the hydroxyls 

are in positions C-2, C-7 and C-11 and their absolute configuration is currently undescribed 

but we can only propose a 2R configuration by biosynthetic considerations. Labelling 
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experiments have shown that the C-1/C-14 moiety is formed though the addition of repeating 

acetate units which would indicate that the stereochemistry of the hydroxyls should be 

conserved along the polyol chain.21 The hydroxyl positions of AM-3 differ from 1 and any 

definitive conclusion would then be premature at that stage. However, respecting the 

biosynthetic logic we could presume that the three-remaining hydroxyl at C-7, C-11 and C-15 

being separated by three methylenes should have the same configurations leading to syn 

relative configurations (Figure 1).  

The bioactivity of amphidinol C (1) was tested against a panel of pathogens (Table 2). Only 

antifungal activity was confirmed at the doses tested, returning minimum fungicidal 

concentrations of 8 and 16 µg mLī1 against Aspergillus fumigatus and Candida albicans, 

respectively. These activities are similar to those obtained for other amphidinols against similar 

fungi.4, 5, 22, 23 

Table 2. MIC and MCF in µg mL
ī1 

for amphidinol C (1) against bacteria (Gram-positive and Gram-negative), yeast and 

filamentous fungi strains. ATCC= American Type Culture Collection, MRSA= Methicillin Resistant Staphylococcus 

Aureus, CA= Community Acquired, LA= Livestock-Ac 
Strain MIC  MFC 

Aspergillus flavus 

ATCC 204304 
4 8 

Candida albicans 

ATCC 90028 
16 16 

Staphylococcus aureus 

ATCC 25293 
>32 - 

CA-MRSA  

USA 300 
>32 - 

HA-MRSA 

HU25 
>32 - 

LA-MRSA 

ATCC BAA-2313 
>32 - 

Staphylococcus epidermidis 

ATCC 35894 
>32 - 

Enterococcus faecalis 

ATCC 29212 
>32 - 

Escherichia coli  

ATCC 25922 
>32 - 

Pseudomonas aeruginosa 

ATCC 27853 
>32 - 
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2.3.3  Conclusion 

Microalgae and their associated compounds present a promising source of novel therapeutics 

and anti-microbial agents. Their ability to be cultured in laboratories at large-scales gives them 

enormous advantages over the isolation of natural products from more typical marine 

organisms like sponges which have in the past been major producers of marine drugs. 

Amphidinols have been reported to have antifungal, cytotoxic and haemolytic activity with 

AM3 being the most active of all the analogues.4, 5, 8 Their activity comes from their pore-

forming ability of liposomes containing membrane sterols.24, 25 Amphidinol C (1), a dehydrated 

analogue of amphidinol A (2) was the major amphidinol present in the strain LACW11 of A. 

carterae. Strain variation in relation to concentration and differences in analogue production 

has been reported which suggest the continued importance of further chemical and genetic 

investigations into this species of dinoflagellate. 

2.3.4 Experimental 

2.3.4.1 General procedures 

Optical rotations were recorded on a Unipol L1000 (Schmidt+Haensch) polarimeter equipped 

with a 10-cm cell. CD spectra were acquired using Jasco J-810 (CD) spectrometer. UV 

measurements were obtained by extraction of the DAD signal of UHPLC Dionex Ultimate 

3000 (Thermo Scientific). NMR experiments were performed on a 600 MHz spectrometer 

equipped with a cryoprobe (Varian). Chemical shifts (ŭ in ppm) are referenced to the carbon 

(ŭC 49.0) and residual protons (ŭH 3.31) signals of CD3OD. High-resolution mass spectra were 

obtained from a mass spectrometer Agilent 6540 in ESI(+). Semi-Preparative purifications 

were performed using an HPLC-UV equipped with a Jasco PU-2087 pump and UV-2075 

detector (Tokyo, Japan). 
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2.3.4.2 Bacterial strains 

Microbiological assays were carried out using S. aureus ATCC 25923, E. faecalis ATCC 

29212, Candida albicans ATCC 90028 and Aspergillus flavus ATCC 204304.  The strains 

were grown in selective agar media (Bile Aescuilin Azide (BEA) for E. faecalis, Mannitol Salt 

Agar (MSA) for S. aureus) then incubated at 37°C overnight prior to carrying out the bioassays.  

Sabouraud Dextrose Agar (SDA) and overnight incubation at 35o C were used for C. albicans.  

All media were manufactured by Oxoid (Basingstoke, UK). 

2.3.4.3 Determination of Minimum Bactericidal and Fungicidal Concentration 

A volume of 50 µl from all the wells above the MIC point were inoculated in Muller-Hinton 

agar media. The plates were further incubated for 24 h and 48 h for bacterial and yeast, 

respectively. The Minimum bactericidal/fungicidal concentrations were then identified as the 

lowest concentration of compound returning no growth. All analyses were performed in 

triplicates. 

2.3.4.4 Extraction and Isolation 

The freeze-dried biomass (7 g) was extracted with MeOH (5 × 80 mL) aided with sonication 

(5 min) and centrifuged (10 min × 4500 rpm). The extract was further fractionated by polarity, 

separating the most polar compounds (hydrophilic) from the most non-polar compounds 

(lipophilic). The extract (2622.0 mg) of the microalgae was fractionated by elution with a 

gradient of H2OïCH3OH from 100:0 to 0:100, using C18 reverse phase VLC method. Fraction 

4 (97.0 mg) and 5 (1350.8 mg) were found to contain our compounds of interest. Fraction 5 

was further fractionated via RP-C18 VLC by eluting methanol:water 80:20 v/v until complete 

elution of amphidinol like compounds. The eluent was analyzed with the LCMS until low 

concentrations of the target compounds were eluting. Fraction 4 and the eluent from fraction 5 

was combined to a mass of 149.42 mg and were separated into subfractions by using reversed 
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phase semi-preparative HPLC (C18 column 5 µm, 250×10mm Xselect) with gradient of solvent 

A: H2O, solvent B:CH3CN. 0-40 min:70-90% B resulting in 19 peaks. Peak 16 (6.66 mg) was 

repurified using analytical HPLC (T3 column 5 µm, 4.6×10mm Xselect HSS) resulting in the 

isolation of compound 1 (1.2 mg).  
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3.  Conclusion 

This project on the study of Irish marine dinoflagellates had several aims:  

¶ to culture Am. languida in a continuous fashion to then produce enough AZA-38 and -

39 for structure elucidation with NMR, 

¶ to test if toxins from Am. languida could accumulate in the tissue of the blue mussel 

(Mytilus edulis) commonly farmed on the Irish coast, 

¶ to test if AZA-38 and -39 were present in farmed shellfish samples and  

¶ to isolate new bioactive compounds from A. carterae extracts. 

The first aim was achieved by the successful bulk culturing of the species Am. languida using 

a prototype photobioreactor developed at the Marine Institute. The reactor was designed 

inhouse and purpose built for the continuous production of planktonic microalgal biomass. This 

design allows for continuously production of biomass and consequentially, cheaper certified 

reference material to aid monitoring of shellfish tissues. From the HP20 extracts produced by 

Am. languida cultures, we were able to purify for the first time 450 ɛg of the major metabolite 

AZA-39 (chapter 1). Using 1D and 2D NMR experiments the structure of AZA-39 was revised 

from the first hypothesis. Unfortunately, we were not able to purify enough AZA-38 for 

elucidation with NMR. In future, this study could be repeated in efforts to isolate AZA-38 and 

then determine the relative toxicity of both compared to AZA-1. 

For the second aim we used a feeding study to show the potential of both toxins becoming an 

issue for the Irish shell fishing industry (chapter 2). We showed that azaspiracids produced by 

Am. languida have the potential to bioaccumulate in mussels as similarly to AZAs produced 

by Az. spinosum. Like AZA-1 and -2 present in Az. spinosum, AZA-38 and -39 undergo similar 

biotransformationôs mainly corresponding to oxidations on ring E. In total, we postulated the 

structure of 8 new azaspiracid analogues and identified the presence of AZA-38 and -39 in 
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tissue samples from Irish shellfish farms. We suggest this work could be continued by 

increasing the scale of the feeding study and isolating the new analogues presented here. 

Understanding their toxicity would help mitigate any potential dangers of future intoxications. 

In addition, a survey of farmed shellfish tissue samples could be conducted monthly for several 

years to get more data on the presence of the toxin in shellfish tissues origination around the 

Irish coast.  

The fourth aim was achieved by firstly performing a SPE-based fractionation of extracts from 

an Irish isolate of Amphidinium carterae (chapter 3). Methanolic fractions returned bioactivity 

against the Gram-positive bacteria, S. aureus and E. faecalis.  Fraction I and J were the most 

active against S. aureus and contained substantial concentrations of AM-A and dehydratedAM-

A. Fractions G and H had mild activity against E. faecalis and was found to contain the less 

active sulphated version of AM-A, AM-B (chapter 3). 

Batch culturing then produced enough biomass for the isolation of amphidinol C, a dehydrated 

analogue of amphidinol-A, the major amphidinol present in the strain LACW11 of A. carterae 

(chapter 4). Strain variation in relation to concentration and differences in analogue pro- 

duction has been reported which suggest the continued importance of further chemical and 

genetic investigations into this species of dinoflagellate. This compound showed specific and 

moderate activity towards the fungus Aspergillus flavus. We recommend scaling up the 

production of biomass as we found several other m/z with fragmentation patterns and retention 

times indicating their likely amphidinolide nature but were unable to isolate enough material 

for structure elucidation with NMR. 

We believe that this project has been a success in developing our understanding of both 

azaspiracid chemistry and ecology. It can be used as a foundation for the continued study of 

Am. languida, itôs associated toxins and their impact on the Irish shell fishing industry. 
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Additionally the successful isolation of a bioactive amphidinolide shows the antimicrobial 

potential of compounds isolated from marine microalgae and highlight them as a source for 

novel therapeutics and chemical scaffolds for future studies. 
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5. Appendix 

5.1  Chapter 1 - Supplementary Data - Production of the Dinoflagellate 

Amphidoma languida in a Large-Scale Photobioreactor and Structure 

Elucidation of its Main Metabolite Azaspiracid-39 

Tables 

Table S1: Cell density and pH data from early failed attempts at large-scale cultivation. 

Table S2: measurements from PBR1 study 

Table S3: PBR1 toxin results from SPE extractions. Results in grey indicate harvest days  

Table S4: PBR1 toxin results from óvial methodô extractions. Results in grey indicate harvest days.  

Table S5: measurements from PBR2 study  

Table S6: PBR 2 toxin results from óvialô method extractions. 

Table S7: Comparison of the average toxin amounts of AZA-38 and 39 from daily measurements (see Tables S4 and S5 for 

the full tabulation) during the PBR1 study by two different extraction methods: SPE extraction (top) and óVialsô method (see 

materials and methods). * Toxin data from days 53 to 57 were excluded for these calculations as the culture was collapsing, 

so the cell quota would not be overestimated 

Figures 

Figure S1-1.  Comparison of AZA-38 and -39 cell quota in PBR1 between SPE and vial extraction. 

Figure S2-2. 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 

Figure S1-3. Cropped 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 

Figure S1-4.  Cropped 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 

Figure S1-5.  Cropped 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 

Figure S1-6.  COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-7.  Cropped COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-8.  Cropped COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-9.  Cropped COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-10.  HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-11.  Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-12. Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-13.  Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-14.  Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-15.  HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-16.  Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-17.  Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-18.  Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-19.  Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

Figure S1-20. ROSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-21.  SEL 1D TOCSY (at 5.85 ppm (H-3)) spectrum of compound 1 in CD3OD (600 MHz). 

Additional Results and Discussion 

Preliminary attempts at large-scale culture 

Two initial attempts at the large-scale culture of Am. languida in the PBR lasted 11 and 7 days 

respectively and were largely unsuccessful (Table 1). In the PBR, CO2 was added automatically 

when the pH reached 8.3. In the first attempt, medium and inoculum were added at days 1, 4 

and 10, while in the second attempt, these were added at days 1 and 4 only. In both attempts, 

the culture was not growing even after the addition of extra inoculum and media. In both cases, 

the culture had collapsed, and cells settled at the bottom of the photobioreactor. 

The seed or inoculum parent culture was growing separately in 5 L Erlenmeyer flasks in the 

same conditions but with no CO2 addition. The cultures in the 5 L Erlenmeyer flasks with 

higher cell densities grew slowly and steadily at pH 8.7 and 8.8 (Table 1). Therefore, it was 

decided to increase the pH set point in the PBR to 8.8 +/- 0.1 to avoid the early addition of CO2 

into the system. This change allowed the completion of two successful attempts at the large-

scale culture of Am. languida named PBR1 and PBR2 an described later. 
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Table S1-1. Cell density and pH data from early failed attempts at large-scale cultivation. 

5 L Erlenmeyer flask 

culture  PBR0-1: Preliminary attempt   PBR0-2: Preliminary attempt  

Days pH 
cell density 

(cells ml-1) 
Days pH 

cell density 

(cells ml-1) 
Comments Days pH 

cell density 

(cells ml-1) 
Comments 

1 8.76 31900 1 8.31 17200 10L K + 3.75L inoc. 1 8.39 14850 
30L K + 30L 

Inoc. 

2 8.73 35917 2 8.34 20200   2 8.32 11300   

3 8.75 33833 3 8.23 18900   3 8.31 18250   

4 *  *  4 8.20 15000 5L K + 3.5L inoc. 4 8.39 17200 20L inoc. 

5 8.75 49100 7 8.31 25150   5 8.21 29200   

6 8.73 46182 8 8.21 19600   6 8.16 18700   

7 8.70 44444 9 8.18 8225   7 7.89 10000   

8 8.75 50125 10 8.35 6367 5L K + 3L inoc.         

9 8.75 59571 11 8.12 16350           

10 8.80 55375                 

11 8.85 59429                 

12 8.84 59000                 

13 8.79 59000                 

14 8.73 65833                 

*= not taken   pH set point 8.3 +/-0.1 hysteresis pH set point 8.3 +/-0.1 hysteresis 
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Table S1-2. Measurements from PBR1 study 

 

Comparison of sample preparations for toxin analysis 

AZA-38 and 39 toxin amounts in fg cell-1, the amounts are always higher for the óvialô method, nearly 

double. The SPE method gives tighter results and hardly any outliers compared to the óvial methodô. 

Still, it is difficult to state which method represents the more accurate toxin amounts measured, as this 

Day pH 
PBR Temp. 

(°C) 

Incubator 

Temp. (°C) 

Photon flux Min 

(µmol m-2 s-1) 

Photon flux Max 

(µmol m-2 s-1) 

DO         

(% sat) 

DO        

(mg L-1) 

34 8.68 20.0 18.2 84.00 92.40 116.9 8.46 

35 8.64 19.8 19.8 81.20 89.60 112.2 8.17 

36 8.72 20.0 19.0 74.20 86.80 105.5 7.66 

37 8.82 20.5 18.5 81.20 85.40 *  *  

38 8.78 19.9 18.5 78.40 89.60 109.1 7.92 

39 8.77 19.9 19.2 79.80 84.00 113.4 8.22 

40 8.75 19.9 18.0 78.40 86.80 99.4 7.22 

41 8.72 20.2 18.5 78.40 92.40 108.9 7.94 

42 8.67 20.2 19.0 88.20 98.00 112.6 8.18 

43 8.66 19.8 20.0 86.10 95.20 113.0 8.24 

44 8.68 20.0 18.0 86.80 98.00 114.9 8.38 

45 8.74 19.8 18.6 84.00 103.60 95.0 6.98 

46 8.75 19.6 18.6 89.60 103.60 111.1 8.15 

47 8.79 20.1 18.6 91.00 98.00 92.6 6.72 

48 8.80 20.0 18.6 84.00 95.20 107.8 7.83 

49 8.76 20.5 18.2 86.80 95.20 92.4 6.70 

50 8.55 19.7 19.5 84.00 91.00 104.6 7.62 

51 8.52 19.8 18.2 84.00 93.80 99.4 7.22 

52 8.47 19.7 18.5 84.00 91.00 94.1 6.85 

53 8.40 19.5 19.5 84.00 89.60 102.3 7.46 

56 8.19 19.5 18.6 79.80 84.00 80.0 5.83 

57 8.10 19.6 18.6 70.00 79.80 77.0 5.61 

Average 8.63 19.9 18.7 82.63 91.95 103.0 7.49 

Median 8.70 19.9 18.6 84.00 91.70 105.5 7.66 

Min 8.10 19.5 18.0 70.00 79.80 77.0 5.61 

Max 8.82 20.5 20.0 91.00 103.60 116.9 8.46 
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would have required control toxin spiking and recovery estimates. The óvial methodô is by far, much 

easier to perform and less time consuming than the SPE method and also, the toxin ratio (AZA38 to 39) 

doesnôt seem to be affected by the choice of either method (Table S4 and S5). So the óvial methodô was 

the method used throughout the whole experiments. 

 

Figure S1-1 Comparison of AZA-38 and -39 cell quota in PBR1 between SPE and vial extraction. 

Both methods extracted total AZA in the samples and cells were not separated from the 

supernatant, so the cell quotas reported here are ótotal AZAô including both intracellular and 

extracellular amounts. All the data is fully tabulated in Table S3 (SPE extraction) and Table S4 

(Vial extraction). The SPE and vials toxin results were plotted using boxplots X (figure 1)  

showing greater variation of estimates using the vial method in comparison to the SPE method.  

While, the differences in both methods are obvious for both AZA-38 and 39 toxin amounts in 

fg/cell, the amounts are always higher for the óvialô method, nearly double. The SPE method 

gives tighter results and hardly any outliers compared to the óvial methodô. Still, it is difficult 

to state which method represents the more accurate toxin amounts measured, as this would 
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have required control toxin spiking and recovery estimates. The óvial methodô is by far, much 

easier to perform and less time consuming than the SPE method and also, the toxin ratio 

(AZA38 to 39) doesnôt seem to be affected by the choice of either method (Table S5 and S6). 

So the óvial methodô was the method used throughout the whole experiments. Anyhow, a 

precise quantification of toxin amounts was carried out on the final extracted biomass 

independently of the methods used here. 
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Table S1-3. PBR1 toxin results from SPE extractions. Results in grey indicate harvest days. 

Days Date 
Cell density 

(Cells mL-1) 

SPE AZA-38 

(ng mL-1) 

SPE AZA-38 

(fg cell-1) 

SPE AZA-39 

(ng mL-1) 

SPE AZA-39 

(fg cell-1) 

Ratio AZA-38 

to AZA-39 

16 20.5.20 33417 0.615 18.40 0.776 23.22 0.79 

17 21.5.20 24563 0.651 26.50 0.919 37.40 0.71 

18 22.5.20 28000 0.599 21.40 0.841 30.03 0.71 

19 23.5.20 34500 0.607 17.59 0.821 23.80 0.74 

20 24.5.20 33833 0.752 22.22 0.972 28.73 0.77 

21 25.5.20 38364 0.588 15.34 1.048 27.32 0.56 

22 26.5.20 43700 0.831 19.01 0.991 22.67 0.84 

23 27.5.20 50000 0.835 16.71 1.180 23.59 0.71 

24 28.5.20 55857 
     

25 29.5.20 32500 
     

26 30.5.20 40400 
     

27 31.05.20 43400 1.002 23.10 1.067 24.59 0.94 

28 01.06.20 44200 1.043 23.59 1.061 24.00 0.98 

29 02.06.20 33077 0.898 27.13 0.962 29.08 0.93 

30 03.06.20 39000 0.394 10.11 0.588 15.08 0.67 

31 04.06.20 45400 0.424 9.34 0.631 13.90 0.67 

32 05.06.20 49333 0.597 12.10 0.824 16.71 0.72 

33 06.06.20 60714 0.833 13.72 1.165 19.19 0.72 

34 07.06.20 75000 0.838 11.17 1.216 16.21 0.69 

34 07.06.20 50750 0.770 15.16 0.985 19.40 0.78 

35 08.06.20 64429 0.946 14.69 1.124 17.45 0.84 

36 09.06.20 61833 0.735 11.89 1.122 18.14 0.66 

37 10.06.20 54467 0.804 14.76 0.981 18.02 0.82 

38 11.06.20 63800 0.790 12.39 1.083 16.97 0.73 

39 12.06.20 63714 0.587 9.21 0.628 9.86 0.93 

40 13.06.20 65905 0.849 12.88 1.135 17.23 0.75 

41 14.06.20 48333 0.778 16.10 1.339 27.71 0.58 

42 15.06.20 58833 0.872 14.83 1.176 19.99 0.74 

43 16.06.20 60320 0.888 14.72 1.195 19.81 0.74 

44 17.06.20 65333 0.898 13.75 1.227 18.78 0.73 

45 18.06.20 52467 0.673 12.82 0.968 18.46 0.69 

46 19.06.20 36100 0.785 21.74 1.120 31.04 0.70 

47 20.06.20 56250 0.989 17.59 1.223 21.74 0.81 

48 21.06.20 52833 0.896 16.95 1.250 23.65 0.72 

49 22.06.20 44000 0.861 19.56 1.428 32.45 0.60 

50 23.06.20 40750 0.888 21.79 1.385 33.98 0.64 

51 24.06.20 41133 0.591 14.36 0.994 24.16 0.59 

52 25.06.20 33474 0.560 16.74 0.922 27.54 0.61 

53 26.06.20 24509 0.671 27.36 1.186 48.39 0.57 

54 27.06.20 
      

55 28.06.20 
      

56 29.06.20 10700 0.68 63.82 1.33 124.16 0.51 

57 30.06.20 6058 0.81 134.00 1.54 255.02 0.53 

    Average  0.76 16.85 1.06 23.34 0.72 

  
median 0.79 15.72 1.07 22.95 0.72 

  
Minimum 0.39 9.21 0.59 9.86 0.56 

    Maximum 1.04 27.36 1.54 48.39 0.98 
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Table S1-4. PBR1 toxin results from óvial methodô extractions. Results in grey indicate harvest days. 

Days Date 
Cell density 

(Cells mL-1) 

Vials AZA-38 

(ng mL-1) 

Vials AZA-38 

(fg cell-1) 

Vials AZA-39 

(ng mL-1) 

Vials  AZA-39 

(fg cell-1) 

Ratio AZA-38 

to AZA-39 

16 20.5.20 33417           

17 21.5.20 24563 
     

18 22.5.20 28000 1.248 44.56 1.524 54.45 0.82 

19 23.5.20 34500 0.909 26.35 1.301 37.71 0.70 

20 24.5.20 33833 1.212 35.83 1.349 39.88 0.90 

21 25.5.20 38364 3.027 78.91 4.753 123.88 0.64 

22 26.5.20 43700 2.325 53.21 4.102 93.86 0.57 

23 27.5.20 50000 1.149 22.99 1.709 34.19 0.67 

24 28.5.20 55857 1.565 28.01 2.434 43.58 0.64 

25 29.5.20 32500 1.056 32.49 1.212 37.29 0.87 

26 30.5.20 40400 0.927 22.95 1.139 28.20 0.81 

27 31.05.20 43400 0.832 19.16 1.021 23.53 0.81 

28 01.06.20 44200 1.004 22.72 0.996 22.55 1.01 

29 02.06.20 33077 0.945 28.58 0.970 29.33 0.97 

30 03.06.20 39000 0.875 22.43 0.934 23.94 0.94 

31 04.06.20 45400 2.057 45.31 3.262 71.84 0.63 

32 05.06.20 49333 0.958 19.41 1.260 25.54 0.76 

33 06.06.20 60714 1.043 17.18 1.273 20.96 0.82 

34 07.06.20 75000 1.332 17.76 1.453 19.38 0.92 

35 08.06.20 64429 2.021 31.37 2.198 34.11 0.92 

36 09.06.20 61833 
     

37 10.06.20 54467 
     

38 11.06.20 63800 1.584 24.83 1.563 24.50 1.01 

39 12.06.20 63714 2.145 33.67 3.019 47.38 0.71 

40 13.06.20 65905 1.611 24.44 2.071 31.42 0.78 

41 14.06.20 48333 2.221 45.96 2.442 50.52 0.91 

42 15.06.20 58833 1.328 22.57 1.515 25.74 0.88 

43 16.06.20 60320 1.376 22.82 2.250 37.30 0.61 

44 17.06.20 65333 2.260 34.59 3.239 49.58 0.70 

45 18.06.20 52467 1.317 25.10 1.761 33.57 0.75 

46 19.06.20 36100 1.822 50.47 2.310 63.98 0.79 

47 20.06.20 56250 3.445 61.25 4.772 84.83 0.72 

48 21.06.20 52833 3.901 73.84 5.876 111.23 0.66 

49 22.06.20 44000 2.870 65.24 4.428 100.63 0.65 

50 23.06.20 40750 3.738 91.74 6.593 161.78 0.57 

51 24.06.20 41133 3.428 83.33 6.294 153.00 0.54 

52 25.06.20 33474 1.044 31.18 1.604 47.91 0.65 

53 26.06.20 24509 1.010 41.20 1.440 58.74 0.70 

54 27.06.20 
      

55 28.06.20 
      

56 29.06.20 10700 2.001 187.05 3.143 293.77 0.64 

57 30.06.20 6058 *  *  *  *  *  

    Average  1.760 38.28 2.492 54.30 0.77 

  
median 1.38 31.27 1.76 38.80 0.75 

  
Minimum 0.83 17.18 0.93 19.38 0.54 

    Maximum 3.90 91.74 6.59 161.78 1.01 
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Table S1-5. Measurements from PBR2 study. 

From Day 

No: 
pH 

PBR Temp. 

(°C) 

Incubator 

Temp. (°C) 

Photon flux Min 

(µmol m-2 s-1) 

Photon flux 

Max (µmol m-

2 s-1) 

DO % sat 
DO     

(mg L-1) 
Salinity 

11 8.49 19.5 19.1 *  *  94.0 6.87 36.2 

12 8.60 18.8 18.3 *  *  114.8 8.47 36.0 

13 8.36 19.5 19.2 *  *  122.2 8.91 36.2 

14 8.41 19.1 20.1 *  *  103.2 7.51 36.0 

15 8.47 19.5 19.3 *  *  139.3 10.15 36.0 

19 8.83 19.3 19.9 *  *  135.5 9.86 36.0 

20 8.53 19.0 18.5 *  *  115.0 8.47 35.5 

25 8.66 19.4 18.4 *  *  108.9 7.94 35.0 

26 8.77 20.1 18.4 *  *  133.7 9.65 35.4 

27 8.77 19.6 20.0 *  *  118.6 8.62 34.8 

28 8.58 19.4 18.9 *  *  120.3 8.82 34.5 

29 8.30 19.3 - *  *  134.3 9.79 *  

32 8.62 19.5 19.3 *  *  120.5 8.83 34.8 

33 8.66 19.4 19.9 *  *  134.7 9.84 34.5 

34 8.72 19.3 18.5 *  *  153.7 11.19 34.3 

35 8.72 19.3 19.2 *  *  144.2 10.59 36.0 

36 8.66 19.3 18.0 *  *  117.5 8.61 35.5 

43 8.52 19.3 18.9 *  *  119.3 8.69 34.5 

45 8.39 19.5 19.1 *  *  121.0 8.84 34.4 

46 8.45 19.3 19.2 *  *  118.6 8.70 36.0 

47 8.33 19.7 19.4 *  *  121.8 8.91 34.8 

48 8.39 19.3 18.5 *  *  109.2 7.99 34.3 

49 8.44 19.4 19.0 *  *  121.1 8.84 34.5 

50 8.42 19.6 19.8 *  *  114.8 8.36 34.4 

53 8.53 19.2 20.0 *  *  108.2 7.92 34.5 

54 8.37 19.5 19.4 *  *  129.3 9.51 36.0 

55 8.33 19.4 20.1 *  *  123.4 9.04 35.3 

56 8.40 19.6 18.5 *  *  131.1 9.56 36.0 

57 8.37 19.5 18.3 *  *  133.9 9.78 35.0 

Average 8.47 19.4 19.1 *  *  124.5 9.10 35.03 

Median 8.42 19.4 19.1 *  *  121.1 8.84 34.80 

Min 8.33 19.2 18.0 *  *  108.2 7.92 34.30 

Max 8.72 19.7 20.1 *  *  153.7 11.19 36.00 
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Table S1-6. PBR 2 toxin results from óvialô method extractions. 

Days 
Cell density 

(Cells mL-1) 

Vials AZA-38 

(ng mL-1) 

Vials AZA-38 

(fg cell-1) 

Vials Aza-39 

(ng mL-1) 

Vials AZA-39 

(fg cell-1) 

Ratio AZA-38 

to AZA-39 

19 47200 1.300 27.55 0.956 20.25 1.36 

25 60133 0.797 13.25 1.146 19.06 0.70 

26 81133 1.397 17.22 1.693 20.86 0.83 

29 101150 0.562 5.55 0.969 9.58 0.58 

32 120120 0.980 8.16 0.994 8.27 0.99 

34 126880 1.048 8.26 1.107 8.72 0.95 

36 121160 1.085 8.95 1.135 9.37 0.96 

46 131400 1.203 9.16 1.533 11.66 0.78 

47 104280 1.697 16.28 1.886 18.08 0.90 

48 114280 1.389 12.16 2.043 17.88 0.68 

49 118800 5.795 48.78 6.148 51.75 0.94 

50 121940 4.682 38.40 5.124 42.02 0.91 

53 97160 2.312 23.80 2.979 30.66 0.78 

54 90800 1.974 21.73 2.486 27.38 0.79 

55 72600 2.068 28.49 2.247 30.95 0.92 

  Average  1.89 19.18 2.16 21.77 0.87 

 
median 1.39 16.28 1.69 19.06 0.90 

 
Minimum 0.56 5.55 0.96 8.27 0.58 

  Maximum 5.79 48.78 6.15 51.75 1.36 
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Table S1-7. Comparison of the average toxin amounts of AZA-38 and 39 from daily measurements (see Tables S3 and S4 for 

the full tabulation) during the PBR1 study by two different extraction methods: SPE extraction (top) and óVialsô method (see 

materials and methods). * Toxin data from days 53 to 57 were excluded for these calculations as the culture was collapsing, 

so the cell quota would not be overestimated. 

SPE Extraction 

method 

SPE AZA-38 

(ng mL-1) 

SPE AZA-38        

(fg cell-1) 

SPE AZA-39 

(ng mL-1) 

SPE AZA-39       

(fg cell-1) 

Ratio AZA-38 

to AZA-39 

Average  0.76 16.85 1.06 23.34 0.72 

median 0.79 15.72 1.07 22.95 0.72 

Minimum 0.39 9.21 0.59 9.86 0.56 

Maximum 1.04 27.36 1.54 48.39 0.98 

Vials extraction 

method 

Vials AZA-38 

(ng mL-1) 

Vials AZA-38 

(fg cell-1) 

Vials AZA-39 

(ng mL-1) 

Vials  AZA-39    

(fg cell-1) 

Ratio AZA-38 

to AZA-39 

Average  1.70 38.07 2.41 53.92 0.76 

median 1.33 31.37 1.72 38.14 0.75 

Minimum 0.83 17.18 0.93 19.38 0.54 

Maximum 3.90 91.74 6.59 161.78 1.01 
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Figure S1-2. 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 

 

Figure S1-3. Cropped 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 
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Figure S1-4. Cropped 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 

 

Figure S1-5. Cropped 1H-NMR spectrum of compound 1 (AZA-39) in CD3OD (600 MHz). 



158 

 

 

Figure S1-6. COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-7. Cropped COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-8. Cropped COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-9. Cropped COSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-10. HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-11. Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 



161 

 

 

Figure S1-12. Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-13. Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-14. Cropped HSQC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-15. HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-16. Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-17. Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-18. Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-19. Cropped HMBC NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 
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Figure S1-20. ROSY NMR spectrum of compound 1 (AZA-39) in CH3OD (600 MHz). 

 

Figure S1-21. SEL 1D TOCSY (at 5.85 ppm (H-3)) spectrum of compound 1 in CD3OD (600 MHz). 




















































































































