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Abstract

Microalgae have the potential to prodixelogically active metabolites which can be tgxic

affect ourfisheriesandendanger food safety. Due to their active nature these toxins can also

have therapeutic benefits when their toxicitynsdulatedpr dosage is controlled.

Shellfish contamination with azaspiracids (AgJAs a major and recurrent problem for
the Irish shellfish industryAmphidoma languidaa small thecate dinoflagellate of the family
Amphidomataceaerhich iswidely distributed in Irish coastal waters, is one of the identified
source species of azaspiracids. Irish and North Sea strakms.dhnguidehave been fountb
produce as major metabolites AZ¥8 and-39 whose structures have only been provisionally
elucidated by mass spectrometry and their toxicniiatieis currently unknownAm. languida
became the initial focus of this PhDulR culturing of a North Sea straim a continuous
processallowed for the production of over 700 litres of cultuFeom the biomasproduced
we were able to isolatine major compounddZA-39 and elucidatés structure. Amussel
feeding study was also performed wiitre algal cellsresulting in the identification of 8 new
shellfish metabolites formed from the metabolism of AZ&and-39. Furthemore biotoxin
data from thdrish monitoring program identified AZ&8 and-39 in several shellfish species

from analysis of routine samples from several locations around Ireland.

Although infamousfor their toxicity, microalgae have received growing interest for
their capacity to produce metabolitggh the potential to be therapeuticBhe second section
in this studyon marine dinoflagellatesimed at characterising the antimicrobial potential of
the marine dinoflagellatdmphidinium carteraestrain LACW11, isolated from the west of
Ireland. Amphidinolide$AMs) have been identified as cytotoxic polyoxygenated polyketides
produced by sever@dlimphidiniumspecies. Fractionsf aA. carteraeextractyielded minimum

i nhibitory concentr'aamaongs5 &efer gathe@®ramdositives g

mL



bacteria A targetedanalysisusing UHPLCHRMS appliedto fractions G to J evidenced the
presence oAM type compounds AMA, AM-B, AM-22 and a new derivativef AM-A.
Combining the results of the biological assays withctiemical analysis of the fractignse
could conclude that AMA and thedehydratedderivativeof AM-A are responsible for the
detected antimicrobial bioactivity. A bulk culture of tAe carteraethen led to the isolation
and structure elucidation of thA&M-A derivative named amphidinoC featuring a
tetrahydropyran ring between the positiong @nd C11. The structure was determined using
extensive analyses of NM&ata and comparisongth data ofalready elucidatednalogues.
The major metabolitevas thertested foiits antibacterial and antifungal activities and showed

moderate fungicidal activity against yeast and filamentous fungil#8y mL'*.
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Generalntroduction

Dinoflagellates

Dinoflagellatesare plastid bearing eukaryotic protists thean be eithemixotrophs or
autotrophs, depending dhe speciesTo date there hae been over 200 species described
belonging t0o260 generawith over half being only photosynthetic. Most species have
chloroplasts containing chlorophylésandc2, betacaroteneand some unique xanthophylls.
Some speciealso exist with chloroplasts originating fraan endosymbiotic relationship with
cyanobacterid 2 Their body plan consists of a single cell with tadigsimilarflagella, one
posterior and the other transvevggich lies around the centre of the cell called the cingulum
The combination of botbrovidesthe cell with a tumbling, spiralling motility that allows the
cell to move through the water colunells arecoveed by a series of membranealed an
amphiesmawhich are covered by cellulose plates called the th&8das resembles a sort of
armour and gives the cells a rigid structukthecate dindhgellates also exist which roughly

transl ates to énakedd and donoid have thecal

Dinoflagellates play important roles in ecosystems acting as autotrophs, sypnéoasites
and micregrazersand can occur in both salt and freshwaBanthic species exist while some
dinoflagellates likeSymbiodiniuntan form symbiotic relationships with invertebrate animals
and protists including corafs® Much like cyanobacterianost are pelagic aneiist on the
water surface and column and can bloom if key conditions in nutrients and temparature

reached" ’

Harmful Algal Blooms

In the marine environmemlinoflagellates are the main phytoplankton caugiagnful algal

blooms (HABs). HABs occur when certain species of microalgae proliferate in numbers to the



point it becomes harmful to its surrounding environmé&his damage can come from toxins
produced by the microalgae bypoxic conditions that form after the bloom dies off and
decomposes. For humarontact with the toxins produced by these bloarames from
vectors including, contaminated meats, skin contact with contaminatedandterhalation of
aerosolized material (ocean spré&yjurther to being detrimental to human health, periodic
closures of fisheries and cessation in sales of contaminated meats causesaumiac

difficulties for coastal communities

The increased frequency of HABs is a contentious topic which remains largely understudied
and is limited by lack oAbundance of data and difficulties in predicting how populations will
respond to a changing climatilodelling theseHABs is easier in freshwater bodies but
becomes more difficuin dynamic marine environmentsany variables includinghysical
(temperature, salinity, stratification, light, changing storm intepsithemical (nutrients,
ocean acidification), and biological (grazare at play whemredictingincreases in HAB
frequency with climate chandeClimate change iV not have a linear effect ahe conditions

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

on acaseby-casebasis’

A global increase in the numberldABs is thought to have occurred over the past 2 decades.
This increase is possibly down to the accelerated dispersion of species thrangtade
vessels and relocations wiicrobehousing organism&Diatoms and dinoflagellates are two
groupsthat 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 oceats!! 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!? 3



So far, the best way to combat HAB events has bearitigate the damage they caudéis
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 advancéo effectively mitigate any potential threats to human healths It
important for scientiststo continually investigate marine biospheres which are socio

economically important and catalogaly novel toxins andnicro-algal species present.

Toxic Dinoflagellates

Although most bloom events are harmless, there are over 70 species of dinoflagellate that are
known to be toxi¢Tablel). Beingphotosyntheticmicroalgae arenore likelyto proliferae as

their growth isless dependent on outside factors other than micronutrients and stirflight
Many different syndromes associateith dinoflagellate toxins have been observédiel)

highlighting their diverse and complex activity.



Tablel. Syndromesand toxins associated to dinoflagellate species
Toxin Syndrome Species Reference

Saxitoxin paralytic shellfish poisoning (PSP Alexandriumspp. 14,15
Gymnodiniunmspp.

Pyrodiniumspp.

Brevotoxin(Figurel) neurotoxic shellfish poisoning Kareniaspp. s, iy
(NSP)
Azaspiracid azaspiracid shellfish poisoning Amphidomap. 1820
(AZP) Azadiniumspp.
Dinophysistoxin(Figurel)  diarrheic shellfish poisoning (DSP Dinophysisspp. 2,22
and Prorocentrumspp.
Okadaic aciqFigurel)
Ciguatoxin, Maitotoxin, ciguatera poisoning (CP) Gamberdiscusp. 2325
Palytoxin and Scaritoxin Ostreopsispp.

These compounds can produce a wide rang@atiiologieson larger organisms, from
neurological disorders to acting as carcinogens to various mammalian organs. The toxin
producers are often consumed by largembers of food weblke fish, crustaceans and
molluscs and their toxins can build up in the animal tissues, transferring the toxins to the human

food-chain2®



Domoic acid

Brevetoxin A HO 0

Figurel. Structures of domoic acidinophysistoxinl (DTX1) and breetoxin 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 structuresatkatow being used in drug

discovery as lead compounds and structural scaffidgynthetic chemists.



1. Part 1 Chemical andecologicalAnalysisof Azaspiracids

1.1 Introduction

1.1.1 Historyof Azaspiracid

The effects of azaspirac{ZA) 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 beemontaminated with toxins previously associated vdtarrheic shellfish
poisoning(DSP).?’ The shellfish tissue was then investigated for the presence of known DSP
causing agents but levels of dinophysistoxin and okadaicerigined below levels that would
cause suclktrong pathologiesThis subsequently led to the investigation of the contaminated
mussel tissue resulting in the isolation of a new marine téirshnamed K¥3 or Killary toxir-

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

The firstazaspiracid(Figure2) wasreportedn 1998 from an isolation 020 kg ofmussel meat,
Mytilus edulis collected from Killary Harbour. The toxin structure was elucidatethg a
number of 2BNMR experimentsand HR-FAB MS to indicate a chemical formula of
C47H71INO12. 1H-NMR, 3C-NMR and HSQC experimenisdicatedthe presence of 6 methyl,
15 methylene, 19 methine, and 7 quaternary carbdree toxirés structure begins with a
carboxylic acid functional group followed by alkyl chain 4 carbons long with a double bond
between & and G5. The presence of tteeid group wasevealedhrough HMBCcorrelations

to a signal at 180.3 ppm. Analysis f-'H COSY and TOCSY spectra in GDD allowed
Satakeet al to form 7 partial structures which were separated by quaternary caft¥irese

7 partial structures were then linkading HMBC correlationsChemical &ift differences of
the compound in CEDD and CROH identified several hydroxylated carbon signals through

the shift in*C-NMR signals of about 0.1 pprindicative shifts for a hemiacetal & 101.1



(C-21) andoxygenatednethine atlic 77.6 (G20) were observednd *C NMR non-olefinic
signalsatic 107.9 and 112.Wvere indicativeof a spirecentre. Theunique cyclical amingvas
placed through the shifts of#0, b (Un 2.84, 2.91) and &40 (ic 46.9). At the time of the study
the toxinproducing organism was unknown but thought to be a phytoplamdentoits

structural naturé®

Figure2. Initial incorrect sucture ofazaspiraail from Sataket al?®

Following the discovery of ZA, additioral analogues were isolated from mussel tissue
collected from the west coast of Ireland. By 2d0ur new structures of azaspiracids had been
described (&KA-2 to -5) (Figure 3).2% 3° These analogues differed only slightly in structure
with the addition of a methyl or hydroxy groupZA-2 and-3 were isolated from 40 kg of
mussel tissudarvestedrom the Arranmoreislands off the west coast of Irelandll were
close analogues t¢iie nowAZA -1 with AZA-2 being methylated at position&while AZA-

3 has a loss of the methyl atZ2. The chemical shift of 3/1e (Un 1.67) was typical of a methyl
on an olefinic carbonThe methyl signal that should have been present2#2 @4 0.91) for
AZA-3 was not present in th#H-NMR spectum. The HRFAB-MS suggested that the
molecular formula oAZA-2 and-3 were CagH74aNO12" [M+H]™ n/z 856.5184( 2.51ppm

for CagH74NO12") and GeH7oNO12" [M+H] ™ nm/z 828.4889(qp1 0.43 ppm for CaeH7o0NO12"),

respectivelyAZA -2 m/zof [M+H]* was 140157 Dahigher than AZAl indicatingthe addition



of amethylene omethyl group while AZA3 m/z [M+H] " was 140157 Dalower than that of
AZA-1 indicating the possibl®ss of the methyl at @2 2°

AZA-4 and-5 were later isolated from the same batch of mussels from the west coast. AZA
was foundo havea HRMS mvz of 844.485qM+H]* ( g 1.81ppm for GeH7oNO13"), which

is 1.9780Da higher than that of AZAL corresponding tthe possibleaddition of a hydroxy
group and loss of methgr methyleneagroup.

The'H-NMR spectraof AZA-5 showed an oxymethine signaliat4.51 ppm downfield shifts

of H-5 and H6, and a loss of the 2Rle signal confirming the locatienof the structura
changes from AZAL. AZA-5 was observed to have the samie as AZA-4 with a HRMS

m/z of 844.4857M+H]* ( o 1.81ppm for GeH7oNO13"). Like in AZA-4, 'H-NMR spectra
indicated the same loss ofZ2-methyl and indicated the addition of an oxymethine signal at
U4 3.94which suggested thdttydroxylation took place at a different location to that in AZA
H-'H COSY and TOCSY experiments allowed for the placement of the hydroxy group to C
23 with corelations from H22 to H25.3° The configurationof the G3 hydroxyl group in
AZA-4 was determinetb beR through derivatisation studi¢sat involved several reactions
to the natural product including cleavage at thé © -5 bond. Through synthesis they were
able to construct structural mimics of the natural derivative, forming bottRthed S
enantiomes. Usingcomparison of theetention timeof the synthetic mimic and degraded
compoundthey concluded that theonfiguration ofC-3 wasR. The stereochemistry of-23

was determined usingOe correlatios from H-23/G-24-Me and H22/H-24 in addition to
small 3 Hz coupling constants frdi#i23/H-24 indicated the 28H group(R4) wasin theaxial

position



Ri R, R; Ry
AZA-1 H H Me H
AZA2 H Me Me H
AZA-3 H H H H
AZA4 OH H H H
AZA-5 H H H OH

Figure3. Structure of azaspiracid 5 as proposed in 2001 by Ofjt al2% 30

Due to the lownaturalconcentratiorof the toxin and & analogues in the shellfish tissuest
not always possible to use techniques like NK&R structure elucidatianTo continue to
elucidate novel azaspiracidsveral studiehaveused M3MS experiments to determirtbe
characteristic fragmentation patterns of the toaimdidentify thepossibldocatiors of changes

in structure. Triple-quadrupole and ictrap mass spectrometetoupled to electrospray
ionisationaremainly employedOne study byBrombacheet al revealed through LBIS/MS
experimentghat key fragmentsould be observed with initial neutral loses of wata'z @24,
806, 788, 770, 752 and 734)lowed by ring cleavages within A, between D and E and within
E (M/z672, 462 and 362 respectively). Each fragment ion was also observed to basefos

water (Wz 654, 636, 444, 426 and 34Bjgure4).3!



Group 2 m/z 672

H OH Group 3 m/z 464

N : o%-
0 H H o

\Group 4 m/z 364

Figure4. (A) Proposed dissociation reactions under collisiatuced dissociatiohy Brombacheet al! and(B) ESF
MS/MS spectrum of AZAL (precursor ion atr/z 842.5).

The strutures of AZA1b and-6 weredetectedduring a study of the collision induced
dissociation (CID) spectra of AZAi 53! AZA-1b had almost identical fragment ions to that
of AZA-1 but had differentm/z in groups 2 and 3 which wefiel Da lower to that oAZA-1
(No high resolution data on 1b contained in publicatidime changes im/z indicate that the
position of a methyl might be locatéustead between-C to C-9, likely either on Ror R..
AZA-6 was observed with a HRS nVzof 872.4857p + 7 .fd Cs7HNOm') [M+H]"
and showedhe typicalinitial losswater. Interestinglya fragment (810.53.9898Da less than
theinitial waterloss indicated the possible loss@®, which was not yet observed in the CID
spectra for azaspiracid3he lossof 43.9898 Da is normally correlated to the loss of a
carboxylic functional group but the terminal position of {6©0OH group on the chain means
this lossis not favourable in the dissociation of azaspiracasl is not observed for AZA
containing the same terminal acid gro@roup 2and 3fragments for AZA6 werel4.0157
Dalowerthan that of AZA3 while groups4 and 5 were the same. Because the los€ OOH

is energetically favouredt is difficult to say where the exact location of the group ishen

10



analogues it readily fragmentsut changes invzof group 2 while groupsi® remain nominal
indicate changes in structure betweef © G25. But more insights would be needed asup

4-5 fragments may already be formed after the loss of €O

Through analysis of contaminated shellfish originating off the west coast of Ireland, five further
azaspiracid analogues were identifiad2003 byJameset al. and designated AZA to -11
(Table2). Of these five additional structurésur wereisomersall with nvVz of 858.5[M+H]*
andhad differing retention timed he presence of theditioral hydroxygroupscompared to
AZA-1was evidenced through the addition of the charactefiSt@99Da to them/z of AZA-

1. AZA-710-10 hal deuterated mass increases @G 0Dainstead of 9392Da, highlighting

the presence aheadditional hydroxy groufrom the exchange of proton with deuteriurhe
changes in locationf the hydroxyl groupvere found using the mass differences of group 2
fragments. AZA-7 was hydroxylated betweenIto C-9, likely in thebetapositionto the
carboxylic acid due to the increase in initineutral loss from 152 (AZA) to 168 (AZAT).
AZA -8 gavea newrmvzfor group 2 fragments at 688.4 meaning the hydgyeyipwas between
C-9to C-46 andwith AZA-5 exhibiting the hydroxgroupat G23, it is likely also positioned
there for AZA8. AZA-9 shared the same group 2 fragment with AZARAZA-4 andAZA -6

at 658.4with aninitial lossof 182, an increase of 13157 Darom the same fragment of AZA

7 hinting the addition of a methyr methyleneto C-1 to C-9 of AZA-7 additional to the
hydroxy group The last isomer, AZAl1, had a group 2 fragment with an'z of 674.4
indicating the initial loss could be betweer9Go C-46 and likely on €3. Jameset al.
observed an additional/z of 872.5 [M+H]" which was #.0157Da larger than AZA7 to -10
indicating again thékely presence of an additionadethyl/methylenegroup.With the group

2 fragment being shared with AZAit is likely the additional methyl is present at (Rigure

4).32 AZA-6i 10 were latedescribed with NMR2

11



Table2. Molecular and product ions for the known and new azaspiracids obtained using positive electrogpapyM$h
Refer tofig. 4 for the structural assignments from Jaraeal®?

Name R R. R: R,  [M+H]" [M+HT H.O]" [M¥HT2H,0F  [M+HT H,01 CoH100RiR:]*
AZA-7 OH H CHs H 858.5 840.5 822.5 672.4
AZA-8 H H CH, OH 858.5 840.5 822.5 688.4
AZA-9 OH CHs H H 858.5 840.5 822.5 658.4
AZA-10 H CH, H OH 858.5 840.5 822.5 674.4
AZA-11 OH CH; CHs H 872.5 854.5 836.5 672.4

In 2008, Rehmanret al.performedVS analysis orontaminated (8 mg k) shellfish extracts
originating in Ireland during a contamination event in Bruckless, Donegal,. 2200y
postulated the structures of AZE3i 15 and observedvz values consistent with AZA47, -
19,-21,-23 and predicted the existence of several AZAs that could be formed through shellfish
metabolism of existing analogues. From this identification freyposeds groups of AZA
toxins existed dihydroxy-, carboxy, carboxanydroxy dehydreAZA and the methyl esters.
Their studyadded further evidence tbe structure oAZA-12 suggested by James al. and

of the dihydroxy AZAs all postulatedhrough M3MS fragmentation. The produadn spectra
were insufficient to unequivocally confirm the structure of the carbawyg carboxyhydroxy
analoguesecause of difficulty placing th&COOH on the moleculéeTheir study led to the
postulation that 32 AZA analoguesirrently existedand that more would be discovered in
future studiesEvidenceof the carboxy AZAs wre supported by the initial loss of water

followed by a loss 043.9898Da corresponding teCOOH group.

Some carboxy andarboxyhydroxy analogues wersot present in their study but were
predicted to exist following observations of shellfish metabolegnknown AZAs These
analogues included AZAS, -20, -22 and-24. AZA-18 and-20 were predicted to be
carboxylated products of AZA and-2 respectively and\ZA-22 and-24 were hydroxylated
and carboxylated products of AZAand-2 respectively. To date theaaaloguestemainas

predictedmassesiaving not been identified by either MS/MS or NMR.

12



Rehmaret al.also poposedhe tentative structure of AZ&5 and postulated the existence of
AZA-26 to -28, all dehydoxylated analogues of AZAL, -6 and-2 respectively These
compounds were latédentified by Kilcoyneet al with their structures tentatively identified
through MS/MS dateKilcoyne corrected the structunéAZA-26 with NMR, interestingly the
system lacked the typical20i C-21 diol system and instead had a 219Bfin and keto group

at G231°

Rehmanret al. alsoshowed that zaspiracidsan readily degrade if not handled properly in
the lab and were thought torm methyl esters througtmownreaction withmethanol They
evidencedhe presence of the methyl esterth the initial loss of 3D314Dawhich is rare for
this group of toxinsDuring a stability study performed by Rehmaat al.they noted that at
room temperature degradation occurred to AZA2 and-3 which led to the formation of tive
methyl esteré&ZA-29,-30and-32 and thugpredicted the same could occur for AB&Aorming
the artefactAZA-31 respectively* A later study by Jdtrais et al.identified inconsistencies
with findings by Rehmamet al. They were able to form {@nthyrl)methyl esters of AZA, -

2, -30 and-32 which indicated that AZ/0 and-32 must not be methyl essaat all andare

likely methyl ketas which showtypical lossesof MeOH during CID*®

1.1.2 The Hunt forAzadinium spinosum

Identifying the producing organism of azaspiracid toxins had troubled scientists since the first
isolation of AZA-1 from shellfish tissue for over a deca@lbe seasonal nature of intoxication
events a rich history of plankteic toxins accumul&in in shellfish and similarities of AZAs
structurally to other marine toxinsdicated adinoflagellatewas 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 thalexandrium spp3® and Dinophysis spp3’

producing toxins thatause paralytic and diarrheic shellfish poisoning respectivéin.2002,
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Protoperidinium crassipesellswere collected by James al. andwerestudiedfor their toxin
content They were dund to contain AZAL and-2 and at the timé& was suggestetb be the
causative organisif P. crassipeswas originally thought to be a nontoxic heterotrophic
dinoflagellatewith over 60 species in familpamping of P. crassipebloomsduring a survey

of Irish waters from 20022006 found no presence AZA content.Additional to this, surveys

in Norway and the UKgave identical results The species is known to predate on other

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

In 2008 Krocket al madesubstantiaheadway into the discovery of the causative organism.
Using net tow filterson a survey of the North Sedhat ranged in pore sizespecies of
microorganisrswere fractionated by size. They discovered that the cHiateella ehrenbergii
contained AZAs but when isolated and grown in a lab they became nontoxic and lost their AZA
content. A size fraction ofi20 umalsocontaineda thecatated microorganism that was later
isolated angjrown in laboratorgulturesthat continued to produce AZAand-2.4° This strain

of dinoflagellate was later identified asiew specieandgiven the namézadiniumspinosum

by Tillmanet al.** Feeding studies later performed by Saleal.discovered that the flagellate

was readily consumed by blue musg@tilus edulig with the toxins metabolised into the
hydroxylatedand carboxylated analoguesich hadalreadybeen isolated from contaminated

shellfish tissue4?

1.1.3 Structure Revisions

Since the firstreporting of azaspiracidh 1998 several synthetic studies have indicated
discrepancies in the proposed structdige structure is understandaldifficult to elucidate

and synthesiseavith 9 rings and 20 stereogenic centrdde initial attempt by Sataket al.

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

its absolute stereochemistdue to the spatial distance between both moiétiggith low
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guantities of the natural substance available@mormational analysis using computational
methods still in early stages of technique developmerbtheal path forward in determining
its absolute stereochemistry was syntheBeginning in 2001lan enormous effort in the total
synthesis of azaspiraciibegan that would span nga20 years and bring about international

collaborations with some of the top synthetic natural product chemists.

The total synthesis of AZA (Figure5) was completed by Nicolaat al presented in several
pioneering publications spanning 20@0064**® They were able to correctigpositionthe
endocyclic double bond, shifting it from €@Bto C%8 using chemical shift similarities to the
natural produgctlissoketa) isolated by Hopmanet al.*® Through synthesis of a number of
possiblestereoisomerghey were able to identifwhat they thought wathe correct absolute
stereochemistryof AZA-1 by comparison of synthetic structures to ones formed through

degradation of the natural product, azaspirdcid

Figure5. Structure ofnitial synthetic AZA1 from Nicolaouet al.found to not conform to naturally occurring AZA*®

In 2018 the total synthesis of AZ3was performed bi{entonet al. They concludedhatther
synthesised\ZA-3 (16R,17R,19S20R), thought to conform to the correct stereochemistry of
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naturally isolatedAZA -3, was in fact an isomer. When tested against the naturally occurring
sample both shared identical fragmentationsindlar spectroscopic data but faileddtute at
the same retention timsith the natural AZA3 eluting attr 20.01 minand their synthetic
AZA -3 eluting later (r 25.98 min)(Figure6).>° The moiety of concern was found to be in the
region around €0. Chemical shifts in vicinatH-'H coupling values between-T® methine
proton which is coupled to the twe I8 methylene protons and2D carbinol methine proton
did not match coupling values present in the naturally occurring-84A the follow up study
the opposing €0 enantiomer, 16R,17R,19S20R-AZA-3, was synthesised through
stereoselective steps to ensurBOR stereochemistty This led to synthetic
(6R,10R,13R,14R,16R,17R,19520S 21R, 245,255,285 30S, 32R,33R,34R,365,37S 39R)-AZA -

3, that shared LEHRMS, MS/MS,*H- and*3C-NMR spectroscopic, and chiroptical data that
matched the naturally occurring AZ2\ finally defining the absolute stereochemistry of the

structure.

Mon-identity
Synthetic AZA-3
t, 25.98 min . t, 20.24 min -

mfz828.4883 ‘?}L - mfz828.4887 JEL}“ -

Synthetic AZA-3

Figure6. a) Initial synthetic AZA-3 (k 25.89 min,mz828.4883M+H]*) and b) correctedynthetic AZA3 with 20R
stereochemistr{tr 20.24 min, m'z 828.48g [M+H]*).%0

From comparisontH-NMR of the G19 methine protosignals they determine8iZA-1i 10
and-34 sharedhe same 2R stereochemistrat the G20 position and thahts structuralunit

is ubiquitous among theaturalAZAs.>?
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1.1.4 TheRole of Shellfish in AzaspiracidAnalogueProduction

Shellfish such as the blue mussgjtilus eduliswere found to bioaccumulate and transform
ingested azaspiracids AZA and-2 in multiple feeding studies withz. Spinosutf?: 2
Through likely enzymatic convemisthe musse hydroxylae AZAs at G3, C-22 and G23
and oxidation and decarboxyat occursat the methyl attachedo C-22 (Figure 7).
Carboxylation was proposed as the prefeo@aversiorof AZAs in blue musselsith AZA-
17 appearing within 6h in feeding studfésSeveral 22methoxy azaspiracids were also

identified as likely intermediates to the carboxylic acid derivafives.

AZA-2

AZA-11 AZA-19=—AZA-12— AZA-66

|

AZA-68

AZA-23

AZA-9 AZA-10

AZA—4>{AZA—14 / AZA-60  AZA-49 AZA-16 AZA-61

AZA-46 — AZA-13 AZA-26  AZA-47 —> AZA-15 AZA-28

— > C-3 Hydroxylation ————— C-23 Hydroxylation —— C-22-Me Oxidation
——> (C-22 Decarboxylation

— > (C-22-Me Hydroxylation

Figure?7. Proposed formation pathways for azaspirabigiilcoyne et al.and Sadvik et al!% 53

1.1.5 AZA Producing Dinoflagellateand Distribution

Since the discovery oAz. spinosunasthe first AZA producer in 2008several additioal
species within the familyAmphidomatacaef dinoflagellateshave been found to produce
azaspiracid These species include. poporum, AphidomaanguidaandAz.dexteroporum

Of the 60 plusanalogueshat have since beeaportedo date only 30 have been identifieds
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beingproduced bydinoflagellategFigure 8) leavingthe remaining as shellfish metabolites

degradation productand artefacts
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Figure8. Azaspiracids produced by dinoflagellates in Amephidomatacegamily.

Az. Spinosums distributed along the west coast of Ireland, North Sedahendastern coast of
England AZA-1, -2 and-3 are found to be produced by strains found in watertheffvest

coast of Ireland, Scotland and the Shetland isl&hd3with 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 AZAll, -50 and -51 (AZA-1, -2 and-33 are also present in
Norwegian waters) t ndted that both ribotypes can be found in the ssamepling stations

in Norwegian water&* °¢
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Az poporumhas a wide distribution globally and a large variatiotihéandogues it produces.
Strains from the Chinese coasbduced AZA2,-11,-36,-40 and-41>’ Korean andNorth Se
strains werdound to produc&ZA-36 and AZA37 respectively Both analogues differ from
the normal skeleton typical of AZAs by having one less methyl at positiR#@ ring I. Their
planarstructures were elucidated through NMRStrains ofAz. poporumisolated from the
Puget Sound, Washington State, USA produced ABAn cultures® AZA-42 and-62 were
identified in strains oAz. poporunoriginating from Fangchenggang, China and the sowgh ea
Pacific off the coast of Chanaral, ChitéAdditional strains isolated from Japanese waters were
found to produce AZA, -11, -35, -2 methyl ester(exhibiting the initial loss of MeOH
associated to the methyl ketal artefaesil-2 phosphate ester as well as 13 putative AZA

compounds which shared nominal fragmentation patterns to A%A

Am. languidais another species within temphidomatacaéamily and is distributed widely
around Irish waters, the North Sea (including the Norwegian coast) antie@l&tantic coast
of southern Spaifdiscoveredfter a shellfish contamination event occujré&trains isolated
from thecoast of Spaitave been found to produce AZAand-43 while the north Atlantic

and North Sea strains produce A38,-39,-52 and-5323° 6162

Az. dexteroporumwvas sampled from the Bay of Naples in 2017 and found to produce3a8ZA

as well as six novel analogues, AB4 t0-58 and 3epiAZA-7 (Figure9).%®
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Figure9. Global distribution of AZA toxins identified from dinoflagellates in the Amphidomatacea family.

To dateover60 masses associated to Aafkaloguehave been reported in the literatwigh
many occurring as products of shellfish metabolidrab(e 3). Some previously predicted

structures by Rehmaet al.have not since been identified by both MS/MS or NMR data and
might not exist at af°
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Table3. Partial table taken from Ozavea al &°

Production Identification technique Origins etc. Reference
AZA-1 8425 NMR, MS/MS A. spinosum 28,64,65
AZA-2 856.5 NMR, MS/MS A. spinosumaA. 29,64,65
poporum, Am. languida
AZA-3 828.5 NMR, MS/MS Shellfish 29,64,65
AZA-4 844.5 NMR, MS/MS Shellfish 30,83
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 82,88
AZA-8 858.5 NMR, MS/MS Shellfish 82,33
AZA-9 858.5 NMR, MS/MS Shellfish 82,88
AZA-10 858.5 NMR, MS/MS Shellfish 32,33,66
AZA-11 8725 MS/MS A. SpinosumaA. 82,383,690
poporum shellfish
AZA-12 872.5 MS/IMS Shellfish 34
AZA-13 860.5 MS/MS Shellfish 34,66
AZA-14 874.5 MS/IMS 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 8245 MS/MS Shellfish 1
AZA-28 838.5 MS/MS Shellfish 19
AZA-29 842.5 MS/MS Predicted 34
AZA-30 856.5 MS/MS Artefact 3
AZA-31 856.5 - Predicted 34
AZA-32 870.5 MS/IMS Artefact 3
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. spinosumaA. 18, 63
dexteroporum
AZA-36 858.5 NMR, MS/MS A. poporum 56,70
AZA-37 846.5 NMR, MS/MS A. poporum 58,70
AZA-38 830.5 MS/IMS 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 €6

AZA-47 918.5 MS/MS Shellfish 66
AZA-48 826.5 NMR, MS/MS Shellfish .
AZA-49 840.5 MS/MS Shellfish 19
AZA-50 842.5 MSIMS A. spinosum 56
AZA-51 858.5 MS/MS A. spinosum 56
AZA-52 830.5 MS/IMS 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/IMS 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 n
AZA-64 802.5 MS/MS A. spinosum 2
AZA-65 858.5 MS/MS Hepatocytes 53
AZA-66 872.5 MS/MS Hepatocytes 53
AZA-67 874.5 MS/MS Hepatocytes 3
AZA-68 888.5 MS/MS Hepatocytes 53

1.1.6 Toxicity of Azaspiracids

Initial toxicity studiesperformed by Sataket al found AZA-1i 3 to have similar levels of
toxicity (0.2 mgkg' ) using mouse lethality bioassstiirough intraperitoneal injections (1).

29 AZA -4 and-5 were later tested by Ofugt al.and found to have reduced toxicity of approx.
0.47 and less than 1.0 nkg' ! respectively’® Azaspiracids have previousheenreportedto
havean LDso of over 700 ugkg' ' in mice, these compounds have more recently been reported
with LDsoVvalues at concentrations of 443k ?, indicating the need for further understanding

of these toximd$s biological activit

During the ASTOX II projectfunded by the Irish governmerit6 AZAs were isolated and
tested against human cell lines in toxicity studies (Jurkat T lymphocytes;2Catestinal
cells, and BE(2M17 neuroblastoma cell$}.The Jurkat assag used as aeference to show

relative toxicities between AZAand isreported to ba sensitivemethodin response tboth,
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exposuretime and concentrationf azaspiracidsThe assayshowed similarrelative toxic
responsefor AZA-1, -2 and-3 to the mouse bioassay Their study showed Egvalues for
AZA-1were ina range of 1.1 to 7.4 miTable4).”® Obsenations of elevated levels of capase
activity, cytochrome C production and DNA fragmentation evidenced atypical apoptosis being
the likely cause of the toxicity towards human céI8ZA-2 was found to be the most toxic
with AZA-26 the least* Theextramethylation observed correlated with increased toxicity and
hydroxylation had the opposite effeéZAs that were methylated at-& andor C-22 were
found to be more toxic whildZAs that were hydroxylatedt G3 and/or C23 were less toxic
(Tabled4). AZA-36 and-37d o n 6t methylgroup G239, and both are less potent than
AZA-1 indicating themethylation of ring | is important for toxicityThe sharpdecrease in
toxicity from the ketone formed in AZR6 hinted that thenethylgroupson ring E played a

role in AZA toxicity.”®
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Table4. Structural variants of AZAs, their protonated masses, origin and toxicity taken f8r®X41l final report 2007

2013with updated stereochemistry.

Left hand side (LHS)

Right hand side (RHS)

Toxicity
Type R: 7,8 R, Rs R4 Rs Rs [M+H]* Origin Status (Jurkat)

EGso
AZAl al H H H CHs; H CHs 8425 Az. spinosum phycotoxin 11
37-epk al H H CH; H CH;s 842.5 Az. spinosum phycotoxin 0.2
AZAl
AZA2 al H CH; H CH; H CH;s 856.5 Az. spinosum phycotoxin 0.3
AZA3 al H H H H H CHs; 828.5 Shellfish metabolite 0.6
AZA4 al OH H H H H CHs; 844.5 Shellfish metabolite 2.0
AZA5 al H H H H OH CHs 844.5 Shellfish metabolite 3.0
AZAB al H CH; H H H CHs; 842.5 Shellfish metabolite 0.2
AZA7 al OH H H CHs H CHs; 858.5 Shellfish metabolite -
AZA8 al H H H CH; OH CH; 858.5 Shellfish metabolite 0.3
AZA9 al OH CHs H H H CHs; 858.5 Shellfish metabolite 1.9
AZA10 al H CHs; H H OH CH; 858.5 Shellfish metabolite 3.1
AZA26 a2 H - H - - - - 824.5 Shellfish metabolite 36.6
AZA33 bl - - H CH; H CHs 716.5 Az. spinosum phycotoxin 5.2
AZA34 cl - - H CHs H CH;s 816.5 Az. spinosum phycotoxin 0.2
AZA36 al OH CH; H CH; H H 858.5 Az. poporum  phycotoxin 5.0
AZA37 al OH H H CHs H H 846.5 Az. poporum  phycotoxin 6.3
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1.1.7 Toxin Production andsolation

Since the discovery of AZP events in Eurpmgulations have been introducedteventthe
reoccurrence of humantoxications.Monitoring of shellfish tissubefore harvesting/safer

the presence of lipophilic toxins is requiratd LGMS analysis of tissue extracts is a reference
method’!” "8For this methogreference standards are requiredsfoeurateguantitation and has
exposed the need for the sustainable production of-fa&#ks. There heae been shortageof
reference standards for marine toxins. Historicalty main sources for the isolation and
recovery ofmarinetoxins have beeffrom laboratory cultures onaturally and artificially
contaminated shellfish tiss§&Once thetoxin producing organisnis identified laboratory
cultures can be usedCulturesoffer many advantagesvith less clean up required than from
shellfish tissue and no dependence on naturally occustagam eventsMany species within

the Amphidomatacedamily have been cultured in lab but few have been cultured in bulk for
toxin isolation. The first bulk culture @&z. spinosunwas completed in 201&nhd was the first
study to both culture the dinoflagellate in bulk and purify the subsequens fxdduced from

the cultured® The method used a system of photobioreactors in series which allowed for the
continuous production of AZA and-2. From 1200 L of culture thstudy isolated 9.3 mg of
AZA-1 and 2.2 mg of AZA2 with 95% purityand a recovery of 70%. Compared to past
isolations from shellfish (AZAL recovery 53%), recovery from algal cells performs better and

requires less steps to reach puftity.

Since then, only one study by Kroek al. in 2015 isolated azaspiracids from laigmale
cultures®® AZA-36(0.89 mg)was isolated from 870 af aKorean strain oAz. poporunwhile
AZA-37 (1.28 mg) was isolated from 120df a North Sea strain that had a much higher cell

quota for AZA productiort®
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1.1.8 Am. languidain Ireland

This literature review reveals somsgnificant gapsn azaspiracid research in Ireland. While
the toxins produced b4z. spinosurhave been widely studied and documented around Ireland,
the more recently identified speciesirish wates, Am. languidg has yet to have its bouquet
of azaspiracids elucidated and their toxiagmpared to AZAL. Am. languidavasoriginally
isolated as a novel species in 2011 from Bantry, Bayk. Surveys have shown that the species
is as common ifrish watersas the toxigeni@z. spinosunt® &The surveg havealso found
notable concentrations of the AZ28 and-39in sea water collected from sampling stations
with inshore waters around Bantry Bay having a concentratiap @64.9 ngL'! during a

survey done ir2017.

Human intoxication eventsaused byAz. spinosumare becoming less common witthe
introduction of routine monitoring of shellfish tissublodern techniques like LEMS
guantitatiorhave allowed for rapid analysis and disseminatictoxih levels in farmed tissue
which givesthe shellfish industry accurate and real time data on the safety and quality of their
produceThese monitoring programs screenAatA-1 to-3 which havea history ofbeing the
caustive compounds iAZP poisoning eventsSo far AZA-38 and-39 have not been an issue

for the shellfish industryn Irish watersbut with the recordedHAB events increasinghe
prevalence of the speciaad associated toxins insh waterit is not unlikely that the species
couldpose a threat in the futufBhe structures of both compounds, their toxicity and the ability

of these analogues to be retained in animal tisssigédtao beevealed.

1.1.9 Aims

This literature reviewalso highlights the major progresthat has been made so far in

understanding AZA toxins and how best to combat Axents. Currently in Ireland there
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remains a vital need to continteedevelop our understanding of all toxigenic species present

in our waters.

1 The first aimof this PhDwas toproduceAm.languidaat alargescale.Az. spinosum
andAz. poporunare the onlymembers of thémphidomatacedamily to have been
bulk cultured for toxin production and whiheorphologically similarthe growth rates
for Am. languidahavebeenreportedinternallyto be lower than that g&z. spinosum
For a successful lareggrale culture many litrgs>100 L) will need to be produced in a
continuous manneihe bulk growth will also need to be reproducedblshow the
robustness of our bulk culture method.

1 Once grownisolation and purification of AZA8 and-39 will be attempted from the
enriched extractsolation of both will allow us to confirm the structures first proposed
in 2012 andest their toxicity in reference to AZA.

1 The ability for the toxins taccumulate in the tissue of shellfisiil also be tested using
an invitro feeding experiment likgerformed forAz. spinosurby Salaset al*?

1 Finally, since the presence of the toxins has already been obserwedeirs around
shell fishing sitesAZA -38 and-39 will be quantified irtissuesamples provided to the

Marine Institute
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1.2 Chapter 1 Production of theDinoflagellate Amphidoma languidan a
LargescalePhotobioreactor an8tructureElucidation of itsMain Metabolite
Azaspiracid39
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Abstract:

Shellfish contamination withzaspiracids (AZA) is a major and recurrent problem for the Irish shellfish
industry.Amphidoma languidaa small thecate dinoflagellate of the family Amphidomataceae widely
distributed in Irish coastal waters, is one of the identified source species of azaspikZiss Irish

and North Sea strains 8fn. languidehave been found to produce as major metabolites-8Z And-

39 whose structures have only been provisionally elucidated by mass spectrometry and their toxic
potential is currently unknown. Irraer to provide pure AZ/88 and-39 for subsequent structural and
toxicological analyses, we present the first succesmfgkscaleculture ofAm. languidaA 180 L in

house prototype bioreactor was used for lesgae culture growth and harvesting in s@omtinuous

mode for two months. Two different runs of the photobiorector with different light and pH setting
showed the highest toxin yield at higher light intensity and slightly higher pH.-2&And-39 cell

guota were measured throughout the coetplgrowth cycle witithe AZA-39 cell quota increasing
relativeto AZA-38 at late stationary to senescence phase. Over two experiméntsl of 700 L of
culturewas harvested yielding 0.45 mg of pure AZ8. The structure of AZA89 was elucidated
through NMR data analyses, which led to a revision of the previous structure proposed based on mass
spectrometryWhile the spiro tetrahydrofuran/tetrahydrofuran of rings A and B confirmed by NMR
spectroscopfor AZA-39, a methylvasstill present in position €4 and the carboxylic acid chaias

different from the structure propospreviously

Keywords: Azaspiracids, Toxin extractiolmphidoma languidaAZA-39, Largescale cultivation, NMR, dinoflagellate

Highlights:

A First bulk culture oAmphidoma languida

A Purification of AZA-39 from culture extracts.

A Structure elucidation of AZ/89 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
generaAzadiniumand Amphidomawith few species known to produé&As. Thus far, the
genusAzadiniumincludes 16 species and most of them have been described in the last decade
(Salaset al, 2021; Tillmannet al, 2009). The genusmphidomacurrently 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 Amphidoma languiddlillmann, Salas & Elbrachter
(Tillmann et al, 2012), andour otherAmphidomaspecies were added in 2018 after aglo
hiatus in the knowledge of this group (Tillmann, 2018; Tillmatral, 2018b).Species of
Amphidomataceae have been thoroughly testeth®ipresence of azaspiracids and most of
them have been reported asnproducers Azaspiracidproduction therefore appears to be
more the exception than the raethe Amphidomatacedamily, but other toxins might also

be presen{Salaset al, 2021).Among the genuézadinium two toxin producersnhabitthe

North Atlantic: Azadinium spinosunklbrachter & Tillmann 2009 (Krocket al, 2009;
Tillmannet al, 2009), which now is known to feature several ribotypes (Tillngdah, 2021);

and AzadiniumpoporumTillmann & Elbrachter (Krocket al, 2012; Tillmannet al, 2011).

Both species are known to produce a wide variety of toxic azaspiracid (AZA) metabolites. A
third speciesAzadinium dexteroporuidercopo & Zingone, 2013 (Percogbal, 2013; Rossi

et al, 2017) has been found to produce AZAut so far only in the Mediterranean strains
whereas other strains frothe North Atlantic were found to be rproducergTillmannet al,

2015). For the genusmphidomaonly one specie®m.languidg is known to produce AZA
(Krock et al, 2012). The first strain oAm. languidawas described in 2012 from a sample
collected in the Southwest of Ireland, in BarlBgy (Tillmannet al, 2012), and since then,

many other strains have been isolated from different locations in the North Atlantic, including
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Iceland (Tillmanret al, 2015), Norway (Tillmanmt al, 2018a), Greenland (Tillmaret al,
2020) and in the North Sea off the coast of Denmark and Scotland (Wiegtain®019). In
2017, a new strain was isolated in the SoutthefSpanish Atlantic coast (Tillmanet al.,
2017). Whereas this strain from the SooitlSpain was found to produce AZ2and AZA43,
all otherAm. languidastrains from the North Sea and North Atlantic are known to produce

AZA-38 and-39 as major metabolites

Azaspiracids, first identified ishellfish(e.g. AZA-1, -2), are known to cause symptoms in
humanssimilar to those o DSP toxins, resulting in acute nausea, vomiting, diarrhea and
stomach cramps. Initially, the isolation and purification of AZAs were achieved using naturally
contaminated shellfish matericddtakeet al, 1999. With the identification oAz. spinosum

as a producer of AZA (Krock et al, 2009), largescale cultivation of Amphidomataceae
opened an alternative source of toxins. In 201&elacale cultivation ofAz. spinosunin
photobioreactors was the first successful attempt at isolating and purifyinglAat#l -2
(Jauffraiset al, 2012)from laboratory culturesSince then, the other attempts at lasgale
culture have been the cultivation of two strainpfpoporunifor the isolation and purification

of AZA-36 and-37 (Krocket 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
methodsn marine biotoxin programs are improved and become effective tools for monitoring
(Kilcoyne et al, 2019). The availability of largecale cultures will also allow feeding studies

in order to assess wheth®m. languidds ingested by shellfish speciesdeshow the toxins are

metabolized by the shellfish.

The mainAZA metabolites ofAm. languidg named AZA38 and-39, have not yet been
obtained in a pure form, and toxicgyudiesare consequently lacking on both compouas.
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 AZ&\and-39 in AZA-1 equivalentsThe

main reason is th&m. languidahas not been successfully cultivated at lesgale, and highly
contaminated shellfish samples, such as those of spedeadihiumspinosunused to extract

and purify AZA1 and-2, are not available. In this work, we describe the first successful
attempt at growingdAm. languidain a closed pktontrolled largescale photobioreactor in a
semtcontinuous system to produce the AZA camgrs 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 AZ® (450 e€g) for struc
NMR analyses of this metalite led to the revision of the structure proposed previously for

AZA-39 based omass spectromete¥iS) data (Krocket al, 2012).

1.2.2 Materials and Methods

1.2.2.1 Sample collection, isolation and cultureArhphidoma languida

The strain ZLF-9-C9 of Am. languidawvas isolated in June 2016 during a survey on RV Uthdrn
from the southern North Sea off the Danish coast at 36;07°28E (Wietkampet al., 2019).

The strain was established after single cell isolation by microcapillary into wells\wélb6
plates filled with 0.2 mL filtered seawater using a stereomicroscope-(S2p{ Olympus)
equipped with dark field illumination. The strain was routinely grown at 15 °C under a photon
flux density of?2dhgnmrne@sxh lightdark photooycle. he strain was
identified asAmphidoma languiddy 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 andnean since its
isolation in 2016 at the Alfred Wegener Instit(#&VI) in Germany in the standard conditions
described above. In October 2019, the strain was transferred to the Marine Institute Ireland to

start a largescale culture reported here.
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Figurel. Living images ofAmphidoma languidatrain ZLF-9-C9.

1.2.2.2 Photobioreactor

A closed photobioreactor (PBR) was built for this study. FB&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/n oversized tissue culture flaskdure 3. The PBR
dimensions were 150 cm90 cmx 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 approximatey45° angle and 30 cm from the bottom.
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Figure2. Schematic of the imousePBR

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 witk 6 cm bore holes for air linesd), CQ line

(x1), Vent k1) and Oxygen and pH probesl]. The methacrylate body including lid and
bottom valve was held upright and at 30 cm from the ground by a stastdetsrame with

feet (Figure 3.
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Figure3. (A) PBRsystem at full capacity. (B) HP20 extractiorfiime hoodusing 10 L round gladsottom flasksand (C)
harvesting from PBR.

The PBR was installed in a temperataoatrolled room. This was fitted with>230 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 walkin incubatorwas a temperatureontrolled 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. Théwa incubator was also fitted with a

COz gas cylinder, pipe work and G@anifolds for the delivery of this gas to the PBR.

1.2.2.3 Largescale cultivation oAmphidoma languida

1.2.2.3.1 Photobioreactor

The seawater used in this experiment was collected at Ballyvaughan pier, Gayéyat:
53° 06 56'N; Long: 9° 08 58'W) using a SUB202®S 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 um nominal pore size using avililvacuum 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 deionised 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 loktev@en 5 to 10 times

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

seawatefor 24 hrto make sure that all the instrumentation worked. This volume was disposed

of before inoculation.

After transfer fromthe 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 nuediand acclimatized to 18 °C and #ull
strength K medim (Keller et al, 1987). The culture was scaiad 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'mL

From these 5 L flasks, the PBR was initially inoculated at a maximum dilution rate of 3:1
inoculum:medim to obtain minimum average cell densities in the phmtoeactor of
approximately 30,000 cells mb After this, the culture was scaleg at intervals as the cell
density increased by adding small increments of omdito thePBR 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 medim without ammonia and kept at 1&€ and 12:12 L:D
photoperiod. Aeration was delivered using a Blagdon Koi Air25 air pump (Blagdon Water
Gardening, Dorking, Surrey) throughx3air 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 strail\nfspinosumand the pH maximum set point
used was 8.3 #/0.1 hysteresis. A pH control system actida®O, addition into the system,

by a solenoid valve, as the pH incredadth cell growth above the maximum hysteresis value
(8.4), the solenoid valve opetiautomatically to lower the pH to the lower hysteresis set point
(8.2). When the pH probe meastifeelow 8.2 the solenoid valve automatically shut the flow

of CQOz into the system. The pressure at the manifold was set at approximately 4 psi which was
the equivalent of 3040 bubblesnin'! using the bubble counter. This allowed for the steady
but slow and controlled addition of G@to the system, via the G@eactor which wa 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-slkzafge
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), attrefshelf pH control system for
Aquaria automatically monitored the pH in the PBR and kept it stable througheu
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 aaterapead from the
incubator Dixell temperature control system (Emerson, St. Louis , MO, United States); iii) a
COz reactor submersed in the PBR and; iv) a bubble counter and solenoid valve attached to the
COz in-house line system delivered by a £a9linder (BOC, Guilford, UK). The salinity was
measured using an optical handheld refractometer Eclipse. Light intensity was measured using
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an ISOTech 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, tHeBR was gently homogenized with a rigid plastic brush and
increased aeration was used to continue the homogenization procégsrfon1After aeration

was stopped, aampleof 3i 5 L of culture was collected into a 5 L plastic container and the
contents were poured back at the top ofRB&R Then, a seconsampleof 3i 5 L of culture

was used to collect’81 mL samples pipetted omto 1.5 mL Eppendorf microtubes containing

20 pL of neutraLugold ®dine.

From each sample, 1 mL was removed from the microtube and dispensed into a 1 mL glass
SedgewickRafter slide. The sample settled down for approximately 15 min before
examination using an inverted microscope Olympus1XOlympus, Shinjuku City, Tokyo,

Jamn) or a Leica DMi8 (Leica Camera AG, Wetzlar, Germany) 400 magnification. At

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

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

1.2.2.3.4 PBR1 run

The pH in the system was set at 8.B 8/1 hysteresis. Mean temperature inside the PBR was
stable at an average 19.9 °C during the study (Table S1). The light intensity inside tire walk
incubator was approximately 140 pmol48'%, 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 umol4s' . The dissolved oxygen in the culture was above 100%
saturation for the duration of the experiment but lewkkopped from day 56 as the culture

collapsed.
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1.2.2.3.5 PBR2 run

Two main changes for this experiment compared to PBR1 were: (1) Light intensity inside the
walk-in incubator was reduced to approximately 70 umof ght. (2) pH set point for the
addition of CQ in the system was slightly reduced from 8.8 to 8.450tA 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 (pesticaigrade) 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 (098%), ammo
Di ai on HP20 polymeric resin (0O0. 25-Aldnah) , and

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 firstexperiment (PBR1)samples for AZA analysis were collected in two ways.

ThePBRwasfirst homogenised as section 1.2.2.3.3, then;

(1) A simple and rapid extraction methoda | | e d f v iuadd 10 pLtsangle aliquotn o
placed into a glass HPLC vial equipped with an insert and 50 pL of methanol was pipetted into
the vial to extract the sample. A volume of 2 uL of sample was injected into thé3_@r

AZA quantification.

(2) The second method usedis based on Solid Phase Extraction (SPE). Samples were
collected in 10 mL aliquots. The samples were st@etd20 °C freezer until they were
analysed. The 10 mL samples were defrosted at room temperature and then loaded onto a1 g

6 mL Oasis Bond Elut cartridd@gilent, Santa Clara, CA, USApreviously conditioned with
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MeOH and HO. The cartridge was then washed wid®©H6 mL) followed by the elutiowith

15 mL of MeOH to recover azaspiracid toxins from the cartridge. The eluent was evaporated
to dryness using miVac QUATTRO concentratGenevac, Ipswich, EnglapdThe sample

was therdissolvedn 10 mL of MeOH and sonicated for 10 min. A voluofd mL wadfiltered

with 0.2 um syringe filters Fisherbra, Sterile PES Syringe FiltewWaltham,MA, USA) and

transferred and stored in 1.5 nalalsat1 80 °C for LC-MS analysis.

Both methods were compared only for the first experirfrearhed PBR1 in 3)Jand 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 LGMS analyses of AZA

This method was used to assess the concentcdtfadAs 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 pL was transferred to 900 pL of MeOH and serially
diluted 3 times. The third dilution was filtered using 1 mL syringe and 0.45 pum pore size

syringefilters, transferred to a 1.5 mL MS vial and stored at20 °C until analysis.

Identification and quantification of toxins were performed on an Acquity UPLC coupled to a
Xevo G2S QToF (Waters, Manchester, UK). All analyses were performed in positive MSe
(2001 1200nVz) and MS/MS modes. The reference compound used for calibration was leucine
encephalin. The cone voltage wasa¥0) collision energy was 56V, the cone and desolvation

gas flows were set at 100 and 1000 t, hespectively, and the source temperature was 120 °C.
Quantitation was performed in MSe mode, using Targetlyntwsoé. All toxins were
guantitated against AZA. Mass transitions of 830>348 for AZ28, 816>348 for AZA39

and 842>672 for AZAL 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 x 2.1 mm i.d., 1.7 um, Acquity UPLC BEHiWaters, Wexford,
Ireland). The gradient was fromi30% B over 6 min at 0.3 mL niify 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 pL 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 semicontinuous harvesting strategy was usedAfior. languida This involved harvesting
regularly a defined volume of culture and replenishing the pbigi@actor with K medim.
Approximately 30 L of culture were harvested from the PBR inmal8 L borosilicate round
bottomed flasks. Cells in the flasks were lysed by addition of acetone to final concentration of
7% (Kilcoyneet al, 2019). Previously activated HP20 resin was then added (2)gThe

mixture was agitated under constant aeration for #Bkeep the resin in suspension. Using a

80 pum 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=450L).

1.2.2.5.2 Extraction

To determine the quantity of AZ88 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 ihe resiamethanolslurry was then poured intoglass
chromatography column (8 cm diameter, 60 cm lengitt) a frit to prevent the resin passing
through the column and the methanol was separated gravimetriaatilger portions of MeOH

(150 mL) were eluted through the column drogsviA volume of 100 pL of each elution were
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added to 900 pL of MeOH and the AZA content was quantified usingVISC Elution
continued until the concentration of AZ20 was <1.0 ng nl in the column eluent. Eluent
was combined and dried in a rotary evaporator under reduced pressure. The dried extract was

stored af 20 °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 methanobusdleel éxtraction

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 initiallfractionatedusing the SPE method. Our separation conditions
followed the conditions used in Kroekal (2015). The sample was suspended in 20%CDH

(16 mL) and sonicated for 15 minuteShe sample was then split into portions (2 mL) and
loaded onto greviously conditionedCigs SPE cartridge (500 mg 6 mL). Four fractions of
decreasing polarity were recovered: (AQQ4MeOH (9:1 v/v, 15 mL), (B) bD:MeOH (4:6

viv), (C) HbO: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 aneereevaporatedinder reduced pressure. The resulting fraction was
then suspended in MeOH (10 mL) and sonicated (10 min). The sample was sid2@d@t

for 30 min. Then, the s@pnatant 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 V@i a
column (Waters, XSelect CSH, 1% 250 mm, 5 um) under isocratic conditions (27:73
H>0O:CH:CN + 2.0 mM ammonium acetatellecting peaks every 2 minutes during 40 minute
runs which were then testing with L@S. Peaks b7 (3.55 mg) contained AZA88 and were
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combined and peakd 2 (2.88 mg) contained AZR9 and were combined separately. Final
purification of AZA-39 was performed using @s column (Waters, SymmetryPrep, 75
300mm, 5 pum) under isocratic conditions (1:3CHCH:CN + 2.0 mM ammonium acetate).

AZA -39 was finallydebufferedusing a methodimilar to thapublishedoy Krock et al (2015)

where the sample walllutedto 20% ACNwith water ad loaded onto 800 mgCis cartridge
andwastedwi t h MeOQqH9, 10 mL) to remove thHauffer, and ellddwi t h  MeOOHT H
(9:1, 20 mL)to recovelAZAs. Unfortunately, the purification of AZA8 from peakss7 did

not afford enough pure material for NMR analyses.

NMR analyses on AZA9 were performed in GJOD at 25 °C with the residual peak of
CDsOD (3.31 ppm) used as reference on a Varian 600 MHz equipped with a cryofirobe.
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 PBRZ1: FirstAm. languiddargescale run

1.2.3.1.1 Cell densities and toxin monitoring

The initial inoculum had an average cell density estimate of approximately 28,000 célls mL
but as the cell density was decreasing during the first days,Janguidainoculum and K
medum were addean 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 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 tells mL

on day 34.
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PBR1: Am. languida cell density and pH measurements
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Figure 5 Amphidoma languidaell densities and pH measurements during PBR1. Grey bars indicate inoculation days; Red
bars indicate medim 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 (u) for this sesap period was 0.122'H
(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 é&dags 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 hatgektplace in days 56 and 57 (Talle

From day 49 onwards, the PBR was not replenished with newumedter 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 rhomlis) ranged between 8.5 to 8.85 and then decdeagh 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 (Figurelere, cell numbers declined drastically and the relation
between totaAZAs and cell density was not meaningful and thus omit®dth methods
described inl.22.4.2 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 Shg ratio of AZA38 to-39 ranged between 0.51

and 0.98 (Table 2) with most data points fallirgvieen 0.6 and 0.8 AZB&8 t0-39. The ratio

of the AZAsappeared to be independent of the cell concentration but decreased as the culture

collapsed (days 53 to 57) to minimum AZ38 to-39 ratios of about 0.5 (Tabl&)5

AZA-38 and -39 SPE cell quota versus cell density
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Figure 6 AZA-38 and-39 SPE cell quota and cell densities in PBR1
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Tablel. PBR1 harvests, cell densities and HP20 AZA results.

Harvests harv\é(s)tléd L %élngenqzity Azcﬁf?ﬁ o Azcﬁ? 9 Aza3s g Azu/sésg Azr/e\:tzigfg
1 30 75000 10.7 118 242 26.6 0.91
2 30 61833 16.0 18.0 39.6 335 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

30 44000 317 40.1 41.9 52.9 0.79
6 30 10700 117 166 375 53.6 0.70
7 30 6058 238 333 43.3 60.6 071
8 30 * * * 43.2 63.8 *
9 20 * * * 215 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 AZ8 and-39 in the extract by LC

MS estimated 301 pg of AZ&8 and 394 ug of AZA39 using AZA1 as reference (Tablg.

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

ug L'Y compared to harvests 1 to 4 (average: 1.5'djy L

There was an increase in toxin cell quota during harvest 5 (31.7 'fyAZA-38 and 40.1 fg
cell 1 AZA-39) as the culture started its decline. This was comparable with our SPE results for
the same day (19.6 fg dellAZA-38 and 32.4 fg célt AZA-39), indicating the start of the

senescence phase.

1.2.3.2 PBR2 29 Am. languiddargescale 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 variabéecbiop

PBR1 (Tables S1 and S4), with low pH values recorded for exaonptiays 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 medim after harvests and by the addition of O@o 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 mt. During the first 10 days, there was no evidence of growtbnso

day 11 we inoculated an extra 10 L of culture to increase the final cell density to approximately
15,000 cells mL! (Figure 7). Medim 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 celfsamd

the highest cell density estimate was reedwh day 46 (131,400 cells rht). K mediumwas

added o 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 (i) RBR2 was 0.099'd.

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 dédtereelach harvest

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

and extracted.
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PBR1:Am. languida cell density and pH measurements
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Figure 7 Amphidoma languidé&BR2 growth curve and pH measurements. Grey bars indicate inoculation days; red bars
indicate medim addition Arrow indicates PBR at full capacity. Triangles indicate nutrients addition, red circles indicate
harvests.

On average, the toxiconcentrationgor PBR2 were 1.94 ng mEAZA-38 and 2.20 ng niit
AZA-39 (Table2). However, the cell quofar PBR2was half of what was observedRBR1,
as similar amoustof AZA werefound in double the cell densiiyp the PBR2 study. The
average ratio of AZA38 to 39 toxins was similar in both experiments, but higher 83A

amounts weréound compared to AZ#/9 in PBR2 (0.88) than in PBR1 (0.76).

Table2. Summarized toxin data for PBR1 and PBR2 vial method comparison

PBR2 toxin AZA38 AZA38 Aza39 AZA39 Ratio AZ/38
data (ng mE1) (fg celt?) (ng mE1) (fg celt?) to AZA39
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 t020 fg cell* (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-88 AZ/A39
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 whiclshgérdy lower

between 0.6 and 0.7.

AZA-38 and -39 Vial cell quota versus cell density in PBR 2
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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 pooled into two large batch
extractions. The first 6 harvests for a total of 200 L were in batahdlthe next two harvests

(100 L) and the remaining 180 L from the photobioreactor made batch 2 to a t@@llof 2

During this process, 454 ug of AZ38 and 567 pug of AZA39 were estimated by L-®IS in

the extracts. The ratio of AZ88/39 was higher for batch 1 (exponential phase) compared to
batch 2 (late exponentigenescence phase). In total, between the two exgetsnboth lasting
approximately 2 months each, 753 pg of A38 and 960 ug AZA39 in the raw extracts were
estimated by LEMS. The next step was therefore the purification of these two toxins which

resulted in enough toxin for structure elucidation onlyAZA-39.

49



1.2.3.3 Purification and structure elucidation of AZ39

AZA-39 was purified from the HP20 extracts of both PBR1 and PBR2 comlzidedting
procedures previously describ&d-our isolation steps were required to purify A8 from
the HP20 extract s. -38wdsoetoreted foofn 700 & 8m. Ergguidaf A Z A

cultures (Table).

Table3. Summary table for purification of AZ&9.

Step No Step AZA-39 [ & Weight[g] Purity 82
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 Cis) 290 <0.01 10

4 Semiprep HPLC Cis) 450 - 95

% Recovery (steps4) 47

*Based on w/w and quantification by MS using AZAas standard

AZA-39 was obtained as an off white crystalline solid with a [M+Hf m/z 816.4&%9
corresponding to the molecular formulassNO15". The identity of AZA39 was confirmed
by its MS/MSspectrum being identical to the one published in 2012 and characterized by an
absence of the group 5 fragment formed from the +@tets-Alder cleavage atvz 672 and
the fragments 4 at m/z 4483061 (C26Hs2NOs"), 348.253 (C21HaaNOs"), 248.161
(C15H22NO2") and 154.130 (CoH1eNO*) (Krock et al, 2012). This unusual fragmentation
pattern suggested structural changes were expeldse to the carboxylic acid or ring A of
the molecule compared to the reference compound AZAhe structure of AZA7 was
previously reported using NMR in GDD, and thereforethe structure of AZA39 was
undertakerby comparison with the NMR data of this compound (Kretkl, 2015). TheH
NMR spectrum of AZA39 exhibited one less oxymethine signaliat4.39 and one extra
methyl atiy 1.05 (d, J = 6.5 Hz, C#8) when compared to the NMR data of ABXK (Figure

9, Tabled).
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A7’8 R1
AZA-1 yes H
AZA-37 no H

Revised structure of AZA-39

Figure 9 Structures othe knownAZA-1 (Kentonet al, 2018a3* and -37 (Krock et al, 201558 together with the revised
structure of AZA39 (Krock et al, 2012)70

Table4. 'H- (600 MHz) and*C-NMR (150 MHz) chemical shifts for AZA87 (Krocket al, 2015) and AZA39 in CxOD.

- AZA-37 AZA-39
Position
Uc Un mult. JinHz) Uc Un mult. JinHz)
1 180.3 - - - - -
2 46.1 2.33 - - - -
3 71.4 4.39 - 179.8 - -
4 134.6 5.70 - 37.6 2.99dd(16,7) 3.03dd(16,7)
5 133.1 5.65 - 129.2 5.85dt (10, 7) -
6 73.3 4.35 - 132.3 5.44t(10) -
7 38.4 1.43 1.87 83.1 4.301(9) -
8 22.2 1.70 1.77 40.6 2.18m -
9 36.6 1.70 1.83 46.6 1.77m 2.20m
10 109.1 - - 116.4 - -
11 33.9 1.69 2.33 34.8 1.92m 2.25m
12 32.8 1.83 2.03 33.8 1.66 m 2.22m
13 111.8 - - 110.0 - -
14 31.8 2.01 - 30.8 1.98 m -
15 33.5 1.76 1.87 325 1.76 m 1.83
16 78.9 3.94 - 78.0 391 brs -
17 74.3 4.29 - 73.4 4,26 brs -
18 37.6 2.00 2.07 37.0 2.01m 2.07m
19 79.9 4.44 - 79.1 4.43 dt (8, 6) -
20 77.4 3.93 - 76.8 3.85brs -
21 101.0 - - 100.1 - -
22 37.6 2.07 - 36.5 2.11m -
23 39.1 1.43 1.43 38.2 143 m -
24 43.0 1.35 - 42.2 1.36 m -
25 80.3 4.00 - 79.6 3.98d (9.5) -
26 149.0 - - 148.1 - -
27 50.4 2.25 2.42 493 2.23d (14) 2.40d (14)
28 99.4 - - 98.5 - -
29 45.0 1.36 2.05 442 1.35m 2.02m
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30 27.2 2.23 - 26.3 2.24m -
31 36.1 1.52 1.84 353 152td(13.5,4) 1.84dd(14,4)

32 737 4.37 - 728  4.35d(3.5)
33 821 4.05 - 807 3.99 brs
34 757 5.00 - 750 4.96 m -
35 427 2.49 2.60 42.1 2.38m 2.56 dd (14, 4)
36  98.0 - - 977 - -
37 367 1.98 - 364 1.91 m -
38 297 1.63 - 294 1.67 m 1.66 m
39 238 1.70 - 235 1.77 m 1.65 m
40 412 2.99 3.17 40.4 2.89Dbrd (12.5) 3.13dd (14, 12.5
8-Me 15.8 1.037 (d, 6.5)
14Me 175 0.90 - 160 0.916d (6.5)
22-Me  17.2 0.92 - 163 0.905 (d, 6.5)
24Me  18.9 0.84 - 180 0.825(d, 6.5)
26.CH, 117.8 5.15 5.33 116.7  5.14brs 5.31brs
30Me 24.3 0.96 - 235 0.945d(6.5)
37-Me  16.4 0.97 - 156 0.945d (6.5)

The key H4/H-5/H-6/H-7/H-8/H-9a and b together with the-8IH-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 kéyek8/C-8/C-7/C-9

HMBC correlations confirmed the location of the additional methyl-8t The configuration

of the additional olefin was assigned as E based on the value of the coupling cgstaint

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, HMBQCetations with the new

spiro carbon atic 116.4 (G10) disproved this hypothesis. Indeed, the kei&t8/H-9/H-
11/H-12/CG-10 HMBC correlations placed the methylene & €onnected to the carbor1D

and not the carboxylic acid (Figure 10b). The chemstedt of the spiro at €0 is more
deshielded than expected for AZAs and hints at more strain in the ring systems providing
further evidence of a-Bhembered ring instead of anGembered ring for other AZAs.
Additionally, a 1D TOCSY showed that signalsiréd-4 to H-8 and also HVle-8 were present

in the same spin coupled system further highlighting the presence efrttmbered ring. The
remaining moiety of the molecule is consistent with AZAand was confirmed by 1D and

2D-NMR experimentsThe configuation at G20 for all AZAs is consistent with the last
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conclusions drawn following the total synthesis of AZAand the reassignment of this
configuration (Kentoret al, 2018a; Kentoet al, 2018b) This numberings shown in Figure
8 was preferred to be consistent with other AZA repgttieghlighting a plausible biosynthetic

consistency corresponding to one acetate unit less for2Zféompared to AZAL.

Figure 10 a. Partial structure first postulated for AZ39 using NMR datab. key COSY and HMBC correlations for the
correct partial structure of AZR9. c. key nOes for the relative configurations of the partial structure of-B2ZA

As AZA-39 is the first azaspiracid with arbembered ring A, we then investigated the
configurations of the three chirakntresat G7, G8 and G10, considering that the other
configurations were conserved with AZIWFirst, the key HMe-8/H-7 and H8/H-6 nOes were
consistent with a trans relative configurations with the substituent3 aind G8 (Figure 10c).
Among the four remaining possibilities a key and unexpectéfH-Me-14 nOe allowed us to
propose the mosikkely relative configurations betweetl 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 &/C-6 is oriented upwards in the same
direction as Mel4. Finally, as epimerisation was observed é80Cwhen AZA1 was purified

in acidic medium we wanted to ensure the configuration-387 @or the purified AZA39
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(Kilcoyne et al, 2014a). The reported comparison of NMR data for AZAnd its 37epi
derivative was extremely useful to conclude that the isolated-3Z & not an epimer at-87.
For example, F20 resonates &t 3.85 in AZA-39 which is very similar t0h-203.82 for AZA-

2 and distinct tai-20 3.50 for 37eprAZA-2. Similar conclusions could be drawn through
comparisons of all other signals. We are therefore confident to coruitige full 3D structure

of AZA-39.

1.2.4 Discussion

Some strains oAm. languidahave been established successfully as laboratory cultures over
the last couple of years (Wietkarapal, 2020; Wietkamgt 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 examgalespinosunand Az. poporunhave

been kept in culture conditions for years and have been grown successfully isciaiér

toxin production without major difficulties (Jdtdis et al, 2012; Krocket al, 2015). In
contrast, the type strain SM1 Afm. languidawas 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 ofAm. languidain 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 gerséreity

of Am. languidaare unknown, but with the present work of a first successful mass culture of
anAm. languidastrain, few parameters are identified which seem to be crucial in this successful
attempt. Microscopic observation of the newly inoculated cultures in the PBR showaththat
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 @éined 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 streggluced cell loss and to allow the PBR culture to eventually start
exponential growth. The preliminary attempts at establishinglanguidan largescale 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 G@ddition starts) from 8.30 (used in the two preliminary attempts)

to substantially higher vaks (> 8.7) enabled to successfully establish the culture indaede

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 W3 added at all
because pH value above 8.91, the threshold point fet@€le 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 Q122 and 0.099
respectively) Am. languidabenefitted 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 mete €@
system on an increase in final cell yield is plausible. The cell density improved almest two
fold from PBR1 (max cellensity = 75,000 cells mt) to PBR2 (max. cell density = 131,400
cells mL'). 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 consideratialiffédrences

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 daysaggumbximately and from them a total

of 700 L of biomass with an equivalent raw toxin content of 753 ug and 960 ug of38ZA
and-39, respectively, was harvested. Both runs of the PBR indicate thdindtation and

light intensity play an important rolbut 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 yi@lohof

languidain largescale cultures.

The AZA cell quota varied in the two runs. The vial method used here covers botlamatra
extracellular toxins, and direct comparisons with literature reports on cell quotas obtained from
cell pellets is difficult. Generally, high variability in cell gacamong strains dm. languida
(Tillmannet al, 2021), and also intrstrain variability, partly depending on the growth phase

of the culture, have already been reported (Wietkatrgd, 2019). Here, AZA ratio changed
overtime during the culture lifeycle, 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-BZ8ompared to AZA8 occurs at the onset

of senescencphase. A first laboratory study reported for strahZ9-C9 high AZA-38
amounts and an AZR&8/-39 ratio of 1.18, which was substantially higher than the range of
0.38 to 0.69 reported for all other mésh. languidastrains (Wietkampet al., 2019), andilso
substantially higher than the toxin ratio reported here for the same strain (between 0.6 and 0.8).
This high variability of the AZA38/-39 ratio shows that it is not a constant trait for the species

or for a specific strain.

For harvesting, a sergontinuous 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 extractedlif®® of culture
corresponding -3® ama& ¢ & 039 dsgegs@dby MZ Which are not
dissimilar to the amounts accomplished during #he poporumstudy where similar

comparable volumes were worked on (Kretlal.,, 2015).
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For the extraction of the toxins from the culture ruedihe 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 @itial

SPE step was employed instead of a ligigdid 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 foraitiel and liquidiquid partitions (Kilcoyneet al,

2014). We had initially tested the SPE method on extracts containinglAZi#d had high
recoveries of 90L03% for AZA-1 (data not shown). The recovery of AZ® 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 wiiacemained 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 AZ3®. Recovery from the preparative HPLC was
unexectedly low, as it is normally reported with recoveries of >90%. Finally, the recovery of
450 €9 o £39s5uggesedthattie ionization potential was different compared te AZA
1 and that the amount of AZ89 has been underestimated in the previasntifications vs
AZA-1. Unfortunately, the amount of purified AZ28 was not sufficient to run NMR

analyses.

The structure for AZA39 was originally postulated in 2012 through MS/MS fragmentation
analysis (Krocket al, 2012). It contained a tetrahydrofuran ring for A as a response to the
absence of the typical fragmentraiz 672 in the CID spectra of AZ89. A pseudo Retro

Dielsi Alder (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 analdditi
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methyl was undoubtedly located at8CThe!*C-NMR chemical shift of the first spiro centre

atlc 116.4 was more deshielded than expected for AZIA408 110) 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 AZ39 differs from AZA38 and suggests that the easy cleavage

of the terminal carboxylic acid may lweduced by the presence of the double bond-&t C
leading to a stabilised allylic carbocation. Imjamtly, the purified compound will be used to
commence in vitro and in vivo studies. As AZA 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 NorthAtlantic.

1.2.5 Conclusion

The first successful bulk culturing of the spedds. languidas 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 forthefir t i me 450 e€g of -t he ma
39. Using 1D and 2D NMR experiments the structure of ARAwas revised from the first
hypothesis. The toxicity of AZ/9 relative to AZALl is currerly being studied and will be

included in subsequent publications.

Author Contributions: Conceptualization, R.S.; PBR design and construction, R.S.;
Methodology, R.S. and E.M.; Largeeale culture, R.S. and E.M.; Cell measurements, R.S. and
E.M.; strain isolation, characterization and original culture, U.T.; Chemical analysisai&dM.

R.D. Largescale harvest, E.M. and R.S.; Investigation, R.S., E.M., O.T; Original draft
preparation, R.&.M.; Review and editing, R.S., E.M, U.T., and O.T. Project administration,

O.T. All authors have read and agreed to the published verstbe manuscrip

Funding: This research was funded by the Marine Institute Cullen Fellowship PhD programme

58



Acknowledgments: The authors wish to thank Dave Clarke on technical support and helping
with acquiring pieces of equipment and materials used during this study. Also, we wish to thank
Mox Henderson whose help liaising with Collins plastics in the building of the phatalbior

and steel frame was essential.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of

the manuscript, or in the decision to publish the results.

1.2.6 References

Andersen, P., Throndsen, 2004 Estimating cell numbers, In: Hallegraeff, G.M., Anderson, D.M., Cembella, A.D. (Eds.),
Manual on Harmful Marine MicroalgablINESCQ Paris, France, pp. 9229.

Halldal, P.,1953 Phytoplanktorinvestigations fronweatherShip M in the Norwegian Sea, 1948®. (Including observations
during the "Armauer Hansen" cruise, July 1949.). Norske Vidaksakl. Hvalrad. Skr38, 1-91.

Jauffrais, T., Kilcoyne, J., Séchet, V., Herrenknecht, C., Truquet, P., Hervé, F., Bérard, J.B., Nulty, C., Taylor,a8n,Tillm
U., Miles, C.O., Hess, P2012 Production and Isolation of Azaspiracidand-2 from Azadinium spinosur@ulture in Pilot
Scale Photobioreactonslar. Drugs pp. 13601382.

Keller, M.D., Selvin, R.C., Claus, W., Guillard, R.R.1L987. Media for the Culture of Oceanic UltraphytoplanktdrPhycol,
23(4), 633638.

Kenton, N.T., AddAmpratwum, D., Okumu, A.A., McCarron, P., Kilcoyne, J., Rise, F., Wilkins, A.L., Miles, C.O., Forsyth,
c.J., 2018a Stereochemical Definition of the Natural Product R (®R,13R,
14R,16R,17R,195,20S,21R,24S,25S,285,30S 32R,33R,34R, 365,375, 39R)-Azaspiracid3 by Total Synthesis and Comparative
AnalysesAngew. Chem. Int. Edj57(3), 810813.

Kenton, N.T., AduAmpratwum, D., Okumu, A.A., Zhang, Z., Chen, Y., Nguyen, S., Xu, J., Ding, Y., McCarron, P., Kilcoyne,
J., Rise, F., Wilkins, A.L., Miles, C.O., Forsyth, C2D18h Total Synthesis of @10R 13R,14R 16R,17R,19S20R,21R,24S,
25528S30S,32R,33R,34R,365,37S,39R)-Azaspiracid3 Reveals No#identity with the Natural ProducAngew. Chem. Int.
Edit., 57(3), 805809.

Kilcoyne, J., McCoy, A., Burrell, S., Krock, B., Tillmann, 2019 Effects of Temperature, Growth Media, and Photoperiod
on Growth and Toxin Production #zadinium spinosunMar. Drugs 17(9), 489.

Kilcoyne, J., Nulty, C., Jauffrais, T., McCarron, P., Herve, F., Foley, B., Rise, F., Crain, S., Wilkins, A.L., Twindgrdds].,
P., Miles, C.0.2014 Isolation, Structure Elucidation, Relative IM'S Response, and in Vitro Toxicity of Azaspiracids from
the DinoflagellateAzadinium spinosurd. Nat. Prod, 77(11), 24652474.

Kofoid, C.A., Michener, J.R1911 NewGenera andpecies oDinoflagellatesBull. Mus. Comp. Zoql54(22), 267-302.

Krock, B., Tillmann, U., John, U., Cembella, A.2009 Characterization oAzaspiracids irPlankton Size-fractions and
Isolation of amAzaspiracidproducingDinoflagellate from the North SeBlarmful Algee, 8(2), 254263.

Krock, B., Tillmann, U., Potvin, E., Jeong, H.J., Drebing, W., Kilcoyne, 3Johni, A., Twiner, M.J., Gothel, Q., Kdck, M.,
2015 Structure Elucidation and in Vitro Toxicity of New Azaspiracids Isolated from the Marine Dinoflagédaténium
poporum Mar. Drugs pp. 66876702.

Krock, B., Tillmann, U., VoR, D., Koch, B.P., Salas, R., Witt, M., Potvin, E., Jeong, 2012 New Azaspiracids in
Amphidomataceae (Dinophycea&pxicon 60(5), 830-839.

Nicolaou, K.C., Koftis, T.V., Vyskocil, S., Petrovic, G., Tang, W., Frederick, M.O., Chen, D.Y.K,, Li, Y., Ling, T., Yamada,
Y.M.A., 2006 Total Synthesis and Structural Elucidation of Azaspirdcitinal Assignment and Total Synthesis of the
Correct Structure of Azaspiraeld J. Am. Chem. Sqd289), 28592872.

59



Percopo, |., Siano, R., Rossi, R., Soprano, V., Sarno, D., Zingone, A., 2048wAotentially Toxic AzadiniumSpecies
(Dinophyceae) from the Mediterranean Skajexteroporunsp. nov.J. Phycol, 49(5), 950966.

Rossi, R., Dell 6 Aver sano, c., Krock, B. , Ci mi ni2ell. | o,
MediterranearAzadinium dexteroporurDinophyceaeProducesSix Novel Azaspiracids anézaspiracié35: A Structural
Study by aMulti-Platform MassSpectrometryApproach Anal. Bioanal. Chem4094), 11231134.

Salas, R., Tillmann, U., Gu, H., Wietkamp, S., Krock, B., Clarke2021 Morphological andolecularCharacterization of
Multiple New AzadiniumStrainsRevealed dligh Diversity of Non-ToxigenicSpecies of Amphidomataceae (Dinophyceae)
Including two newAzadiniumSpecies in IrishVaters, North East Atlanti€hycol Res, 69(2), 88115.

Satake, M., Ofuji, K., Naoki, H., James, K.J., Furey, A., McMahon, T., Silke, J., Yasumoi®98. Azaspiracid, a New
Marine Toxin Having Unique Spiro Ring Assemblies, Isolated from Irish Muddgtius edulisJ. Am. Chem. Sqd.20(38),
9967-9968.

Schiller, J.,1929 Uber eine biologische und hydrographische Untersuchung des Oberflaichenwassers im westlichen
Mittelmeer im August 19280t Arch., 27, 381:419.

Stein, F.,1883 Die Naturgeschichte der arthrodelen Flagellaten. Einleitung Erktéirung der Abbildungen. Wilhelm
Engelman, Leipzig, Germany.

Tillmann, U.,2018 ElectronMicroscopy of a 1998pring PlanktonSample from theéArgentinean ShelReveals théresence
of Four New Species of the Amphidomataceae (DinophyceBhycol Res, 66(4), 2693290.

Tillmann, U., Edvardsen, B., Krock, B., Smith, K.F., Paterson, R.F., VoR0D8a Diversity, Distribution, andAzaspiracids
of Amphidomataceae (Dinophycea&png the NorwegiaiCoast.Harmful Algae, 80, 15-34.

Tillmann, U., Elbrachter, M., John, U., Krock, RQ11 A New Non-Toxic Species in thdinoflagellateGenusAzadinium
A. poporumsp.nov. Eur. J. Phycol.46(1), 74-87.

Tillmann, U., Elbréachter, M., Krock, B., John, U., Cembella, 2009 AzadiniumspinosumGen. etsp.nov. (Dinophyceae)
Identified as @rimary Producer ofAzaspiracidloxins.Eur. J. Phycol.44(1), 63-79.

Tillmann, U., Gottschling, M., Guinder, V., Krock, B018h Amphidomgparvula (Amphidomataceae), ldew Planktonic
Dinophyte from the Argentine Seaur. J. Phycol.53(1), 14-28.

Tillmann, U., Gottschling, M., Nézan, E., Krock, B2015 First Records of Amphidomalanguida and Azadinium
dexteroporun{Amphidomataceae, Dinophyceae) from the Irminger Sea off Icelad Biodivers Rec, 8, e142.

Tillmann, U., Jaén, D., Fernandez, L., Gottschling, M., Witt, M., Blanco, J., Krock2@®.7. Amphidoma languida
(Amphidomatacea, Dinophyceae) withNavel Azaspiracidl oxin Profile Identified as th€ause oMolluscanContamination
at the AtlanticCoast ofSouthern SpainHarmful Algage 62, 113126.

Tillmann, U., Salas, R., Gottschling, M., Krock, B., O'Driscoll, D., Elbrachter,2d12 Amphidoma languidap. nov.
(Dinophyceae) Reveals a Close Relationship betwaephidomaandAzadinium Protist, 1635), 701:719.

Tillmann, U., Wietkamp, S., Gu, H., Krock, B., Salas, R., Clarke,2D21 Multiple New Strains of Amphidomataceae
(Dinophyceae) from the North Atlantic Revealed a High Toxin Profile Variabilithazdinium spinosurand a New Non
ToxigenicAz. cf. spinosunMicroorganisms9(1), 134.

Tillmann, U., Wietkamp, S., Krock, B., Tillmann, A., Voss, D., Gu,2020 Amphidomataceae (Dinophyceae) in Western
GreenlandArea,IncludingDescription ofAzadinium perforatursp.nov. Phycologig 59(1), 63-88.

Wietkamp, S., Krock, B., Clarke, D., VoR, D., Salas, R., Kilcoyne, J., Tillmanr202Q Distribution andAbundance of
AzaspiracidProducingDinophyteSpecies and theifoxins in North Atlantic and North Sé&aters inSummer 2018PL0S
ONE, 15(6), €0235015.

Wietkamp, S., Krock, B., Gu, H., VoR3, D., Klemm, K., Tillmann, 2019 Occurrence anBistribution of Amphidomataceae
(Dinophyceae) in DanislRoastalWaters of the North Sea, the Limfjord and the Kattegat/Bedia. Harmful Algae 88,
101637.

60



1.3 Chapter 2Bioaccumulation andiotransformation ofAzaspiracids from
Amphidoma languidan theMusselMytilus Edulis

Statement of contribution

This chapter includes a eauthored research manuscript that will be submitted to Toxins.

My contribution to the paper involved the experimental, data acquisition and analysis,

preparation of manuscript.
Contribution of ceauthors

Rafael Sads: Supervision of experimentation and data analysis on cultures. Feedback and

corrections of manuscript

Urban Tillmann Isolated and provided the strainAn. languidaFeedback and corrections

of manuscript.

Jane Kilcoyne: Performed analysis of samples provided to the institute for routine monitoring.
Feedback and corrections of manuscript.

Bernd Krock: Provided expertise on azaspiracid structure elucidation with LCMS. Feedback

and corrections of manuscript.

Olivier P. Thomas Supervision of overall project and principal investigategedback and

corrections of manuscript.

61



Bioaccumulation andiotransformation of azaspiracids frodsmphidoma

languidain the musseMytilus edulis
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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 Amphidamalanguidas the only

species known so far to produce azaspiracids, while all the other toxin producers belong to the genus
Azadinium Strains ofAm. languidacollected in the Northeastern Atlantic have been found to produce
AZA-38 and-39 as major metabolites. CulturesArh. languida(24,00030,000 cells mLY) fed to
mussels Mytilus edulg), confirmed the bioaccumulation of AZ38 and-39 inshellfish tissue. AZA

38 and-39 were found to reach a combined 47.3 ug K§ZA-1 equivalents) in mussel tissue. The
identification of new derivatives resulting from the biotransformation of ABAand-39 from the
shellfish tissue was performed by {HRMS/MS. Although toxin concentrations in the tissue never
reached AZA1l reguhbtory limits, the study demonstrates that toxins fram. languidacan readily
bioaccumulate andransform in shellfish and the toxicity of the products of biotransformationdhoul
now be assessed. Importantly, biotoxin data from the Irish monitoring program also identifie8BAZA
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 biotransformgiaifish poisoning

Key Contribution: AZA-38 and-39 produced by Amphidoma languida are bioaccumulatedussels 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 mussélsin the absence of the known
causative DSP toxins okadaic acid and dinophysist®xthe conclusion was made that a hew family

of toxins must be present [1]. The causative agent of this toxicity, named azaspiracid (AZA), was
isolated in 1998 from musl tissue originating from Killary Harbour [2]. The name-ap#racid stems

from the presence of three spiting assemblies and both a cyclic amine and carboxylic acid. The first
proposed structure of AZA was later revised through total synthesisi|3,The structures of AZ&R

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 [57]. Following thefirst 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 [8fisbhathtaminated with

AZAs have been further detected in several coastal locations including Northwest Africa, Asia, South
America, and the West coast of Europel . Azadinium spinosundiscovered off the southeast coast

of Scotland, was found to be the causative organism in the production cfLAAf#-2 in 2009 [13,

14]. The number of reported AZA analogues has reached more than 60, largely as products of
biotransformation in animalsisues but also from laboratory cultures [5, 621h A few other species

of Amphidomataceae have been found to produce close structural analogues-bf P&Ainstance,
AZA-2,-11,-36,-37,-40i 42,-59 and-62 were identified from strains éfzadiniumpoporum[19, 22],

while strains oAmphidoma languidariginating in Irish and Norwegian waters produced AZ#&and

-39, and strains isolated from the Spanish coast produced2fatfd-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 monitgy of only AZA-1i 3. Concentrations of AZA

equivalents (sum of AZALi 3, corrected for their toxic equivalence factors) over 160 jigdégnussel
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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 toxind mvestigate their potential threat to
human health and to the shellfish industry. With the emergence of novel toxic speciesaséu
prevalence of bloom events, the pressure is now on research and development to identify which toxins

should be inlmided in routine monitoring programs.

Shellfish such as the blue mushkBitilus edulisvere found to bioaccumulate and biotransform ingested
AZA -1 and-2 in multiple feeding studies withz. Spinosurf29, 30]. Once ingested, oxidation occurs
in ring E with some hydroxylation observed aB@nd G23, and oxidation and decarboxylation at the
methyl attached at-@2 of the structure of AZA below (Figure 1). Carboxylation was proposed as
the more likely biotransformation of AZAs in blue mussels [5, 29331 In vitro metabolism studies
usingmussel hepatopancreas proteins also identified intermediates22 theboxylated AZA17 and

-1 8, -hpdexymethylazaspiracids AZ85 and-66.[21]Am. languidas 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-tberea matter of concern [34].
Shellfish contamini@on with AZAs from a Spanish strain 8im. languidehave already been detected
[23]. Unlike AZAs -1, -2 and-3, already proven to be toxic, AZAs from the Irish straiAwof. languida
have yet to be isolated and tested for toxicity. The first bulk cultukenoflanguidawas recently

reported and led to the revision of the structure of A4 35].
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AZA-1 yes CH3 AZA-39
AZA-38 no H

Figure 1 Structure of a) AZAl and AZA38, b) revised structure of AZA9.

The aim of this study was to determine if AZ8 and-39 produced by cultures &m.
languidacould be bioaccumulated in mussel tissue and if retained, do these unregulated toxins
undergo the typical biotransformations observed for AZand-2[21] Finally, a survey of
historical shellfish samples spanning a calendar year was performed usM& la@alysis to
assess whether AZ88 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 oAm. languidaZ-LF-9C9) is already known to produce AZ38
and-39[35], AZA-39 being the major toxin characterised by [M+H]/z816.48. The strain
was cultured in a 180 L photmoreactor and the larggcale allowed for the production of
culture with a concentration of 180 fg cell* of AZA-39 and 1015 fg cell'* of AZA38 (ratio

1:0.75). The culture averaged 26,000 cells‘mL
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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 haeldcdagure 2
shows the decreasing densityAoh. languidacells once exposed to the mussels over a 24 h

period.
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Figure 2. Cell densities &m. languidaover 24 h during a feeding study with blue mussels.

The highest rate afell disappearance took place within the first hour (5300 celld)rot the
experiment with the rate decreasing after this point (3200, 1400, 2400 and 1000 ¢efts mL

hours 25 respectively). After 24 h, the concentration was reduced to ~4,900ntels

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 &m. languida After 24h, 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 veer@ysedby 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 mussel 6s hepatopa
amounts of AZA38 and-39 were recovered dm 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 é) kigroughout the
experiment. Readers should ntitat the relative response between both AZBAand-39 and

AZA-1 is yet to be determined and might change quantification values significantly.

60

I Hepatopancreas AZA-38
50 - [ Remainder tissue AZA-38
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Figure 3 AZA-38 and AZA39 concentrations in g Rﬂ;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 (TO), particulateee supernatant (T24), on the tissue extracts and the bio
deposits, a methanol extract of the particulate matter removed bydiitrdiost of the toxin

was recovered in the particuldtee supernatant as AZ38 and-39 along with the 22
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carboxylated analogues which were the major metabolites prdsdie (1 refer toFigure 5

for structures). Higher ratios of 2Z&rboxylated analogues were found in the partictitet
supernatant than in the tissue extracts. Recovery varied greatly between replicates and as did
the yield of AZA38 and-39. AZA-39 had much higher recovery ydsl when compared to
AZA-38. Concentrations of metabolites found in the psdadoes and filtered particulate

matter were very low with many being below the limitsocurate quantitation.

Table 1 Azaspiracid toxirbudget

Replicates TO (ng) T24 Culture (ng) Tissueafter 24 h (ng) Bio-deposits (ng) Total (ng)

AZA38 AZA38 AZATO AZA38 AZAB9 AZATO AZATL AZAT2 AZA38 AZABY9 AZATO0 AZAT1 AZAT2 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 <L0Q <L0Q 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 bialeposits 3.0

Replicates AZA39 AZA39 AZAT3 AZAT6 AZA39 AZAT3 AZATA AZATS AZAT6 AZA39 AZAT3 AZATA AZATS AZAT6 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 1111
30616 R3 5095.9 3024.8 <L0Q <LOQ 183.3 107.4 480.6 18.6 20.7 84.6 <LOQ 427 35.8 <L0Q 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 27.6 247 3.07 5682.4 94.3
% toxins in mussel tissue 13.6
% toxins in suspended particulate matter 78.3
% toxins in biodeposits 2.5
LOQX Limit of quantitation

The tissue extracts from the replicate containing the highest concentration of AZAs were then
analysedby LC-MS/MS for the detection of possible AZA derivatives produced by
biotransformation in the shellfish tissue. A common prodlutt reported in a previous study,

in the LGMS/MS production spectrum of AZA38 and AZA39 is a group 4 produdbn at
m/z348 instead of/z 362 for AZA-1 (Figure 4 due to the loss of a methyl on ring | for both
derivatives Figure J [24]. In the same study, AZA381(z830) was deemed to be a close
analogue of AZA37 (m/z 846) with similar fragments in MS/MS spectiaiqure 4. The
absence of the-G hydroxy group on the carboxylic chain was the only difference in structure

between analogues, evidenced by the prominent loss 9433898 Da) for AZA37 and
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observed in the CID spectrum for AZ28. Instead, the methyl which was originally postulated
to be on G3 was revised and placed onl@ to conform to firstly, the observation that no2CO
was initially lost and second, to the structure of AZAwhich has been confirmed by NMR
and shares the sam#z 348 producion. No other AZAs elucidated with NMR have exhibited
a loss of the €4 methyl, which makes it unlikely that AZ38 is without a methyl at this
location. No typical group 2 fragments are observed for both-8ZAand-38 atm/z672.
Instead a product ion at/z686 [Mi 144+H] was present that would not correspond to the
postulated retrd®ielsi Alder cleavage of AZAl in the presencef a fully saturated ring A in

AZA-37 and-38 (Figurel) [22].
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Figure 4 CID spectra for AZA37 taken from kroclet al[21] and experimental CID spectra recorded for AZ&and-39.

The molecular formula of AZA9 is consistent with a loss oh@thylene when compared to
AZA-38. However, the fragmentation pattern of these two compounds differs with the absence
of the fragment at [M144+H] (m/z 686) in the CID spectrum for AZ89 and the presence

of a decarboxylation with a fragment atM4+H]". Initial loss of CQ was first observed in

AZA-37[22]. Interestingly, the fragment ion ratio of the loss o @DAZA-39 compared to
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AZA-37 is worth observing as AZ8&9 loses C@in a much higher ratio with [M441 H>O]*

being the largest fragment ion in the CID spectrum for AZRAcompared to AZAB7 where

that largest fragment ion is [MH20]*, which is characteristic for AZAs. This hinted at a
different chemistry near the carboxylic acid. The structure of 88Ahas recently been
elucidated using NMR and it exhibits the first observation ofraenbered ring ARigure

4)[35]. Together with AZA38 and-39, eight additional azaspiracid angilies Figure § were

detected in the mussel tissue extracts and their structures, proposed based on MS/MS spectra,
that shared some or most of the prodoos observed with AZA8 and-39, (Figure 8).
Following the previously reported metabolism of AdAand-2 in the blue mussel30]
oxidation/decarboxylation on ring E of both AZ#8 and AZA39 could lead to these eight

new derivatives named AZA9 to-76.

. Group 2 \
L m/z [M-144+H]" ; HO,C

Group 3
m/z [M-350-H,0+H]*

',:\OH ; 7 OH
22 R! ; N 20,R!
E |, | ) 2 21
'R2 | O 'R?
N ! N N
' Group 4 : ' Group 4
1 m/z 348 \ m/z 348
Name R1 R2 m/z 5 Name R1 R2 m/z
AZA-38 CH; H 830 : AZA-39 CH; H 816
AZA-69 CH; OH 846 | AZA-73 CH; OH 832
AZA-70 CO,H H 860 ' AZA-74 CO,H H 846
AZA-71 CO,H OH 876 ; AZA-75 H H 802
AZA-72 H OH 832 : AZA-76 H OH 818

Figure 5 Fragmentation pattern for a) AZ38 and b)39 and possible structures for the new compounds-82£o -76.

Retention timegrt) of the shellfish metabolites were shifted from those seen for-3ZAnd
-39. As the polar surface area is increased by the shellfish metabolism, earlier elution can be

seen for most metabolites. AZALand 4, -69 and 5 and-39 and-76 are coeluting with each
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other during out_C runs (Figure 6a). Anetabolite atr/z of 862.5 was also present sharing a
similar rt to the other metabolites which hinted at the presence of aI8;de8xy C22
desmtheyl form of AZA38. Figure 6b shows the proposed pathway for the formation of the

shellfish metabolites of AZ/A88 and-39 asseen for AZAl and-2.[28]

Retention times of the shellfish metabolites were shifted from those seen feB&ZAd-39.

As the polar surface area is increased by the shellfish metabolism, earlier elution was observed
for most metabolites. AZA'1 and 74;69 and-75 and-39 and-76 co-eluted with each other
(Figure 63. A metabolite ain/z862.5 [M+H] was also present sharing a similar retention time

to the shellfish metabolites which hinted at the presence of ad$)28roxy-22-desmethyl
analogue of AZA38. Figure & shows the pmmosed pathway for the formation of the
biotransformed products of AZ88 and-39 in the shellfish, similar to what Juaffrads al.

observed for AZAl and-2 [29].
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Figure 6. aExtractedion full-scan chromatographic separation of A28 (4.36 min), AZA39 (3.99 min), AZA69 (3.57
min), AZA-70 (3.49 min), AZA71 (3.16 min), AZA72 (3.38 min), AZA73 (3.19 min), AZA74 (3.14 min), AZA75 (3.99
min) andAZA-76 (3.97 min) and b) Proposed formation pathway for A2Ato-76 (* = numbering system for AZ39).
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Figure 7 CID spectra of detected azaspiracids, indicating major fragments. (a68Z%) AZA-70, (c) AZA71, (d) AZA
72, AZA-73, (b) AZAT4, (c) AZAT5, (d) AZAT6.

73



Table 2 Accurate mass measurements (ppm) of [M=+&ijd fragment 3.

[M+H] * Fragment Group 3
Compound RT m/z Composition ppm m/z Composition ppm
AZA-38 4.36 830.5051  CasH72NO 12 0.23721 448.3064 C26H42NOs* 1.44990
AZA-69 3.57 846.5003  CasH72NO 13 0.56940 464.2987 C26H42NOs6* N4.23002
AZA-70 3.49 860.4792  CasH70NO 14" 0.13713  434.2893 C2sHNOs* NL.84209
AZA-71 3.16 876.5021 CaH7NO1s*  N20.87569 432.2744 CaHaNOs ND.11567
AZA-72 3.38 832.4836  CasH7oNO 13" ND.68230 432.2724 Ca2sH3sNOs* N4.74236
AZA-39 3.99 816.4883  CasH7oNO 12 NL.16719 448.3061 C26H42NOs* 0.78072
AZA-73 3.14 832.4840 CasH7oNO 13 ND.20181 464.2993 CaeH4NOs* N2.93775
AZA-74 3.19 846.4601 CasHesNO 14" NB.93638 434.2905 CasH4NOs* 0.92104
AZA-75 3.56 802.4741 CaHesNO12* 0.61934  434.2877 Ca2sH4oNOs* N5.52626
AZA-76 3.97 818.4691 CaHesNO 13" 0.71108 432.2721 Ca2sHzsNOs* N5.43636

Hydroxylatedanalogues of both AZ&88 and AZA39 named AZAG9 (Figure § with m/z
846.5003[M+H]* and AZA-73 (Figure 7 with m/z832.4840[M+H] " were observed in the
mussel tissue, 15.999 Da more than AZ& and-39 respectivelySimilarly to the reported
metabolism of AZA1 [20], we propose that hydroxylation occurs on ring E,-@8CGor AZA-

38 and G21 for AZA-39. Both compounds, AZ&9 and AZA73, showed the same pattern of
fragmentation for group 3, which exhibited an additional water loss indicated by fragments a
m/z464.2987 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 AZAl1 and AZA2 named AZA5, AZA-8 and AZA10[36].

AZA-70 and-74 were present as the carboxylated analogues of2&Zand-39 respectively.
AZA-70 had am/z860.4792 [M+H] and a fragmentation pattern characteristic of a facile
decarboxylationThe MS/MS data suggest that this compound corresponds to the carboxylated
product at €22 of AZA-38. The facile loss of COwhich is not common for the AZ38
metabolites can be explained by the presence of a second exocyclic carboxylic acid. As
expected, the usual group 3 fragment was not presenfzat48 but it was replaced by a
production atm/z434.2893 indicative of a loss of G@t position G22. This carboxylated

derivative could be a precursor of th&2€ demethylated products usually observed within the

74



biotransformation products of AZAs by the blue mussel. AZhad an/z846.5021 [M+H]
and, like AZA70, showed a facile decarboxylation indicated by the predactat m/z
784.4615 [M+H H>O1 CO;]". A second loss of C{along with HO was also present in the
CID spectrum which is typical of AZ&9 and 3hyrdroxy-AZA-1. This fragmentation ion was
the most abundant at/z740.4721 [M+H 2CQil H20]". A group 3 fragment was present with
m/z434.2905 indicating the absence of the methyl group2@.G\n unexpectk production
with m/z448.3084 was also present but could have originated from tekiton of another
AZA-metabolite.

A metabolite am/z876.5021 [M+H] and named AZA71 was observed in the mussel tissue
extracts which corresponds to thetagiroxylated metabolite of the 2Z&rboxylated analogue
of AZA-38 named AZA70. The most abundant proddch at m/z 796.4630
[M+H TCO.1 2H0]" is reminiscent of the CID fragment pattern of AZA& which exhibits the
most abundant fragment ionmatz798.4764 [M+H COzl H2Q]". A group 3 fragment indicated
that the additional hydroxyl group is easily lost during CID leaving just the carboxylated group
3 fragment atm/z 476.2696 followed by the typical loss of 43.9898 Dalz(432.2744)
consistent with the loss of GO

Two compounds AZA72 and AZA76 were then characterized by masses corresponding to a
decarboxylated-#3.9898 Da) products of AZX1, and the hydroxylated metabolite of AZA
75 respectively, witln/zat 832.4836 and 818.4691 [M+HBothcompoundsvere 1.9833 Da
more than AZA38 and-39 respectively, corresponding to a loss of th22Gmethyl and the
addition of a hydroxy group at-23 for both derivatives. The location was identified with the
increase of group 3 fragments by 1.9833 Da for botlognas with produeton peaks ain/z
450.2851 and 450.2981 respectively, indicating the presence of the hydrox@BafhZA-76
showed an initial loss of CQuith a fragment ion ain/z756.4716 [M+H CO,l H2O]" as seen

in other norcarboxylated AZA39 metablites.
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Finally, AZA-75 was characterized by ra/z of 802.4741 [M+H] that corresponds to a
demethylated derivative of AZ89. All the fragments until group 3 lacked the one methylene
unit when compared to the fragments of A28. The only fragment in common was the group

4 fragment aim/z 348 suggesting that AZX5 is the demethylated product of AZ3® at
position G22. This metabolite is presumably produced through a decarboxylative process of
the oxidized product of AZA9 at the methyl located at-Z2 as already proposed for the
oxidative products of AZAl and-2.

Previous studies have shown that decarboxylation of carboxylated azaspiracid analogues
occurs readily when heat§®b]. A similar study was performed to confirm the presence of the
carboxylic acid group on the derivatives AZ®, -71 and-73 to form the decarboxylated
analogues, AZA72 and AZAT75 observed in this study. The shellfish sample was divided into
two separatel@uots, one portion was heated before injecting into theM®IMS along with

the nonheated portion. A dramatic reduction in the levél&0A -70 and-74 was observed in

the heated sample compared to the sample that was not heigiae Q. Level of AZA-75

(m/z 802.7141 [M+H] ") increased in the heated sample which corresponds to the
decarboxylated metabolites of AZAl. Levels of AZA71 were too low to be quantified,

therefore decarboxylation of AZ&1 during heat treatment is not presented here.
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Figure 9 Concentration oAZA-39,-70,-74 and-75 (ng mli) in contaminated mussel tissue unheated and heated extracts

Finally, analysis of shellfish tissue extracts was performed to identify if-8ZAand-39 are
present in samples thakere provided for routine analysis to the national monitoring program
in Ireland. Table 3 shows quantitative data indicating the locations that38Zad-39 were
present in shellfish tissue. 22 sites were tested all around the coast of Ireland duoithg per
from the 28" of October until 2 November 2020. Of the2 sites,91 ocat i ons on
southwest coast tested positive for levels of AZZRand-39 (Table 3). Two species commonly
farmed, Mytilus edulis and Pectin maximuswere found to accumulatehe toxins.

Concentrations were below that of regulatory limits for AZ&quivalents.
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Table 3 Shellfish harvesting sites that tested positive for A@3\and-39.

Concentration AZA equiv. (ug ki)

Shellfish species Sampling site Samping Date AZAl AZA38 AZA39
Mytilus edulis Bantry Middle 26/10/2020  65.11 1.62 4.66
Mytilus edulis Bantry South 26/10/2020  69.78 151 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 AZ8 and-39 producing strain

of Am. languidahave been reported thus far, shellfish intoxications reaching >500 pglAZA

eg. kgt caused by the Andalusian strain Am. languida,producing AZA2 and-43, has
occurred23]. A 2017 survey of Irish waters found combined concentrations of-3Z And-

39 reaching 4.9 and 2.8 ng@ kespectively along transects protruding from Bantry Bay and
east along the Crease Line trand&@. Interestingly, weshow 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 (288 3)

Our study tested the ability of AZ88 and-39 to accumulate in the tissues of mussels by a
live algal feeding experiment. Mussels began ingesfing languidawithin 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 withAz. spinosumSalas et al noted that at similar initial densities of algal cells (30,000
cells mL'Y), cell density reduced to 5,000 cells mafter 3 h compared to 16,600 cells hL

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 medighelage 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. languidaused 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 sheercstuessl by the
bubbles[38]. Toxin concentrations were not found reach the regulatoryslihg0 pg kg?).

This result contrasts with the previous feeding experiment Aithspinosunwhere toxin
concentrations reached well above the regulatory limit after 24 h of feeding with similar cell

concentrations (reaching >500 pd R30].

Of the 10 compounds identified from the mussel extracts, two were the known metabolites
AZA-38 and-39 fromAm. languiddirst described in 201R4]. The structure of AZA37 was

later elucidated and represents a hydroxylated analogue of the structure postulated3& AZA
[24]. Both share similar fragmentation patterns with producs at m/z 686.4281 and
668.4185, indicative of a conserved ring A. Following the structure elucidation of3XZA
from NMR datg22, 39, 40] we are confident to use the poatel structure of AZA38. AZA-

38 atm/z830.5051 [M+HT is proposed to be a close derivative of AZAand AZA37 (m/z

846) with a dihydre7,8 ring A and an absence of a methyl &8 All the derivatives gave
productions 14.0157 Da less than the corresponding predast AZA-1, confirming the
absence of the methyl at®9 (or G37 for AZA-39 derivatives). Both AZA38 and-39 were

readily metabolized by the blue mussel, as already observed for othe{2Z,/A3€].Based on
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production spectra analogies with the metabolism of AZ9], we propose that oxidation
also occurs on ring E for thhem. languidaAZA analogues. Oxidation at positior&3 (-21 for
AZA-39) for both AZA38 and-39 was observed in the two derivatives, ABS and AZA

73. This position seems to be a straightforward site of oxidation as it was already demonstrated
for other azaspiracid80]. Oxidation of the 2anethyl (2tMe for AZA-39) for both AZA38
and-39 also occurs in the mussel tissue forming thibagylated analogues AZ&0 and-73
respectively. As seen in the previous feeding study using-A&AdAz. spinosuniB0], 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 (AZA39:AZA-74) in shellfish tissue. The majority of AZA0 and 74
were present in the remainder tissue with ratios of 1:2.1 (B&AZA-69) and 1:2.8 (AZA
39:AZA-74). This compares to reported ratios of AZA found in mussel tissues with more
found in the remainder than thepatopancred80]. The 23hydroxylated analogue of AZA

70 was present an/z876.5021 [M+H] and we were also able to detect a metabolita/at
862.4538 [M+H]J for the hydroxylated derivative of AZ&4 but could not get conclusive CID
data to provide a hypothesis for its structure. An additional analogpst 862.4844 [M+H]

was also present with a different retention time and may correlate to-3hky@roxylated
metabolite of AZA70. Subsequent decarboxylation of AZR and-74 at G22 led to the
derivatives, AZA72 and-75 respectively. Finally, the -23 non hydroxylated ut C-22

decarboxylated product of AZB9 was identified in the mussel extract as AZ&

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 compoungetmetially ingested by the
consumers. Carboxylated AZR/, -21, -19 and -23 were shown to convert to their
decarboxylated products AZ3, -4, -6 and-9 in previous heating studig86]. These

decarboxylated analogues can be more toxic and of concernfa$ MAs several times more
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toxic than AZA1l using a Jurkat -lymphocyte assay40] In our study, AZA70 was
decarboxylated to form the 2f=carboxyated analogue of AZ38 withm/z816. Interestingly,
the compound shared a similar retention time as ABAindicated by the increase in
abundance of ions at/z816.5 in the heated samples. The ratio of AZAIn unheated (10.2
ng mL'1) to heated (19.8 ng mt) was 1:1.9. The ratio of the increase of A28 (9.51 ng
mL'1) to the decrease of AZ&O (9.7 ng mLY) in the heated sample is 127 indicating that
some AZAT70 was lost or the response factor of both compounds differs:-imtkated
dehydration of AZA73 could also cause the increase in AZ® observed in the heated
samples but levels of AZA3 remained relatively stable after theod period of heating.
Before heating the sample, concentrations of AZAwere 14.5 ng nilt and AZA-75 were
below the limits of quantitation. Once heated, the level of ABAncreased to 11.2 ng ML

while concentrations of AZA4 dropped to 4.9 ng mt

1.3.4 Conclusions

So far, azaspriacids contamination events in Ireland have been an issue isolated to the
metabolites produced fromz. spinosumAZA-1 and-2. As the Spanish strain gkm.
languida has already been associated with a shellfish intoxication event, and with farmed
samples in Ireland already show trace amounts of 88Aand-39, more work should be
undertaken to determine the potential toxicity of AZ8, -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 repaedé@ precaution,
national monitoring programs in Ireland could include azaspid8idnd-39 and treat their

toxicity as that of AZA1 until their toxicity is evaluated.
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1.3.5 Materials and Methods

1.3.5.1 Chemicals and Reagents

All solvents (pesticaigrade) were obtained from Labscan (Dublin, Ireland). Distilled water
was purified further using a Barnstead nanopore diamond UV purification system (Thermo
Scientific, lowa, USA). Formic acid (>98%pigmaAldrich, Missouri,USA) ammonium
formate (>98%) $igmaAldrich, Missouri,USA) CRMs for AZA1 and2 were obtained from

the National Research Council (Halifax, NS, Canada).

1.3.5.2 Culture ofAm. languida

The strain ofAmphidoma languiddZ-LF-9C9 was isolated from the Northeast coast of
Iceland and is fully describdd1]. The strain was grown in-KIH4 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®¢ enrichment (1.29 g'L%) but

no NHyCl. The culture was maintained in a waitkincubator with 16:8 hr day/night cycle, and
kept at 18.0 °C with an average photon flux density of i@l (nm?.s %). The culture remained

this way until cell concentrations reached 20,000 cell$'mThe growth tank ofl80 L,
containing 25 L of Kmodified medium, was inoculated with 20 L of culture. The pH was
monitored throughout the growth of culture and controlled using 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 cell$rt. ensure no culture collapse

with a higher dilution factor.

1.3.5.3 Experimental design

36 individual musselsMytilus eduli3 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 watkincubator at 18 °C. Mussels that remained closed
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were removed after 24 hours The experiment consisted cha@4feeding experiment with

monocultures oAm. languidao study feeding activity and toxin uptake and bioconversion.

Algal portions were taken from the photobioreactor and their cell densities were recorded
ranging from 24,00080,000 cells mL:. 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 ati 20 °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 experimeangueeration via airstones, tygon tubing

and air pumps. During the first 2 h of the experimentlafiquots of seawater was collected
from each flask every 20 min using a L pipette (Eppendorf, Cambridge, UK) and preserved
with Lugol 6s i1 odine (Clintech, Dubl i n, Il rel and
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 [)0was collected at

24 h toanalysethe 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 theiregperwas
recovered using GF/C Whatman (1.2 mm, 47 mm diameter) glass microfiber filters under
vacuum. This likely contained the psedfd@cesand any remaining algal cells. In triplicate,

10 mL of the filtrate was also collected to quantify any dissologuhs.

1.3.5.4 Am. languidacell counts

Cell counts of the 1 mL u g gteserved aliquots were carried out using a Sedgle-Rafter

cell counting chamber (Pys&GI, Kent, UK) for each flask at each time interval using an

inverted optical microscope Leica DMI 6000B (Leica, Wetzlar, Germany).

1.3.5.5 Sdid 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
defrosted at room temperature and then loaded egtarh 6 mL Oasi8ond Elut cartridges

(Mega BE SPE, Agilent Technologies, Mississauga, Ontario, Canada), previously conditioned
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with MeOH (6 mL) and KO (6 mL). The cartridge was then washed witOH6 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 sonicate@l 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, Kildardam@) for LG

MS/MS analysis.

1.3.5.6 Dissection of mussels and toxin analysis of shellfish tissues

In this study, the same method as usd@9] 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 fromm/z 200/ 1200 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/z830.5, 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 despectively, and the source temperature

was 120 °C. The Quantitation was merhed in MSe mode, using Targetlynx software. All toxins were

guantitated against AZA1.

1.3.5.7.1 Short Method

Used in quantifications of azaspirac38 and39 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 wa8 mom x 2.1 mm i.d., 1.7 um, Acquity UPLC

BEH Ciys (Waters, Wexford, Ireland). The gradient was frorii&®o B over 6 min at 0.3 mL mih
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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 uL 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 produeh spectra of new azaspiracid analogues. Gradient frdm 30
90% B over 8 min at 0.3 mL nlih 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 andApplications of Amphidinols

2.1 Introduction

2.1.1 Natural Products

NaturalProducs (NPs) aremetabolitegproduced by living organissfound in nature. NPs are

often referred to as secondary metabol({®bls) as they have no understandable role in

primary metabolism (chemicals involved directly in growtbyelopmentand reproduction).
SMsperform tasks which are not essential to t
SMscan have different roles including chemica
bouquet is often specific to that genus or individypacies. 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 compoundenmeathe medicines
found on the marketoday Research conducted by Newman and Cragg recorded thg new
approved drugs and their sources between the years of 19819tG-Rfure D) and found that

only 25% of drugs came from purely synthetic origins with most derived or mimickinga NP
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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 asuticeegents

for fighting cancers and infections, but also cardiovascular, neurological and inflammatory

diseases.

2.1.2 Marine natural products

Natural products have beéme historic solution to human disease and ailmentshfoipast
millennia.Understandablyhumans have turned towards terrestrial species prinatiye past

but within the lasb decades advances in technology have opened the marine biosphere for
chemo prospectinglhewo r | d 6 s o0 c e a r/sof tieeplanetand unkke terrestrial

land where micobial growth barely penetrates thlane6 s s o i, bceahsaryhest Ide
throughoutheir depthsfrom the surfaceall theway downto thedarkesisea floorsTo put this

into perspective, the oceans have an avedsgeh of >3000 m with every square meter
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holding the ability to support both macro and microfaufiae oceans are also the most
biodiverseenvironments present, hostig animal phyleof the 3 identified on planet Earth
Half of the phyla found in the oceans aret found on land® Exploration of the marine
environment is alsbmited, as5 % of theocean is thought to be documented and less than 0.1
% of the deegsea floor has been sampfédDn top of this it is thought that only 0.1 %aif
marine microbes have been descridedving a treasure trove of organisy&t to havetheir

chemical diversity documentéd.

In the pastmarine invertebrates have been the main sources of natural products, with sponges
and macroalgae being heavily explored for therapeutics. More rechotiever marine
microbes have become the dominate source of mRsWith fungi producing 47% of thidPs
identified in 2019. The ability to perform laboratory culture and promote compound production
makes them ideal candidates for drug discof&r@omparatively, dinoflagellates have
produced a small fraction of the NPs discovered in 2BEntaining cultures and producing

bi omass in a | aboratory setting can make the
They are often sensitive to stress and have a slow rate of growth. For some sparid¢ake

many litres of culture to produce < 10 mg of purified product, limiting biological te$uig.

in contrast to sponges/corals and other sessile invertgbrtte ability to culture
dinoflagdlates in laloratoriesgive them enormous advantages for continued production of

target compounds.

2.1.3 DinoflagellateNatural Products

Although more widely known for causing shellfish poisoning events around the &orld,
dinoflagellatemetabolitesare readily being explored for their therapeutic potentfallhese
marine toxins are highly bioactive and strongly affect biological receptors and metabolic

processes, often to the detriment of organism on which it is a@&ewause of this potency,
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numerous patents have been filed retato these biotoxins and their potential therapeutic
uses.These patents include applications as local anaesthetics, tumour growth inhibitors and

preventing neurodegenerative diseg3edleb).

Table5. Selected patents related to biotoxins produced by dinoflagellates and potential therapeEititeseand taken

from Assuncécet al®®

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 neuropat Tetrodotoxin, 2017 US20170000797
pain developing as consequenceloémotherapy saxitoxin (analogues
and derivatives)
Ladderframe polyether conjugates Brevetoxin, 2016 US20160128321
maitotoxin,
yessotoxin,
gambierol
Sodium channel blocker for treatment of losswerficial Gonyautoxin 2016 US20160000793
sensitivity
Palytoxyn, medical use and process for its isolation Palytoxin 2014 EP3087172
Neosaxitoxin combination formulations for prolonged loca Neosaxitoxin 2014 W02014145580
anesthesia
Treatment ofoss of sense of touch with saxitoxin derivativ Saxitoxin 2014 EP2533785
Using yessotoxin and its derivatives for treatment of gliom  Yessotoxinand 2013 ES2393696
derivatives
Use of yessotoxin and analogues and derivatives thereof Yessotoxin 2013 US20130035302
treating and/or preventing neurodegenerative diseases lin  (analogues and
to tau and beta amyloid derivatives)
Use of gambierol for treating and/or preventing Gambierol 2012 US20120283321
neurodegenerative diseases related to talbethmyloid
Use of yessotoxins and derivatives thereof for treatment Yessotoxin and 2012 W02012140298
and/or prevention of metabolic diseases derivatives
Use of gymnodimine, analogues and derivatives for treatr ~ Gymnodimine 2012 US20120245223
and/or prevention of neurodegenerative diseases associa  (analogues and
with tau and betamyloid derivatives)

One such example the groupcalledsaxitoxirs (STXs) (Figure 1), which areproduced by
species othe generaAlexandrium GymnodiniumandPyrodiniumand also some species of
cyanobacteri&® The compounsihave long been known to cause severe paralyéts a major
paralytic shellfish poisoning event in the 1930s leadintgidentification Due to its potency
the Chemical Weapons Conventiahassified it alongsideicin and mustard gasandit is
reportedto have an L&y of 3-4 ug kg ! in small animalsTo date over 60 congeners of the

tricyclic alkaloid have been reporte®® The compound acts as a highly selective sodium ion
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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 refief.

Figurell Chemical structure afeoSTX

Interestingly, me congener nama®woSTX has entered phase 1 FDA regulated clinical trials
as a local anaesthetic. The study showed thaixéure of neoSTX and Bupivacaine had a
prolonged therapeutic effesthen compared to using Bupivacaine al&h&larine toxin
biological activities show that theynake ideal candidates for synthetic studies aimed at

modulating the toxié activity in humansvhile still maintaining therapeutic activity.

2.1.4 Amphidinols

Amphidinols are anothetass of dinoflagellate metabolites being stdda theirtherapeutic
potential. Theyare aclassof secondary metabolites produced by marine dinoflageltditibe
genusAmphidiniumThe genus is found predominantly in temperate and tropical waters around
the world®! The first isolation of an amphidinol (AM) camefrom Japanese laboratory
cultures ofAnphidiniumklebsiiin 1991%% A chemical investigation adctive extracts which

had hemolytic, ichthyotoxic and antifungal activieg to thefirst isolation®? Now, over 40
known AM like compound$ave been identifiechcluding amphidinols (AM), luteophanols
(LP), lingshuiols (LS), symbiopolyols (SP), karatungi(fAR), and carteraols (CARMAll
containing the same core unit but diffey in thar hydrophilic and lipophilic moieties.

Although mostamphidinotlike compoundsshare the same structural cofféigure 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 farfilig. naming of
such should be uniform with respégicompounds sharing the sasteuctural core.

The core moiety oAM congeners isnade up of two tetrahydropyrdiHP) rings
separated by fhiembered carbon chain. Numbering of the structure with the first carbon being
on the G6 chain seemthe most rational as the polychainlength varies more dramatically
than the tefinic chain.The core contains 15 hydroxy methines and 2 methyl groupsl&t C

and G22 (Figure ).
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Figurel2. Structure of amphidindl with core shared between congengighlighted in red.

The structurs of amphidinols diverge on the polyhydroxy and olefitéeminal chains. The
olefinic chain is thought to be the starting unit in the biosynthesisiadatgely conserved
between analogueSmall changes in the chain length are obsebatdieen analoguesith
AM-1 having an olefinic chain length of 16 carbons losgsalso present in AM\, -B, -C, 3
and-5. AM-2 has a chain length 2 carbons lessithatso present in AM, AM-6t0-12, AM-

17, AM-20 and -21. All congeners have been isolatdédm various species in the genus

Amphdiniun({Table6) and are generally observed in thass spectras their sodium adduct®

Table6. Amphidinols and amphidindike compounds produced from laboratory cultus&Amphidiniumsp.

Name [M+Nan]* Chemical Formula Species Reference
Amdingenol A 21921277 CioH17NaQusS Amphidinium sp 94
Amdingenol D 22241382 CioHi7dNaQusS* Amphidinium sp 95
Amdingenol E 1768.842 Cs2H13NaO37S* Amphidinium sp 96
Amdingenol G 1276.62% CsoH101NaO2sS" Amphidinium sp 96
Amphidinol A 13618531 CeoH126NaO24* Am. carterae 97
Amphidinol B 1463.7919 CeoH128Nap027S" Am. carterae 97
Amphidinol C 13438426 CeoH124NaO23" Am. carterae 98
Amphidinol 1 14888021 CraHizsNaCe7S Am. Klebsii 92
Ampbhidinol 2 1397.8167 C71H122NaO2s* Am. klebsii 99
Amphidinol 3 13497956 CroHu1eNaOps* Am. klebsii 100
Amphidinol 4 13237800 CesH116NaOps* Am. carterae 101
Amphidinol 5 13938218 Cr2H122NaO24* Am. klebsii 102
Amphidinol 6 1367.8062 CroH120NaO24* Am. klebsii 102
Amphidinol 7 12536088 CsgHgaNaOz23* Am. klebsii 103
Amphidinol 9 13497956 CroH118NaO23* Am. carterae 104
Amphidinol 10 12957487 CeeH112NaO23* Am. carterae 104
Amphidinol 11 14767657 C71H121Na02sS* Am. carterae 104
Amphidinol 12 14257187 CeaH115NapO26S" Am. carterae 104
Amphidinol 13 1451.7343 CroH11N&O26S* Am. carterae 104
Amphidinol 14 12876142 Cs9H10IN&pO25S* Am. klebsii 103
Amphidinol 15 11856755 CsoH102NaO2z* Am. klebsii 103
Amphidinol 17 13057000 Ce3H110Na024S" Am. carterae 105
Amphidinol 18 13818218 CriH122NaO24* Am. carterae 106
Amphidinol 19 1483.7606 Cr1H121Na2027S" Am. carterae 106
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Amphidinol 20 16520413 CerH1s2NaO27* Am. carterae 107
Amphidinol 21 1798.1356 CoaH166NaO30" Am. carterae 107
Amphidinol 22 16679271 CgaH140NaOs1* Am.carterae 108
Amphidinol 24 13637596 CesH11eNaO27" Am. carterae 109
Amphidinol 25 15216580 CesH114NaO33S2* Am. carterae 109
Amphidinol 26 11916497 Cs7H100NaO24" Am. carterae 109
Cateraol E 14218531 Cr4aH126NaO24* Am. carterae 110
Karatungiols A 14798797 Cr3sH1zNaO2s* Amphidinium sp 111
Karatungiols B 14618692 Cr3H1zoNaO27* Amphidinium sp 111
Luteophanol A 1277.6323 CsoH102NaO2sS" Amphidinium sp 112
Luteophanol B 13437698 Ce7H116NaO25" Amphidinium sp 13
Luteophanol C 13437698 Ce7H11eNaO25" Amphidinium sp 113
Luteophanol D 13297541 CesH114NaO2s" Amphidinium sp 114
Lingshuiol 13738167 CeaH122NaO25" Amphidinium sp 115
Lingshuiol A 12957487 CesH112NaO23" Amphidinium sp 116
Lingshuiol B 12656088 CsoHoaNa023S" Amphidinium sp 116
Symbiopolyol 12656088 CsoHooNaO23S" Amphidinium sp 117

2.1.5 StructureElucidation ofAmphidinols

Amphidinols are complex moleculélat contain25 stereogenic centres whichve made
determining its absolute configuration a difficult taSke planarstructure of AM1 was put
together using several 2D NMR experiments (COSY, DQF COSY and HOHAHA), hydroxyl
groups were placed on carbdnscomparing®C-NMR chemical shifts ir€DsOH/CsDsN and
CDsOD/CsDsN solvents and finally théHP rings were confirmed with NOE antly
measurement& Bei ng a | arge molecule with a high
appropriate to relyotally oncomputational methodsr 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, A8, has received an enormous amount of attention by both
analytical andsynthetic chemist Its structure was first reported 19961 In 1999 the
development ofl-based configurational analys{8CBA), a pioneering method in structure
elucidation, gave scientists a relative configuration on a number of the stereocentres,
particularly the acyclic subunit$® With some partial data on its stereochemistry,-8Nhen
became théargetfor synthetic chemists who would continue to mine awdgetompound s

structureover a span of 20 yearSumerous revisions/ere made with each providing more
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insight into its configuratiof'®'23 and all stereogenic centres wéirally confirmed in 2018
through comparison of NMR data from the naturally occurring and syntheti® fifgure

13 .124

Figure13. Absolute configuration of AMB including several stereochemical revisionsegorted bywakamiyaet al.l?

The most interesting revision to its structure came in the correction of-88p0sition in
2018. Ring A configuratiororiginally elucidated using JBCA in 1999admisassigned €38

asR because of mediwrangel values, thisneantthe stereochemistry of positions32 to G

36 were alsanisassigned as they webased off thie relative stereochemistryo the G38
proton.Through synthesis Wakamiyd al.reassigned the-38 stereochemistrgsSand made
the realisation that rirsgA and B are antipodal tone another, a rare occurrence in nature as
typically polyketides are biosynthesised in a linear fashitwe antipodal nature indicated that
compounds might be formed in two moieties and connected via a coupling bet88dn G
45_124

2.1.6 Bioactivity of Amphidinols

Amphidinols @&ange of biological activities include antiancert?® antifungal?®: 106 108
haemolytic® and cytotoxi¢®®. Thei r oO6hairpin |iked structure
role in the compoundsability to form pores in membranedoing so moreefficiently in
membranes containingrgosterol which makes for a potent antifungal ag&able7). The

structure of amphidinols shares similarities to amphotericfRigure 14), a commonly used
anti-fungal. Both have a hydrophilic polyol chaifHP ring and olefinic chain.AM-1, first

isolated in 1991was found to be 3 times as potentasphotericin B2 AM-3 was found to

have extremely potent haemolytic activity against erythro@ttas EGso of 0.4 uM .10
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Figurel4. Structurs of AM-1 (top) and amphotericin BAmp-B) (bottom).

Table7. Selected activities of Amphidinol likeompounds.

Name Hemolytic activity (nM) Antifungal activity ug disk * Antif%mgal act.ivityug Cytotoxi_city
(A niged mL'! (C. albican$ pgmL't
AM-A - - 199 -
AM-B - - b 1507 -
AM-C - - b16% -
AM-1 - 4692 - -
AM-2 ¢7.3 (humany® 469 - 4253104
91160(mouse)* 444,304 - -
1.7 (humanj® ag 103 - -
AM _3 0.4103 a6 103 - -
AM-4 4207 (Mouse}** 458,2104 - 436.510
AM-6 ©2.9 (human}® ag 108 - -
AM-7 ¢3 (human)- ajplos - -
dsAM-7 1.2 (humanj® ag 103 - -
AM-10 46530 (Mouse}* 4154004 - 4352104
AM-11 428900 (Mouse}®* d4256.6 104 - 423.0104
AM-12 42990 (Mouse}® 45100104 - d26.,8104
AM-13 42020 (Mouse}* d132,0104 - 432 5104
AM-14 ¢>50 (human}® a>p0 103 - -
AM-17 44.9 (humany® - - -
AM-18 - - bg106 -
AM-20 ©1-3 (human)®’ ©>15107 - -
AM-21 ¢>10 (human}®’ €>15107 - -
aMEC
b MIC
“EGso
9 Notgiven
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2.1.7 Anti-fungalMode ofAction

Amphidinolswere found to bind to lipid bilayers containing ergosterivh greaterefficiency

than with cholesterolThis binding preference is also presdéot amphotericidb (Amp-B) .

Once boungdthe compound causem-permeable pore/lesion across the membraaeling to
unregulated movement of catioasd eventual cell deati he o6dbtaaved hypot hes
postulated using spaddling models in 1974 to account for theoordination ofAmp-B to

cholesterol in the lipid bilayéf® Amp-B (n = 8) molecules were thought to orientate
themselvesn aring coordinating to the sterols present on the membranes through hydrogen
bonds and/anDer Waalsdforces.Originally suggested to hawepore diameter of &, a later

study using molecular membrane modaisl molecular dynamics theorised a pore claser

to> 4 A.126, 127

Amphidinols are thought to formhairpirshape conformation in their core regionZCto C-

52) due to hydrogen bonds between hydroxy grdtfsbhis confirmation is reminiscent of

Am-B which also contains two THP rings and suggdisés samehypotheticalbarrel stave
modelcould also be the mechanism in whigkls form membrane poreBye-leakagesurface

plasmon resonan@ad solid statéH-NMR have proved that the efficiency of bindingAéls

is not just dependant on the presence of ergosterol and cholesterol but also the stereochemistry
of the 30H in the sterols. Studies on epicholesterol indicated ghatholesterol had a much

weaker binding affinityto AM3 t han i thydobxysterolsf’or 3 b

2.1.8 Conclusion

Microalgae and their associated compounds present a promising source of novel therapeutics

and antimicrobial agents. Their ability to be cultured in laboratories at{acgées gives them
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enormous advantages over the isolatiofNBfk from more typical marine organisnis the

production of NPglike porifera

AMs present an interesting bouquet of biological activities including anticandantifungd.
Novelanaloguesf AMs are routinely being reported from culturepmhphidiniumspp. which
presents as good source for the production of structurally novel compounds. Rigorous synthetic
routescan be avoided with laboratory cultures effectively making the production process
greenerAlthough cytotoxic at concentrations as low as 14.&4* (AM-2), synthetic studies
aiming to derivatisésolated compoundsould be undertaken to make active amphidinols less

toxic while still maintaining theitherapeutic potential.

2.1.9 Aims

In this context,our study aimed at assessing the mntrobial potential of a strain of the

dinoflagellateAmphidinium carteraésolated from the west of Ireland.

1 An active extracfrom A. carteraebiomass \asfractiomatedusing solvents of varying
polarity on solid phase extractionartridgesand the fractionsvere 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 UHPEHERMS/MS. Several known compounds were
identified along with a dehydrated analogue of AWM

1 The strainwas cultured ata large scale and a deep chemical investigatioas
undertakento isolateany AM like compounds whiclhdisplayedstructural novelty

including the dehydrated analogue of AM

99



2.2 Chapter3. Antibacterial Activity and Amphidinol Profiling of the Marine
DinoflagellateAmphidinium cartera¢Subclade I111)

Statement of contribution

This chapter includes a -@uthored researahanuscript submitted to Harmful Algae.

My contribution to the paper involved tmeethodologyexperimental, data acquisition and
analysis, data curation preparationof chemistry sections othe manuscript. (Sample

preparation andhemical analysis).

Contribution of ceauthors

Maria Elena BaroneMethodology data curationwriting, review and editingBioassays)
Rachel ParkesMethodologywriting, review and editing(Culturing)

Gerard T. A. FlemingConceptualizatioywriting, review and editing(Bioassays)

Floriana CampaniteMethodology formal analysis and investigatiomwriting, review and

editing (Bioassays)

Olivier P. ThomasConceptualizationformal analysis andhvestigationwriting, review and

editing

Nicolas Touzet Conceptualizationformal analysis and investigatiowriting, review and
editing

100



Antibacterial Activity and Amphidinol Profiling of the Marine Dinoflagellate
Amphidinium cartera¢Subclade IIl)

Mari a El ena Bar one Radkel PakkeslljGerard MA.Flprhing 3, Flpriana Campanile
4 , Olivier P. Thomas 2, *,9Yyand Nicolas Touzet 1, *, YV

1 Centre for Environmental Research, Sustainability and Innovation, Department of Environmental Science,
School of Science, Institute of Technology Sligo, Ash Ln, Ballytivnan, F91 YW50 Sligo, Ireland;
MariaElena.Barone@mail.itsligo.ie (M.E.B.); Rachel.Parkes@mail.itsligo.ie (R.P.)

2 Marine Biodiversity, School of Chemistry, Ryan Institute, National University of Ireland Galway (NUI Galmiygrsity Road, H91
TK33 Galway, Ireland; EMURPHY53@nuigalway.ie

3 Discipline of Microbiology, School of Natural Science, National University of Ireland Galway (NUI Galway),
University Road, H91 TK33 Galway, Ireland; ger.fleming@nuigalway.ie

4 Medical Molecular Microbiology and Antibiotic Resistance Laboratory (MMARLab), Department of
Biomedical and Biotechnological Sciences, University of Catania, Via Santa Sofia n. 97, 95123 Catania, ltaly;
F.campanile@unict.it

* Correspondence: olivier.thomas@nhuigal way. i e (0. P.T.); tou
These first authors contributed equally to this work.
Vi These last authors contributed equally to this work

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 carterastrain LACW11, isolated from the west of Ireland. Amphidinolides have been
identified as cytotoxic polyoxygenated polyketides produced by sevrgihidinium species.
Phylogenetic inference assigned our straidmaphidinium carterasubclade 1ll, along with isolates
interspersed in differergeographic regions. A twstage extraction and fractionation process of the
biomass was carried out. Extracts obtained after stagere tested for bioactivity against bacterial
ATCC strains ofStaphylococcusiureus Enterococcus faecalig€scherichia coliand Pseudomonas

aeruginosa

The stage? solid phase extractiq®PE)provided 16 fractions, which were tested agatstureusnd
E. faecalis Fractions |, J and K yielded minimum inhibitory concentrations between héL{fgand
256 pugmL'! for both Grampositivebacteria UHPLGHRMS analysisvasappliedto fractions G to J
evidenced the presence of amphidityge (AM) compounds AMA, AM-B, AM-22 and a new
derivative dehydited AM-A, with characteristic masses oiVz 1361, 1463, 1667 and 1343,
respectively. Combining the results of the biological assays with the targetdgsis of active
fractions we could conclude that AM and the new derivative dehyded AM-A are likely

responsible for the detected antimicrobial bioactivity.

Keywords: microalgae; Amphidinium carteragantimicrobial activity; marine naturptoducts (MNP); minimum
inhibitory concentration (MIC); minimum bactericidal concentration (MBC); amphidinols; UHRR®S;

targeted metabolomics
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2.2.1 Introduction

The emergence of antimicrobial resistance has hindered the effectiveness of trefansents
growing number of bacterial infections worldwide [1,2]. The overuse and misasgilaibtic
drugs have led bacteria to develop adaptations to overcome the meclwrastio of several
commonly used drugs [3,4], hence requiring the urgent identificafierovel antimicrobial
compounds. Several bioactive metabolites isolated from mhbimamesources, also known as
marine natural products (MNPs), have elicitedepotbioactivityagainst cancer and other
ailments induced by pathogens such as viruses, bacterfarandsi 7]. Antimicrobial MNPs
show a high chemical diversity and include, for exampglealoids, terpenoids, peptides,

halogenated compounds, polyketides, isocoumaringjdeosides [6,8].

Microalgae are photosynthetic organisms increasingly exploited in the context of
bioenergy, bioremediation or the biorefinery of higilue compounds [9]. Some spectas
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 drugslég,11
Compounds such as cyanovirin, oleic acid, linoleic acid, palmitoleic a@tene,
fucoxanthin or phycocyanin do exhibit antioxidant or amtiammatory properties asell as
antimicrobial activity, for example, againStaphylococcus aurewsnd MethicillinResistant

Staphylococcus aureMRSA) [14,17 19].

Several marine dinoflagellates are known producers of potent bioactive compadnds
some of them biosynthesise biotoxins that can render shellfish unsafe for tmmsamption
[20], including polyketides, laddeshape polyethersandalkaloids[21,22]. Polyhydroxylated
polyketides, named amphidinols, have been identifiespecies of the marine dinoflagellate

genusAmphidiniumand have previously showanti-fungal, antitumour and antbacterial
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activity [13,23 28]. In this context, this studgimed at assessing the antibacterial potential of
a strain of the dinoflagellatdmphidiniumcarteraeisolated from the west of Ireland. The
fractions obtained sequentially using solveitgarying polarity in solid phase extraction were
tested against several bactepathogens. Due to the low amount of material available, the
main amphidinols preseim the bioactive fractions were targeted and identified by analysis

using UHPLGHRMS.

2.2.2 Results

2.2.2.1 Phylogenetic Characterisation of StréincarteraeL ACW11

Sequencing of the D1D2 domain of the LSU rRNA gene and subsequent Baredysis
indicated strain LACW11 to belong to the spedesarterae Thephylogenetic tree showed
this strain to group with other members of the species sistar clade to that including
Amphidiniumtrulla, Amphidiniumgibbosum Amphidiniummassartj Amphidiniumtomas;j
Amphidiniumtheodori and Amphidiniumthermaeum(Figure 1). The four subgroups #&f
carteraecharacterised iprevious studies were visible; the Irish strain LACW11 clustering

with other isolates frorkurope, Canada, Brazil, Puerto Rico and Australia within subclade IlI.

2.2.2.2 A. carteraeCulture

The culture ofA. carteraeLACW11 was maintained for 30 days in f/2 medium aadvested
during the exponential phase (Figure 2). The recovered faréad biomassvas estimated at

850 mg for 6.1 L of culture.

2.2.2.3 Stagel: Bioactivity Assays on the Extracts

The freezedried biomass of\. carteraeLACW11 was first extracted witkt:O then MeOH.

The methanol extract was then partitioned between EtOAc a@dtdiprovide three final
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extracts E4O, EtOAc and HO. These extracts were tested &mtimicrobial activity (Figure

2).

KY697981 A_ carterae CCMP2100 [ISRAEL]
AY460578 A_ carterae CS-740 [AUSTRAUA]
(66) | AY460584 A. carterae CCMP124 [MEXICO)]
(v8) | AY400580 A. carterae SM11 [BRAZIL) Group I
rf KYG97979 A carterae CCUP2199 [USA]

KY070353 A carterae Amca1004-2 (US VIRGIN ISLAND|
KY070362 A. carterae Amca0406-2 [BAHAMAS)

EU165276 Amphidinium s2. FIU2 [USA)

4 KY697983 A carterae Amca1412-2 [DOMINICAN REPUBLIC)
oo ¢ I | Group II
KY070351 A carterae Amca1506-4 [FLJI|
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[~ KYGO7980 A carterac CCNP122 [BRAZIL

JQ3948063 A cartereae CS-383 [AUSTRALIA)

JO3048073 A cartereae CS-21[CANADA]
—52549661 A.carterae LACW11 [IRELAND| > Group m

(98)} | Av460585 A. carterae CCNP121 [PUERTO RICO)

00y | |¥2394805 A carteriae CS-212 (ITALY]

EU165301 A carterae CCMP1314 [USA)

MG520273 A. carterae DnZ41EHU [SPAIN]
©9 [ KT371440 A trua AIDHS
AY400594 A trulla CAWDGS

KY070357 A. gibbosum Amg0406-2
(100) [KYO70358 A. gibbosum Amgid406-3

(59)

KY070356 A. massarti Amma1208-1

AB818¢52 A massarti TM16

KY697985 A. tomasi Amto0812-2

KYE97986 A. theodori Amth1303-1
GQ200834 A. thermaeum UoABM-Atherm|
KY070365 A. thermaeum Amth0304-1

(78) L KY070363 A thermacum Amth1412-1

— AB4T77346 A. cupulatisquama
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Figure 1. Phylogenetic tree inferred from the maximum likelihood analysis of partial LSU rDNA sequeAogshafinium
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 pasin of strain LACWA42 in the tree is highlighted in green.

The assays for stagesamples showed moderate antimicrobial bioactivity for extiE&©
andEtOAcagainstS aureusandEnterococcus faecalignd low activitiesor theH20 extract.
For EtOAc, the minimum inhibitory concentration (MICyalues againsE. aureusand E.
faecaliswere 256and 512ug mL'%, respectively. OnlfEtOAc returned promisingninimum

bactericidal concentratioBC) values of 512 and024ug mL'! againstS. aureusandE.
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faecalis respectivelyH>O showed minor antimicrobidlioactivity against the Gramegative
bacteriumEscherichiacoli, with a MIC of 8192ug mL"*. No bioactivity was detected against

Pseudomonaaeruginosa

(0

|
[ 50 m 1
(1) e (2)
Et,0(106.3 mg) MeOH (163.3 mg)
MIC 512 Sa (22) (2b)
512 Efc EtOAC (108 mg) H,0 (544 mg)
>16384 Sa 256 Sa
MBC 4096 Sa
>16384Efc [ [MIC 515 pp, MIC g195 Efe
512 Sa 4096 Sa
MBC 1024 | | MBC 16384 Ee

Figure2. Representative scheme of Stdgehree extracts obtained frofncarteraeLACW11 biomass (freezdried, mg)

were screened agairStampositive bacteria. activities are expressed inLd 1. Sa,S aureusATCC 25,293; EfcE.
faecalisATCC 29,212. The bioactivities of each extract are highlighted with different colours.

The assays for stagesamples showed moderate antimicrobial bioactivity for extie
andEtOAcagainstS. aureusandE. faecalis and low activities fotheH.O extract. FOIEEtOAC,
the MIC values again§. aureusindE. faecalisvere 256a n d = 5l 2, resmectively. Only
EtOAc returned promising MBC values of 512 and 1@24mL'?! againstS. aureusand E.
faecalis respectivelyH>O showed minor antimicrobidlioactivity against the Gramegative
bacteriumE. coli wi t h a MI aL"l.oNb bicdctidy? was dptected againBt

aeruginosa

2.2.2.4 Stage2: Bioactivity Assays on the Fractions

2.2.2.4.1 Microbial Assays

Stage2 focused on the most bioactive extret©Ac, which was further fractionated vaus

solid phase extraction into 16 fractions using mixtures of solvents of decreasing polarities
(H20:MeOH:EtOAc). The resulting fractions were tested against the two -Bositive

bacteria (Fig. 3).
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Figure3. Representative scheme of Sté&gdractions obtained vi@is SPE of the EtOAéractionfrom A. carterae
LACW11, which were tested againstGrgmo s i t i ve bacteri a.

fractions | and J are highlighted.

The four fractions H, I, J and K, demonstrated somekadierial activity agains$. aureus

Mt't. The bidadtiaties ofa r e

express

andE. faecalis(MICs from 16 to 256 pgnL'?). Fractions | and J showed good bactericidal

activity againss. aureusvith MBC value of 32 ugnL'™. In comparisonE. faecalisshowed

lower susceptibility to fractions | and J, which were still bacteriostatic, returning higher MIC

and MBC values than those obtained$olureus.

2.2.2.5 Chemical Profiling of the Bioactive Fractions

Fractions G to K were first analysed by HRD@D coupled to an evaporative light scattering

detector (ELSD)evidencing major compoundly ELSD with UV profiles at wavelength 210

nm (Figures Si1S6). Dueto the low amount of material available, a purification process could

not be envisionedind we used previously describatz data and MS fragmerstto assess the

chemical composition of these five fractions. The UV profiles wleea used as comparative

data in UHPLGDAD-HRMS to obtain the MS spectra tifese major compoundsMitype

compounds were detected as major compoundshe bioactive fractions @ due to

characteristien/z and fragmentatiodatg butthese compounds were absent in fraction K [29].

The retention times for the compourad$nterest ranged from 3.4.1 min withm/z1343.8447,

1361.8547, 1463.7927 and 1667.92/@ing a 16 minUHPLC run (Table 1). The main

fragments observed in tidRMS fragmentation specti@t the compounds aivz 13438447,
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13618547and 14637927 (all [M+Na]*) were found at/z 10856591and 687394Q while the

main fragments of amphidinols/luteophanols were shown to &z &03 or1105 recently by

Wellkampet al [29]. The only knowrderivatives with fragments at'z 10856591(C-29/CG

30) and 688940(C-29/CG-30 and G1/C-10) weretentativelyidentified asAM-A (m/z 1361)

and-B (m/z 1463) from the comprehensiamalysis ofWellkampet al [29] and Cutiganet

al. [28]. A third derivative atwz 1667.9270[M+Na]* shares the sam®&/z to the sodiated

parention of AM-22 andcould be tentatively assigned as suchhasftagmentation pattern

retains some key produitinsto AM-22 that was reported yartinezet al [25].

Table 1.AM derivatives present in fractions G

1143.6942 1085.6543

OH OR O OH

OH

\ 687.3826

HO
R '
AM-A H 22
AM-B SOzH \
OH Oh
Compound Fraction m/z Elemental RT (min) +ppm
observed  Composition
AM-B G,H 1463.7927 CsoH12sNa2027S 4.13 0.2
AM-22 I 1667.9270  CgaH14dNaOs1 3.47 0.7
AM-A I, J 1361.8547  CeoH12dNaOp4 3.66 14
DehydiatedAM -A J 1343.8447  CeoH124NaO23 3.77 1.0

Thecollision induced MS dissociation spectra obtained from fractions Gamt| J evidenced

the presence of some previously reported amphidinols [29]. Bimesedy known compounds,

putative AM-A, AM-B and AM-22, were found in fractions G, H and Another major

derivative withm/z 1343.8441M+Na]* was found in fraction J. The fragmentatjpattern of
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this compound was very similar to an unknown derivative, named N¥&likampet al [29]

with a main fragment atyz 10856543and no other fragment at 1100.

The mass of this compound indicated that it could correspondiéhadated derivative of
AM-A. The characteristic fragmentation pattern of AMeads to two major fragmenésnyz
1143 (G32/G-33 fragmentation) and 1085 that follow a McLafferty rearrangeienind the
ketone at €31. The change in fragmentation pattern between the new deridatiyeated
AM-A (N16) and AMA with an absence of the fragmentnalz 1143 suggestthata loss of
the hydroxyl groummight occur at position 33, but NMR data are needed to confitims
assumption A comparative study was then performed on the different collected fractions
targetingonly the main amphidinol derivativeRelativeamounts 6the LC-HRMS peaks for
the putative AMderivativeswere measured in the different fractiongssuming asimilar
responseotential betweemhese analogues (Table 2). ABlappeared as the majaM in
fractions Gand H. AMA appeared to bine majorAM derivative in fraction | and dehyatied
AM-A in fraction J. As both fractionserethe most active o8. aureuswe cansuggesthat
bothcompoundsnight be causing thactivity againstthis strain. Even though fraction K was
found to be active on thevo Grampositive strains, we could not detect akiyl derivative.

This activityshouldtherefore originate from other metabolites to be further investigated.

Table 2.Relative proportions of the maputativeAM derivatives identified in fraction 1&. MIC values are expressed in
pug mL™ %

Stage-2 Fractions

G H | 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
AM -A 0 0 92 8 0
Dehydr ated 0 0 0 92 0

AM -A
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2.2.3 Discussion

There has been a pressiggmand worldwide for the identification of new bioactive
compounds to address the emerging issue of antibiotic resistance, which is asaoitisiad
increasing number of bacterial pathogens in both veterinary and human $eiitigs
[4,30,31]. The bioprospecting and screening of extracts obtained from natunades,
including marine organisms such as bacteria, microalgae, sponges, or mbdusded to the
identification of pharmacologically active compounds with the potentialrémslation into
novel drugs [5,13,21,24,25]. In particular, recent studies have reportedetiigication of
various new bioactive from marine microbial sources [5,13,BB¢roalgae constitute a
polyphyletic and heterogeneous group of protists tleate fbeen portrayed as promising
bioresources to further exploit owing to the scalability of tleeitivation and the range of
bioactive molecules they are known to biosynthesise [9]38].marine dinoflagellate genus
Amphidiniumhas been of interest for the productiorse¥eral bioactive compounds [36].
Amphidiniumspecies such aA. carterae A. massartii A. klebsiiand A. operculatumalso
produce molecules with antimicrobial potential, such as polyhydroxylated polyketidies,
encompass an array chemically related compounds such as amphidinols, amphidinolactones,
lasonolide, irilomoteolides, amphirions, colopsinols, amphezonol, luteoplanaestungiols
[5,211 25,37 42]. There is a degree of genetic diversity am@ngarteraeisolates that has
been previously revealed via the analysis of lHirge subunirRNA gene, leading tdhe
delineation of four subgroups based on the clustering of specific strains within defided
in phylogenetic inferences [32,43]. Our strafn,carteraestrain LACW11 from thewest of
Ireland, grouped with other strains of subclade Ill, including strain DN241pté\iously
analysed by Wellkampt al [29]. These strains seem to be the only isolatggnating from
the northwest European Atlantic area so far. Other speomplexeshave previously been

identified in marine dinoflagellates, such as the Harmful Algal Blo@tAB) species
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Alexandrium tamarensend subgroups tend to show distinct biogeograpbadterns in their
global distributions [44]. There are fi'awersequences dimphidiniumavailable in GenBank
compared to HAB species, but the isolateshofcarteraethat clustertogether with strain
LACW11 within subcladéll appear to be globally distributed. In tbentext of potential inter
strain variability in the bioactivity of extracts of distinct isolateshi$ species, and of their
chemical makeup, akin to the existing variability of toxin profileenong some HAB species
[45,46], questions darise with regard to their composition amphidinols, which could

potentially be used as chemical markers for the four previadeshtified subclades.

AMs were first described by Sataket al [26] from purified extracts of thespecies
Amphidinium klebsiiWhile recent studies have focused on the profiling of a difféaenily
of polyketide macrolides named amphidinolides, also produced in cesteams of
Amphidiniumand exhibiting high cytotoxicity, there are fewer reports omptighydroxylated
polyketides of the amphidinol family, especially on their antimicrolpatential. Of
significance, Morale®\mador et al [47] were able to purify AM2OB, 24, 25, 26 and
luteophanol D from the medium of a batohiture of the straid\. carteraeACRNO3, isolated
from the Indian Ocean in La Reunion Island. Martieéal [25] on the other handiorked
with a strain of American origin, CCMP1314, and confirmed the presence e18ML.9 and
-22. The latter was purified, and subsequent bioactivity s$éstwed that thessompounds idi
not exhibit antibacterial activity against MRSA, an MSSA straiS.alureusin our work, the
collisionrinduced dissociatioiCID) spectra (MS/MS) obtained from fractio@sJ from A.
carterae LACW11 revealedthe putative presence of previously identified and reported
amphidinols AMA, AM-B and AM-22. Using a comparison of fragmentation pattevith
knownAMs, we suggest that a dehptiedAM -A derivative, alsdikely characterize@s N16
by Wellkamp et al [29], would be themajor component of fraction J. Fractions | ahd

exhibited the highest antibacterial activity agafsaureusandE. faecalis As siggestedy
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the ELSD profiles, the maj@kMs present in our straiappeared to baM-A (Fraction 1) and
Dehydiated AM-A (Fraction J). Interestingly, thiSM profile shows a very high leveif
similarity with that of strain DN241EHU collected in Mallorca (Spain) in the Mediterranean
Sea, as reported by Wellkarep al [29]. This strain is the only one containitige putative
dehydatedderivative N16 of amphidinol A and therefore the Irish stegipears toepresent
asecond example of a strain producing this derivative. The combination of chemical profiles
and the bioactivities of the fractions leads to the conclusion thaf&ivd its new dehydted
derivative could be responsible for the antibacterial activity detected in the exiiaete
results also confirm that AN2 does not exhibit a significant antibacterial activitythe tested
strains, but also that neAM derivativescould be responsible faantibacterial activity in
fraction K.Previous studies reported the isolation and structure elucidation of metafpolites
Amphidinium spp. with bactericidal, fungicidal, antiancer and hemolytic bioactivities
[21,24,25,48]. Here, the initidEtOAc extract of A. carteraeLACW11 showed promising
bioactivity against Grampositive bacteria, in particul&. aureusThen, the two fractionsand

J resulting from the SRBRased purification process, showed inhibitoryd aractericidal
activities agains6. aureusat 16jug mL™! and 32ug mL'?, respectively. Kubotat al [49]
reported similar MICs, albeit using purified compounds, for Amphidinirid= Gind
AmphidinolideQ extracted frommphidiniunsp.(20127-4A strain) againdgE. coli, S aureus,
Bacillus subtilis, Aspergillus niger, Trichophyton mentagrophatetCandida albicansOther
polyketide derivatives extracted froMAmphidinium species, suchas karatungiols or
amphirionin2, have alsghown bioactivity against fungi and humaancer cell lines [41,50].
Interestingly, AM-3 showed a mechanism of action simttathat of other polyene antibiotics
such as amphotericin B and filipin [27]. It has beaiggestedhat AMs may interact with
membranes, leading to their permeabilizatuia pore formation and subsequent cell death

[51,52]. It is noteworthyhat ourAM -containing extracts showed much greater activity against
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S. aureusindE. faecaliscompared t&. coliandP. aeruginosawhich may reflect fundamental
differences in cell membrane and peptidoglycan characteristics betweerpGsaive and
Gramnegative bacteria. Antimicrobial activity agairst faecaliswas also observed ithe
present study, with MIC and MBC values ranging frodrt@ 25 pug mL'* and 1@0 to 8200
ng mL'%, respectively, showing bacteriostatic activity similar to that of some macr@idps
erythromycin), which can become bactericidal at argthoses [53,54]. It is noteworthlgat
some bioactivity againgi. faecaliswas recorded for fraction K, in which no amphidimas
detected. Moreover, fractions G and H, which kagiheared toontainedAM -B, returnedrery
moderate antibacterial activities. These results indicate the presence of other bimeittesss
fractions, and/or potential synergistic effects with other compounds. Futurewliddcus on
purifying thenew putativedehydatedAM -A detected in our strain and on characterizinth
its structure and antibacteriattevity. Subjecting the microalgal cells to varyimgubation
regimes may also lead to the potential observation of variations in the prdfieAi s this

species can synthesize.

2.2.4 Materials and Methods

2.2.4.1 Amphidinium carteraeultivation

A batch culture ofA. carteraeLACWL11 isolated from the northwest of Ireland was prepared
in a sterile 10 L glass bottle (6.1 L final volume culture) fitted with@o@& vented cap at a
starting concentration of 0.5 mgL'! (wet biomass) irf/2 medium without silicate55,54.

The culture wasncubated for 30 days at 20 #C under ca. 608 0 & m%s illumination
provided bylight emitting diodepanels(white light) and a 14:10 light:dark photoperiod.
Aeration through a 0.22 um filter airline wpsovided at a rate of 210lnmin't. On day 30,

the cells were harvested by centrifugation at 2,000fgors min to collect the biomass, which
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was then desalted with 1Lmof 0.5 M ammonium formate prior to overnight freadrging

(Scanvac. MillRock, Kingston NY) and subsequent storag2O&€.

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 (Omegal®iqg Norcross,

GA, USA). PCRtargeting the D1D2 domain of the 28S rRNA ribosomal gene was performed
using the 1X DreamTaf| Green PCR Master MIX (Thermo Fischer Scientifié&ltham,

MA, USA) using theprimers D1R (forward, S\CCCGCTGAATTTAAGCATA 3Njand D2C
(reverse, BJCTTGGTCCGTGTTTCA AGA 8lj[57]. The thermocycling program was as
follows: 94°C for 3 min then 35 cycles consisting each of@4or 1 min (denaturation), 52

°C for 1 min (annealing) and P2 for 3 min (extension). A final extension step of’C2for 6

min was inclu@éd prior to gel electrophoresis that was carried out using a 1% agardsis-1X
acetateEDTA 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 (MWEuUrofins, Ebersberg,

Germany).

2.2.4.3 Phylogenetic inference

The A. carterae LACW11 sequence was run through BLAST against other deposits in the
NCBI database. Sever@émphidiniumspp. 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 Neigldbaring matrix with a Tamura

Nei model and a discrete Gamma distribution (TN93+@). [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. Fet sB&fe
mg of freezedried biomass was homogenised for 2 min with 55 mL of diethyl ethgD)Et
then storedat 4 °C for 24 h. The extract was centrifuged at 2,000 rpm for 3 mintlaead
supernatanievaporatedusing arotary ewporator (Et.O). The residual calilar materials
collected after centrifugation of the initial .Ex extract were further extracted in 55 mL of
MeOH for 24 h at # C. Following centrifugation at 2,000 rpm for 3 min, the extract was
evaporated to dryneasmder reduced pressure. A liguiiduid partition (1:1 v/v) was then
carried out on this residue using 2 mL of EtCaa 2 mL of deionised water £§8), returning
two phases which were separately collected as frackb@#c and H2O, respectively. All
three extracts were dried and weighed priostbrage at20° C and subsequent antimicrobial

activity tests.

Stage2 focused oretOAc extractbased on the result of the first round of antimicrobial tests.
EtOAc (108 mg)extractwas resuspended in EtOAc and transferred to a 50 mL round bottomed
flask containing 600 mg @15 powder (POLYGOPREP 680 um Cis, Allentown, PA USA).

The suspension wasvaporatedinder reduced pressure.s SPE Cartridge (Agilent Bond

Elut Mega BEC1s 1 gram 6 ml.Santa Clara, CA, USAvas conditioned with MeOH (2 6

mL) followed by HO (2x 6 mL). Once conditionedhe dried samplabsorbed in th€1swas
loaded to the column. In total, 16 fractions (12 mL each) were recovered by eluting solvents of
decreasing polarity: (A) 100%:28), (B) HbO:MeOH (90:10 v/v), (C) HO:MeOH (80:20 v/v),

(D) H20:MeOH (70:30 v/v), (E) ED:MeOH (60:40 v/v), (F) HD:MeOH (50:50 v/v), (G)
H>O:MeOH (40:60 v/v), (H) HO:MeOH (30:70 v/v), (I) HO:MeOH (20:80 v/v), (J)
H>0O: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 werevaporatedinder reduced pressure and weighed prior to st@iagzd

°C for further chemical and antibacterial activity analyses.

2.2.4.5 Chemical profiling of the fractions iyPLC and UHRC-MS

Approximately 0.2 mg of dried extract of the 16 fractions (A to P) diasolvedin the

corresponding fraction solvent at a concentration of Inhg' prior to chemical profiling.

Chemical profiling was first performed on a HPADAD-ELSD (Agilent Infinity 1260 Quat.

pump and UVDAD, Agilent technologies 38&LSD). The column used was a 4.6 mm x 250

mm i.d., 5 um, symmetrZig (Waters, Wexford, IrelandMobile phase A was #D with 6.7

mM ammonium formatand mobile phase B was acetonitrile &idmM ammonium formate

The gradient was from 30% @til 5 min, 30§90% B over 20 min and held for 7 min, then
returned to 30% B over 2 min at 1.0 mL finheld 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 pL and the column and sample

temperatures were set at 40 °C and 10 °C, respectively.

Samples were themn in positive MS (200 3000nVz) and MS/MS modes. High resolution
mass specttalata were obtained with an Agilent 6540 gTof mass spectrometer UHBRIDE
HRMS. MS/MS resolution was extremely poor on our machividich was overdue an
extensive service. dNfragmentation of targeted masses presitgelf in the CID spectran
both untargeted and targeted MS/MS ruhs get around thissue in order tprovide some
diagnostic fragments for structure postulation saswkre run in MSwith collision energy
applied at the source instead of the collision cell. This led to few but soméidgostic
fragments for the amphidinols present. Tome voltage was 40 V, collision energy was 75
eV. The cone and desolvation gas flows were set at 300 and 12't, nespectively, 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 x 2.1 mm i.d., 1.7 um, Acquity UPLC B8EHWaters,
Wexford, Ireland). The gradient was fromi30% B over 11 min at 0.4 mL niih 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 pL 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 @rampositiveS. aureusATCC 25923 and

E. faecalisATCC 29212, and th&ramnegativeE. coli ATCC 25922 andP. aeruginosa
ATCC bacteriakontrols. The strains were grown on solid agar media then incudta®@dC
overnight prior to carrying out the bioassayke strains were grown in selective agar media:
Bile Aescuilin Azide forE. faecalis Mannitol Salt Agar fos. aureusndMacConkey agar for

bothE. coliandP. aeruginosaAll media were manufacturday Oxoid (Basingstoke, UK).

2.2.4.6.2 Determination oMinimumInhibitory Concentrations

The susceptibility tests were carried out usartyoth microdilution assay based on the CLSI
2020 guideline$60]. One colony of each ATCC strain was inoculated inL5aihBrain

Heart InfusionBHI) broth for 4 hours prior to carrying out a dilutiat a final concentration
of 1 colony forming units (cfu) pemL'?! for inoculation of the wells of a 9&ell plate in

0.1 nL of sterile MullerHinton broth (MHB).

For the stagd fractions the dried microalgal extracts wedessolvedin 4% DMSO forthe

H20 fraction and 10% acetonia waterfor fractionsEt:O andEtOAc (n=3).
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For the stag® fractions, all the extracts (A to P) welissolvedn 10% aceton@ water Prior
to bacterial inoculation esial dilutions (1:2) of the extracts were performed from tH¢olthe
11" wells ofarowofa9@ve |l | pl at e with k&ofMHBaEhe 12Wwell u me o

was used as a bacterial growth control.

The antibiotics kanamycin and colistin were used as positive controls for thgpgsatiue and
negative bacterial specigsspectively. Control wells of MHB and solvents were also included.
Triplicate wells were used for all the samples and the plates were incubatéCdoB874 18

h. Nitro bluetetrazoliumchloride (NBT) (1 mgmL') 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 descrit&dl [

2.2.4.6.3 Determination of Minimum Bactericidal Concentration

Wells above the MIC valuwasplated in MullerHinton agar and incubated 37°C overnight

The MBC value was identified by determining the lowest concentration of antibacterial agent

t hat kills 099.9% of the bacterial popul at i

bactericidal if the MBC value is no more than fdold the MIC value.

2.2.5 Conclusions

SPEbased fractionation of extracts from an Irish isolateAofcarterag which grouped
geneticallywith strains from other geographic areas within-slsale 11, returned bioactivity
against the Grarpositive bacteri&. aureusandE. faecalis The activity agains$. aureusvas
mostly associated with fractions | and J, where amphidinolsfddnd dehydatedAM -A were
presentFraction K returned minor activity agairistfaecalisout did not contain knowAMs
while fractions G and H, which contained AB] 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 lIrish 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 thisolation and structure elucidation of a new amphidiDalerivative
featuring an unprecedented tetrahydropyrane ring between the positibasCC11. 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 nystiéc substitution of the sulfate present on the side
chain of AmphidinoB. The major metabolites isolated were tested for their antibacterial and antifungal
activities. AmphidinolC was tested faantibacterial and antifungal activity and only fungicidal activity

was observed against yeast and filamentous furgil&tpg mL*.
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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 jertiare 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 applicatiérighe focus on
microalgae for metabolite production a¢so linked to theability of largescalelaboratory
cultures allowing the production of metabolites in sufficient amount for biodiscévery.
Dinoflagellates of the genus Amphidinium occur both in temperaterapdtal waters and

they have been found to produce a large arrdyigiily complex metabolites of polyketide
origin such as amphidinolamphirionins karatungiols and other macrolid€$Amphidinols

(AMs) are long and polycyclic polyhydroxyolyketideswhich have proven to show potent
antifungal, ichthyotoxic, hemolytic, cytotoxic, antiprotozoan or antidiatom activftiésThe
structure of the first amphidinetasreported in 1991 from the dinoflagella#enphidinium

klebsiiand almost 30 amphidinols have since been isolated from vakiaphidinium spp?

13

Amphidinium carterags a widely distributed species of dinoflagellate which has a large
variation in amphidinol composition reported to be strain specifferevious studies on
methanolic fractions containing amphidinol derivatives from the Irish strain LACWAL of
carterae indicated strong activity again§. aureusand E. faecalis'* One of the major
compound was characterized by-IMS with a molecular mass corresponding to a dedtedr
derivative of amphidinoA. The strain was then cultured at lasgmale 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 amphidi@oFurther, amphidinaC was tested against a

panel of GranPositive and Grammegative bacteria as well as yeast and filamentous fungi.
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2.3.2 Results and Discussion

Central core in common with amphidinol 3

67
(@] OH : OH - OH OH OHH OH

20

“'OH
65
OH OH 69
1 7 11 L
X= HO o7 s f Amphidinol C (1)
H H
OH
R
R H
Q Q Amphidinol A (2) H o
X = Ho/\‘/\/\%\/\)ﬂ\:g Amphidinol B (3) SO,
OH

Figure 1. Chemical structures of the new amphid@¢l), and the known amphidinobs (2) and B B).

Compoundl was obtained as an off white amorphous solid (1.2 mg) from 7.0 g of fueeze
biomass ofA. carterae The molecular formula ot CesH124NaOe3 was deduced fronthe
observation of the [M+Na&Jadductatnv/z 1343.8415. The compound was found to belong to

the amphidinol family byhe presence dfvo characteristic methyl doubletst®t0.94 (d, J =

7.0 Hz, 3H, H67) and 0.96 (d, J = 6.5 Hz, 3H66) inits 'H-NMR spectrum and the presence

of 25 oxygenated carbons together with 9 unsaturated carbons corresponding to 4 olefins and
a ketone with a characteristic signalia211.3 (G13) among the 69 neequivalent carbons
observed in th&’C NMR spectrum of. Comparison of th&H NMR spectrum ofl. with those

of different amphidinols revealed a high level of similarity with the spectra of amphiéinol

(2) and B ) recently isolated from another strainAf carterag'® described themselves as
shorter analogues of amphidirk8 and 19.Most regions of théH NMR spectra of B were
superimposable apart from the signals corresponding to the northern part of the molecule and

more precisely the subunit-OC-11. As the molecular formula suggested the loss of a
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molecule of water compared to AK, we first assumed thdtwas a dehyditedproduct of

AM-A that could lead to a conjugated ketone &3C However, thé3C-NMR spectrum ofl

did not evidence any additional olefin compared to-AMnd B and the chemical shift of the
signal corresponding to the ketone al®was not consistent with a conjugation. Due to a
series of overlap of signals in the NMR spectrum, we assigned all spin coupled systems
using COSY, HSQC and H2BC experiments. The deshieldings sighals corresponding to

the carbons & and G11 atilic 79.4 and 75.6 compared to the corresponding signals HAAM
suggested a substitution on the oxygens of both alcohols. A large splitting of the signals of the
geminal diastereotopic protons for&; H-9 and H10 were consistent with a ring between
these tw positions. As the HMBC spectrum did not evidence any cleaG-HL1 nor H11/G

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/H-11/H-9b nOes came as confirmations

of this tetrahydropyran@ HP)ring. At the same time, the-WH-11 nOe revealed a cis diaxial
orientation for both H7 and H11 protons. A nOe was observed betweeB¥H-31 which

was indicative of an E configuration around the double bond22/C-31 while a coupling
constant of 1% Hz between Fb2 and H53 was reminiscent of the same E configuration for
this second olefin. When comparing our NMR data in@D with some of AMB, 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 belowljEable

a V/‘H H ™
H H
9
‘13 7 OH 1 o iLL
H<AN H
b o A
0380y
7 A A
OH u OH
HO S AM-C (1)
AM-B (3) s

Figure2. a. nOe for the first tetrahydropyran ring betweei &d C11 for 1; b. proposition of transformation of AB
into dehydatedAM-A (1).
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Tablel. *H NMR (600 MHz) and3C NMR data (150 MHz) for Compouridand AM-B®in CDzOD.

Compoundl AM-B
Uc Uy, mult, Jin Uc Uy, mult, Jin pos. Uc Uy, mult, Jin pos. Uc Uy, mult, Jin
pos. Hz pos Hz Hz Hz
la 67.5 3.47,dd 11.0, 36 675 3.97m la 67.1 3.44,dd, 11.0, 36 67.2 4.00, m
5.0; 6.0
1b 3.41,dd 11.0, 1b 351, m
6.5
2 73.4 3.56, m 37 30.5 1.79, m 73.0 3.61, m 37 30.2 1.82, m
3a 34.6 1.48,m 38 75.8 349m 34.2 141, m 38 75.5 3.55,m
3b 1.35m
4a 26.8 1.44,m 39 74.7 3.60m 4a 26.6 152 m 39 74.0 3.64, m
4b 1.40m 4b 143 m
5a 26.9 1.44,m 40a 325 1.97 brd13.5 5 25.8 148, m 40a 321 2.00 m
1.56,m 40b 1.60 m
5b 1.35m 40b
6a 37.6 1.46,m 41 27.9 242 m 6a 35.2 1.70, m 41 27.7 245, m
6b 1.40m 2.09m 6b 150, m 215 m
7 79.4 3.3l m 42 1515 - 7 80.3 439, m 42 151.3 -
8a 327 159 m1.T,qd 43 769 4.19, d9.0 8a 35.3 170, m 43 76.4 4.22,d8.8
8b 115,35 8b 150, m
9a 24.7 1.83,m 44 75.2 3.35m 9a 21.9 160, m 44 75.1 3.38, m
9%b 158 m 9b 149 m
10a 32.7 161, m 45 70.5 4.04 m 10a 38.4 155 m 45 70.4 4.07, m
10b 1.19,qd 13.0, 10b 148 m
45
11 75.8 3.79,brdd 10.Q 46 316 2.09 m 11a 68.6 4.09, m 46 315 212 m
9.0 1.55m 11b 1.60 m
12 50.9 2.61,d9.0 47 67.4 4.05m 12 51.6 2.65, m 47 69.2 4.07, m
13 211. - 48 687 4.04 m 13 211.6 - 48 68.6 4.07, m
3
14 518 2.62,m 49 80.7 3.75,d10.0 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 35.8 1.5, m 51 74.3 4.36,dd8.0,3.0 | 16a 35.5 150, m; 140, m 51 74.1 439, m
16b 1.40m 16b
17a 333 1.61, m 52 1286 5.60, dd155, 17a 330 162 m;115m 52 128.1 5.63, dd 15.0,
17b 1.12,m 8.0 17b 7.5
18 309 1.67,m 53 136.1 5.79 dt 15.5, 18 30.2 1.70,m 53 135.6 5.82, dt, 15.0,
7.0 6.5
1% 41.6 1.47, m 54 33.8 2.08, m 1% 41.8 150, m; 140, m 54 33.2 2.10,m
19b 1.36,m 19b
20 73.4 3.52m 55 306 140, m 20 73.3 3.55, m 55 30.8 1.44, m
21 72.8 351m 56- 308 1.3, m 21 72.6 3.50, m 56- 30.6 1.35 m
61 61
22 38.5 1.68 m 62 304 130, m 22 38.3 150, m; 140, m 62 30.6 133, m
139,m
23 31.3 2.14m 63 35.1 205975 23 31.0 218, m 63 34.4 2.08, m
24 773 3.36dd7.0,20 64 1404 5.80 m 24 77.2 3.39, m 64 135.8 5.81, m
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25 725 3.67,m 65a 114.7 4.98,br d16.5 25 72.5 3.71, m 65a 114.3 5,01 m
65b 4.91, brd105 65b 4.94, brd 10.7

26a 420 1.98,brd14.0 66 21.2 0.96,d 6 26a 41.7 2.02, m 66 20.8 0.99,d6.9
26b 151, m 26b 1.56, m
27 717 3.87,m 67 14.0 0.94,d7.0 27 71.4 3.90, m 67 13.7 0.97,d7.0
28  36.7 1.68 m 68 17.4 1.75,s 28a 36.7 171, m; 163, m 68 17.0 1.78, s
28b 1.59 m 28b
29a  36.8 221 m 6% 113.2 5.07,brs 2% 36.4 224, m; 217, m 6% 112.7 5.10,s5.01, s
29b 2.12m 69b 4.98, brs 29b 69b
30 139. - 30 139.2

3
31 126. 5.48,brd, 9.0 31 126.0 5.52,d 8.5

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, brd, 9.0 33 72.4 3.70, m
34 79.3 3.96 brd, 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 taletermine 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, amphidi®lwith a planar structure first reported in 1591

and a spatial arrangement proposed in 1888s been tagged 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’- 18 The planar structures of amphidir®lnd amphidinoA and B being identical
between €19 and G55 and the chemical shifts of the NMR signals of compound 1 an@AM
being comparable for this region, we propose the same configurations for this core part of all
analogues foAM -A (Figure 1)’ Combinatorial syntheses of thel@C-14 subunit found the
hydroxy groups to be R at positions®2CG-6 and G10 for AM-3.1° 2°For AM-A the hydroxyls

are in positions €, G7 and G11 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 thelfC-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 ch&hThe hydroxyl positions of AMB differ from 1 and any
definitive conclusion would then be premature at that stage. However, respecting the
biosynthetic logic we could presume that the tirezaaining hydroxyl at €, G11 and C15

being separated by thresethylenes should have the same configonatileading to syn

relative configurations (Figure 1).

The bioactivity of amphidinoC (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 pg hilagainstAspergillus fumigatusnd Candida albicans
respectively. These activities are similar to those obtained for other amphidinols against similar

fungi 4,5,22,23

Table2. MIC and MCFin pg mL' * for amphidinolC (1) against bacteria (Grapositive and Grasmegative), yeast and
filamentous fungi strains. ATCC= American Type Culture Collection, MRSA= Methicillin Resistant Staphylococcus
Aureus, CA= Community Acquired, LA= Livestogkc

Strain MIC MFC
Aspergillus flavus 4 8
ATCC 204304
Candida albicans

16 16
ATCC 90028
Staphylococcus aureu

>32
ATCC 25293
CA-MRSA

>32
USA 300
HA-MRSA

>32
HU25
LA-MRSA

>32
ATCC BAA-2313
Staphylococcus epidermidi

>32
ATCC 35894
Enterococcus faecalis

>32
ATCC 29212
Escherichia coli

>32
ATCC 25922
Pseudomonas  aeruginos

>32

ATCC 27853
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2.3.3 Conclusion

Microalgae and their associated compounds present a promising source dghemtutics

and antimicrobial agents. Their ability to be cultured in laboratories at{acgées 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 hgearctivity with

AM3 being the most active of all the analog@es® Their activity comes from their pore
forming ability of liposomes containing membrane stetb®Amphidinol C (1), a dehydated
analogue of amphidind (2) was the major amphidinol present in the strain LACW1A.of
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 18cm cell. CD spectra were acquired using Jas&iQ) (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 shiitan(ppm) are referenced to the carbon

(Uc 49.0) and residual protong+(3.31) signals of CBDD. High-resolution masspectra were
obtained from a mass spectrometer Agilent 6540 in-BS&emiPreparativepurifications

were performed using an HPLQV equipped with a Jasco P2087 pump and U\2075

detector (Tokyo, Japan).
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2.3.4.2 Bacterial strains

Microbiological assays were carried out usiBgaureusATCC 25923,E. faecalisATCC
29212,Candida albicansATCC 90028 andAspergillus flavusATCC 204304. The strains
were grown in selective agar media (Bile Aescuilin Azide (BEAHdiaecalis Mannitol Salt
Agar (MSA) forS. aureusthen incubatedt 37°C overnight prior to carrying out the bioassays.
Sabouraud Dextrose Agar (SDA) and overnight incubation’a® 3%re used fo€. albicans

All media were manufactured t@yxoid (Basingstoke, UK).

2.3.4.3 Determination of Minimum Bactericidal and Fungicidal Concentration

A volume of 50 pl from all the wells above the MIC point were inoculated in Mtdlaton

agar media. The plates were further incubated for 24 h and 48 h for bacterial and yeast,
respectively. The Minimum bactericidal/fungicidal concentrations were tlestifiéd as the
lowest concentration of compound returning no growth. All analyses were performed in

triplicates.

2.3.4.4 Extraction and Isolation

The freezedried biomass (7 g) was extracted with MeOHx(80 mL) aided with sonication

(5 min) and centrifuged (10 mn4500 rpm). The extract was further fractionated by polarity,
separating the most polar compounds (hydrophilic) from the mospolan compounds
(lipophilic). The extract (2622.0 mg) of the microalgae was fractionated by elution with a
gradient of HOi CH3OH from 100:0 to 0:100, usin@:s reverse phase VLC method. Fraction

4 (97.0 mg) and 5 (1350.8 mg) were found to contain our compaifrndgerest. Fraction 5

was further fractionated via RBig VLC by eluting methanol:water 80:20v 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 separatexiiritactions by using reversed
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phase sempreparative HPLCE1s column 5 pum, 250x10mm Xselect) with gradient of solvent
A: H20, solvent B:CHCN. 0-40 min:7690% B resulting in 19 peaks. Peak 16 (6.66 mg) was
repurified using analytical HPLC (T3 column 5 pum, 4.6x10mm Xselect HSS) resulting in the

isolation of compound (1.2 mg).
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3. Conclusion

This project on the study of Irish marine dinoflagellates had several aims:

1 to cultureAm.languidain a continuous fashion thenproduce enough AZA88 and-
39 for structure elucidation with NMR,

1 to test if toxins fromAm. languidacould accumulate in the tissue of the blue mussel
(Mytilus eduli3 commonly farmed on the Irish coast,

1 to testif AZA-38 and-39 were present in farmed shellfish samples and

1 toisolate new bioactive compounds frémcarteraeextracts

The firstaim was achieved by tisiccessful bulk culturing of the speches. languidausing

a prototype photobioreactateveloped at the Marine Institut&he reactor was designed

inhouse and purpose built for the continuous production of planktonic microalgal bidimass.

design allows for continuously production of biomass emasequentiallycheaper certified

reference material to aid monitoring of shellfish tissk@em the HP20 extracts produced by

Am. languidecultures, we were able to purifyforhe f i rst ti me 450 e€g of
AZA-39 (chapter 1)Using 1D and 2D NMR experiments the structure of AZAwas revised

from the first hypothesisUnfortunately, we were not able to purify enough AZ8 for

elucidation with NMRn future, this study could be repeated in efforts to isolate B&A&nd

then determine the relative toxicity of both compared to AZA

For the second aim we used a feeding study to shopotieatial of both toxins becoming an

issue for the Irish shell fishing industfghapter 2)We showed thatzaspiracids produced by

Am. languidahave the potential to bioaccumulate in musselsiragarly to AZAs produced

by Az. spinosumiike AZA-1 and-2 present irAz. spinosumAZA-38 and-39 undergo similar

bi otransformationds mainly aootalk eepeswlatedithe g t o

structure of 8 new azaspiracid analogues andtiftkzhthe presence of AZA&8 and-39 in
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tissue samples from lIrish shellfish farma&/e 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 ofirmed 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.

Thefourthaimwas achieved by firstly performingSPEbased fractionation of extracts from
an Irish isolate oAmphidinium carteraéchapter 3). Methanolic fractiomsturned bioactivity
against the Grarpositive bacteriaS. aureusandE. faecalis Fraction | and J were the most
active againsg. aureusind contained substantial concentrations of Alnd dehydatedAM -

A. Fractions G and H had mild activity agaifistfaecalisand was found to contain the less

active sulphated version of A, AM-B (chapter 3)

Batch culturing then produced enough biomass for the isolation of amphijiaalehydated
analogue of amphiding\, the major amphidinol present in the strain LACW1RAotarterae
(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 showdt seti
moderate activity towards the fungéspergillus flaus We recommend scaling up the
production of biomass as we found several athigmwith fragmentation patterns and retention
times indicating their likely amphidinolide natuset 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 ¢ceused as a foundation for the continued study of

Am. languida it ds associated toxins and their i
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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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Table S1: Cell density and pH data from early failed attempts atsaeje cultivation.

Table S2: measurements from PBR1 study

Table S3: PBRL1 toxin results from SPE extractions. Results in grey indicate harvest days

Table S4: PBR1 toxin results from O6vial methodd extraction:
Table S5: measurements from PBR2 study

Table S6: PBR 2 toxin results from oO6vialoé method extracti ol

Table S7: Comparison of the average toxin amounts of-82&and 39 from daily measurements (see Tables S4 and S5 for

the full tabulation) during the PBR1 study by two differeni
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
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FigureS1-1. Comparison of AZA38 and-39 cell quota in PBR1 between SPE and vial extraction.
Figure S22. IH-NMR spectrum of compounti(AZA-39) in CxOD (600 MHz)

FigureS1-3. Cropped'H-NMR spectrum of compounti(AZA-39) in CxOD (600 MHz).
FigureS1-4. Cropped'H-NMR spectrum of compounti(AZA-39) in CxOD (600 MHz).
FigureS1-5. Cropped'H-NMR spectrum of compount(AZA-39) in CxOD (600 MHz).
FigureS1-6. COSY NMR spectrum of compoudd AZA-39) in CHOD (600 MHz).

FigureS1-7. Cropped COSY NMR spectrum of compouh@AZA-39) in CHOD (600 MHz).
FigureS1-8. Cropped COSY NMR spectrum of compouh@AZA-39) in CHOD (600 MHz).
FigureS1-9. Cropped COSY NMR spectrum of compouh@AZA-39) in CHOD (600 MHz).

FigureS1-10. HSQC NMR spectrum of compouddAZA-39) in CHOD (600 MHz).

FigureS1-11. Cropped HSQC NMR spectrum of compoun(AZA-39) in CHOD (600 MHz).
FigureS1-12. Cropped HSQC NMR spectrum of compouh(AZA-39) in CHOD (600 MHz).
FigureS1-13. Cropped HSQC NMR spectrum of compoun(AZA-39) in CHOD (600 MHz).
FigureS1-14. Cropped HSQC NMR spectrum of compounfhZA-39) in CHOD (600 MHz).
FigureS1-15. HMBC NMR spectrum of compound 1 (AZ39) in CHOD (600 MHz).

FigureS1-16. Cropped HMBC NMR spectrum of compouhdAZA-39) in CHOD (600 MHz).
FigureS1-17. Cropped HMBC NMR spectrum of compoubhdAZA-39) in CHOD (600 MHz).
FigureS1-18. Cropped HMBC NMR spectrum of compoubhdAZA-39) in CHOD (600 MHz).
FigureS1-19. Cropped HMBC NMR spectrum of compoubhdAZA-39) in CHOD (600 MHz).
FigureS1-20. ROSY NMR spectrum of compouridAZA-39) in CHOD (600 MHz).
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FigureS1-21. SEL 1D TOCSY (at 5.85 ppm (H)) spectrum of compouridin CDsOD (600 MHz).

Additional Results and Discussion

Preliminary attempts at largeeale culture

Two initial attempts at the larggcale culture oAm. languidan the PBR lasted 11 and 7 days
respectively and were largely unsuccessful (Table 1). In the PBRy&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 theitol of extra inoculum and media. In both cases,

the culture had collapsed, and cellslsdtat 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 G@ddition. 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@ *to avoid the early addition of GO

into the system. This change allowed the completion of two successful attempttaegehe

scaleculture ofAm. languidanamed PBR1 and PERan described later.
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Table S11. Cell density and pH data from early failed attempts at {aogde cultivation.

5 L Erlenmeyer flask

culture PBRO0-1: Preliminary attempt PBRO0-2: Preliminary attempt
Days pH (Esgllt'js er?ﬁli;y Days pH iggndser?ﬁli;y Comments Days pH ((:(?(Ielllds e:qfll;y Comments
30L K + 30L
1 8.76 31900 1 8.31 17200 10L K +3.75Linoc.| 1 8.39 14850 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
12 884 59000
13 8.79 59000
14 873 65833
*= not taken pH set point 8.3 +0.1 hysteresis pH set point 8.3 +0.1 hysteresis
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Table S-2. Measurements from PBR1 study

Day pH PBRoTemp. Incubatoor Photon fluzx ll/lin Photon fluzx l\l/lax DO DO_1
(°C) Temp. (°C) (umol nr? st) (umol n? s) (% sat) (mg LY
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 1111 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 19.7 185 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

Comparison of sample preparations for toxin analysis

AZA-38 and 39 toxin amountsinfgcéll t he amounts are always higher
double. The SPE method gives tighter results an

Still, it is difficult to state which method represents the more accurate toxin amountsedeastthis
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woul d have required control toxin spiking and r
easier to perform and less time consuming than the SPE method and also, the toxin ratio (AZA38 to 39)
doesndt seem to be af ftehcotde d Thayb Iteh €S 4c haonidc eS 50)f. eS ot

the method used throughout the whole experiments.

Boxplot of SPE versus Vials method cell quota for PBR1

60

AZA toxins (fg cell-1)
*

40

> - -

SPE AZA-38 (fg cell-) Vials AZA-38 (fg cell-1) SPE AZA-39 (fg cell-) Vials AZA-39 (fg cell-1)

Figure -1 Comparison of AZA38 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 guotas reported hert
extracellular amounts. All the data is fully tabulated in TaBI¢SFPE extraction) and Tablé S

(Vial extraction). The SPE and vials toxin results were plotted using boxpl¢figute 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-88/And 39 toxin amounts in
fg/cell, the amounts are always higher for t
gives tighter results and hardby 8oyl bptlter

to state which method represents the more accurate toxin amounts measured, as this would
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have required control toxin spiking and reco
easier to perform and less time consuming than the SPE method and also, the toxin ratio
(AZA38 to 39) doesndét seem t o Dblable&Sfadidé&rt ed by
So the oOvial met hodd was the method used tF
precise quantification of toxin amounts was carried out on the final extracted biomass

independently of the methods used here.
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Table S-3. PBR1 toxin results from SPE extractions. Results in grey indicate harvest days

Days Date Cell dens_ity SPE AZ,_A-38 SPE AZA38 SPE AZA—SQ SPE AZ,_A-39 Ratio AZA-38
(Cells nmiL) (ng mLY) (fg celf?) (ng mLY) (fg celf?) 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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Tabled-4PBR1 toxin results from o6vi al met hoddé extractions.
Days Date Cell dens_ity Vials AZA-SS Vials AZ,_A-38 Vials AZA-SQ Vials AZA-39 Ratio AZA-38
(Cells mL?Y) (ng mLY) (fg cellY) (ng mLY) (fg celly) 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 1941 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 4772 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 S-5. Measurements from PBR2 study

Photon flux

Frolipo:Day pH PB?O ;:I';e mp. T'Qﬁ,lupt?a(t%) P(huontf:)r; Irl?zxsl\l/)”n Max 2(pslrgol m DO % sat (mz(l)_'l) 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 8.47 195 19.3 * * 139.3 10.15 36.0
19 8.83 19.3 19.9 * * 135.5 9.86 36.0
20 8.53 19.0 185 * * 115.0 8.47 35.5
25 8.66 194 18.4 * * 108.9 7.94 35.0
26 8.77 20.1 18.4 * * 133.7 9.65 354
27 8.77 19.6 20.0 * * 118.6 8.62 34.8
28 8.58 194 18.9 * * 120.3 8.82 34.5
29 8.30 19.3 - * * 134.3 9.79 *
32 8.62 195 19.3 * * 120.5 8.83 34.8
33 8.66 194 19.9 * * 134.7 9.84 34.5
34 8.72 19.3 185 * * 153.7 11.19 343
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 8.39 195 19.1 * * 121.0 8.84 34.4
46 8.45 19.3 19.2 * * 118.6 8.70 36.0
47 8.33 19.7 194 * * 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 * * 1211 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 8.47 194 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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Table3-6.PBR 2 toxin results from 6vialdé method extractions.

Cell density Vials AZA-38 Vials AZA-38 Vials Aza39 Vials AZA-39 Ratio AZA-38

Days (Cells LY (ng mLY) (fg cell?) (ng mLY) (fg cell) 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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TableS1-7. Comparison of the average toxin amounts of AZ®\and 39 from daily measurements (see Tables S3 and S4 for
PBR1

materials and methods) Toxin data from days 53 to 57 were excluded for these calculations as the culture was collapsing,

the full

tabul ation)

so the cell quota would not be overestimated.

during

t he

study by

t wo

SPE Extraction = SPE AZA38 SPE AZA38 SPE AZA39 SPE AZA39 Ratio AZA-38
method (ng mLY) (fg celft) (ng mLY) (fg celf?) 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  Vials AZA-38 Vials AZA-38 Vials AZA-39 Vials AZA-39 Ratio AZA-38
method (ng mLY) (fg cell?) (ng mLY) (fg cell?) to AZA-39
Average 1.70 38.07 241 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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FigureS1-2. 'H-NMR spectrum of compounti(AZA-39) in CxOD (600 MHz)
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FigureS1-3. CroppedH-NMR spectrum of compounti(AZA-39) in CxOD (600 MHz)
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FigureS1-4. CroppedH-NMR spectrum of compounti(AZA-39) in CxOD (600 MHz)
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FigureS1-10. HSQC NMR spectrum of compouddAZA-39) in CHOD (600 MHz).
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FigureS1-11. Cropped HSQC NMR spectrum of compouh(hZA-39) in CHOD (600 MHz).
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FigureS1-14. Cropped HSQC NMR spectrum of compouh(hZA-39) in CHOD (600 MHz).
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FigureS1-15. HMBC NMR spectrum of compount(AZA-39) in CHOD (600 MHz).
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FigureS1-16. Cropped HMBC NMR spectrum of compouhdAZA-39) in CHOD (600 MHz).
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FigureS1-17. Cropped HMBC NMR spectrum of compoubhdAZA-39) in CHOD (600 MHz).
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FigureS1-18. Cropped HMBC NMR spectrum of compoubhdAZA-39) in CHOD (600 MHz).
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FigureS1-19. Cropped HMBC NMR spectrum of compoubhdAZA-39) in CHOD (600 MHz).
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FigureS1-20. ROSY NMR spectrum of compourid/AZA-39) in CHOD (600 MHz).

FigureS1-21. SEL 1D TOCSY (at 5.85 ppm (H)) spectrum ofompoundL in CDsOD (600 MHz).
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