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Abstract

This work focuses on a gr oup Pef wdiaaztsocwdijaclhe | o

is a globaphytompankaonnh genus. Some species o
domoic aci d, which is responsible for shellfi
poi soning (ASP). These diatoms have few mor phc
aparltt,hoamgh more than 50 species are known. Th
the diversity of these diatoms in the Gulf of
Herepecies of P4 éduwd agzesacuh®& cammo n meonib et he | ocal
phyptloankt on community, but we were mostly <clue
when. This knowledge is important for the st

community but also to understand the potentia

we first determined the species diversity of
including electron microscopy, and genetic ba
| TS1 andbrI&”2,environmental isol at-gsat hpér wede
Then, we examined the toxicity potenti al of t
(HPLC;MSLU®IS) and ELI SA assays. We also partner
companyoiMia Environnement, with whom we devel
hybridization assay to study and monitor the ¢
Finally, we introduced the metabarcoding meth

anal yesephtyht opl ankt on cBsnenuna @ zywvc i iha |aotshtasagt e

and “Hbhhgbughput met hodol ogy that avoids the

abundance assessment. I n total, 9 species al
were idenhtomi &ctober 2016 to October 2020. E
species were also revealed thrdughmutl hsstriuay :
del i cafPi sgiamaweraee found to produce Pdomail@axa @i
t hfeirst time in the Adriatic. The devel opment
nucl eotide probes used with the assay that wo
the st atPussevodfa 2 hepudati on in the enfviioPfnaoment .

gal awaseal so found and the assay setup with

popul ation dynamic of this specievegl adl lay,
previous|l yYiuvueksowyg of phytopl ankt onPsgeruoduwp s ,

nitzsbhtawas not identified from the culturin
the diversityPsen dexzodoigdpe oGul f of Trieste an
robust to date in the wider Aalrimdripghoalroegai,c asl
mol ecul ar met hods, which is essenti al in a gr
i's not wel!/l defined. OQur work on the col ori me
efficient and can be useuWaduwl tmorned topEédrngt iasn swe
assess the threat |l evel from potential ASP po
first efforts to employ metabarcodi ng bfcaor phy
as a metabarcodinsg ipr it ther mfaor nckei &tnovi r onment .

have greatly i mproved our understanding of t
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globally important implications and findings and
topi c.
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Povzetek

To
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e k

doeblroa venlaw@i no kr emenasti h alg (diatomej ), K
etndd zsclNelaat erzeegvar srtoedu proi zvajajo toksin
govorna za tako i menadwanos asnknoelzjikannoi z(aksd F)u.|
maj o veliko morfoloskih 4maddkiol maoasztlii,k orvaal p o c
bojA kIl jub temu poznamo vec¢ kot 50 vrst. Pri
tere vrste so prvius,otknaet ewr eTgraz adsekle nj ez atluid i s |
etndd z pomeanben del fitoplanktonske zdruzbe,
javlijanja razlic¢nih vrspo mme nskmpwzlpjo 2z maliis.k aVe
ol ogije fitoplankhidonghkheracumelvan ammak etbi t n

AZS. Pomembna naloga je bila pridobitev okol j:

S

v k
N a
n

X T O X O T

<3530 " TW<LK P XUSN—TSOXg<CcCcOOTY

OQ)('D_'('DO('D"('DU)N_'N_'U)CSDO‘_'
ON—“+T I S VDK ®T 0

pomo&¢gdomo najprej raz€lenili vrstno pestrost
l juéno z edekKkapiojnek ot eni kgenet skega rbeprlkodi r a
to smo na nekaterih kulturah ugotavljal:i [
alitskih meM®/dM$SHPILIC, EILICSA testov. Povezali
ot ehnol os kMimrpddjae tEjneemr onnement, s katerim
nNzor na o0ShoOVi hi bridizacije, Pkieuwdmogodhi & p
inkoviteje in z manjsi mi s torpd akiik.t oN@ k&d rzjde
cnom Rs emrmmdtoz,s c uivae d | i sodobno i n vi soko
arkodiranj a, K i omogoca analize velikeg:
skega faktorja v ocenah $®devadktConborsa i2 0 In6
reamaoO@@Odi | i pri svatsmao e dPus @ end etzishahidaol oCi | i
vo sezonsko pojavljanje ter ekol oske po
Ene Py khuwllturitr( at a, P. ) d €PZ a cgaat] i asxst ianeap,r VP .
oksi cnosti v Jadranu. Med razvojem kolo
eotidnih sond, K i omogocCaj o ewostreomdmo i n
tndad zschbkal ju, kadar jih uporabimo na doti ¢
speci fiP&nogazZiaazxnjagveapr avi |l no zaznavala di nam
rci h. Nazadnje pa smo z met abar kodiranjen
oplkainkk toknuisp i n, vikd j niPésaewnd ot zysrcéhtioaj e ni smo od
ostavili v kulturi . vRdiiear oiCtee tder ©oh g &k @Ir o Pi
tndad zgchliraaskemeadli owuwmpibnol j t emedgdrtdrhs kvi c ¢
iji, saj zdruzuje stevilne morfoloske in mc
anizmov, kjer je koncept vrste slabo defini
ttuudhievo orodj e, ki j e g #lraohskkoo vurpomt raakbol njkao v i |
itoringu kot tudi v mari kul turi za pomo¢c
arnostMedap rAv#iSmit udi uporabili met odo met at
opl anktonske izndrprzkbies tssanohauhgesarnaub i lribcaar k er

abarkodiranje di at ome | v zmoartsnkoe ra p iolkio | jnwa.s
umevanje |l okalne fitoplanktonske zdruzbe
il nadal jnje raziskave na tem podrocju.
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Chapter 1

Introduction

1.1 The Diversity of Marine Phytoplankton

Phytopbankre a group of organisms that |ive i
role in global biochemical cycles is crucial
this planetwHoimoclsagimigpsisal esti matesspaggiebl e
for about half of all carbon sequestration ar
(Fal kowski et al ., .i9fof8e h & h & p bpal eakyt fafhe ¢, @ INLd9gQi 8c) a |

roliesshecosyana@maucei ffeteadatoefgnemgey umulfartoino n,

obl iguwuttcet t oph y geatteer owwi 6 phmj xotrophy in the mid
stalte tra et all.n g2e0nletrpapl R, 8 hpgljyon or gani sms ar e
as planktonic microal gae because they represe

macroal gal groups and even plants through thei
endosyniFiad kiosws ki . e Al ahougB8O0B8 dapses epsh ynhaay acnodn tcd i r
mi croal gae and. gnaeemabfigae, red al gae, heter
exclusively wunicellular organisms with wunique
The only oxygenic phot oaunadtnr Bmitdeeadina,thac pe 0k &
are often referirmehkrteo aasx miborudaldpadedd. mor phol og
described microal gal species pophilnaetti,n gRitchhea roc
199 1)utt hact wnmaulmberpr ob anbdcyni g h(eQui r vy, 20d=2)e d,

phytoplankton comprise an exceptionally diver
two out of three domains of | ife (bacteria an
are di samanbgu tlseedvielk ar yot e supergroups Archaepl a

veol at a, Rhizaria), ExcCBurakia,eHadhi st&ad2ad)ho (
versity is reflected in remarkable morphol o
fémces which in turn determine theiThecol og
e milnagrhgyanboelrp e cioenp eft dirmga mee s o mabesmogeardus
heeawt r onunmalthec e hmaf theenadre s ¢ raidbhgeth r adfo k e
ankKtHurt chi nsonHo wleY6él), the true number of S |
ti mate and detect because thgylaastmegpbsecaerp
the world. To perform morphological and ge
often necessaeyyr wbiha&lh process. New group
stantly being uncover edogtehnreotuigch rtehlea teilouncsihd
ferent gr-bhpsugtWwputegbhghic and advanced i
i pher differences between species and reve:
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become availabl e. REasmud t ®©meé a mbna rt dheed ignlgo bad mpai gn
shown that divessbteansa thel wogeby underesti mat
2015, Mal.vi g&81@é&}). aLess t han 1% of t he 18S r DNA

operational taxonomictanbéss{OTUs)ywiedenfooald to
whil e t he reveal ed di versity of a few studied
Dichtyochophyceae and Chlorarachnea yielded 60
describedDsp¥argas etl@dblal, m20hbhrcode anal yses
generally receosgtnuidzieedd agsr oau pweMilt h about 2000 des
spediSouueni al ,, re9eh) ed twice whre dhaul nvbieyra oeft QT US,
2016)

The reason for giving these plain values is th
expected diversity of a group of organisms i s m
now have methodol ogi cal and pracgiitcyal Howdwsert,o
highroughput sequencing approapdhlregs redwye oan riemhpea r
dat a, usually obtained t hrough the traditional
characterizati on. And although thendiaggeduatiaaee
unassigned or poorly assigned sequences, we stil
bel ong to until they are catalogued using tradi:Ht
features. This is essentiallmyitheéobésidgiedeé deoda:
traditional observational techniques and modern
phytoplankton diversity, using tFseewda eathabl y t
as an exampl e.

1.2 The Toxic Microalgae

1.2.1 Whatis aHAB and why do we care?

While al/|l phytoplankton species are considered
nse, ecol ogical roles can vary widely among d
oup that attracts parttsd,cudsarwaeltlt eanst itohne fpruobm iscc
ankt ormiroodtuacxing mi croal gae. Many of these al ga
me representatives of flagell ates from the P
ctyochophyceae andi epmecaeaa)t omfoXiBacmil ¢tmoal gae
creasedsiansteaamet i amme har mf ul to the environment
cially to the aquacul tpaetiaad!| dmley fhwsthi mgt i
they prolif er afttee ainsd af owmind eb I[roaonngse of t oxi ns
e. Those that affect humans can be divided
| fish poisoning and one group derived from
ns are al so bedogs edjiuernacweer eadr ew hnossteg .y,e t we |
otoxins)ParaHhegtehbeb nsboning (PSP), including t
toxin, asev@naldd ¢ @ad e bgyeantidse xah Ptym@wohi ni um

meGysmen odi ni uummacnadt eenvaen some cyanobacteria, a
ol ogical damage that canShbed IRPbaitsablniinng s(eNSePr)e
caused by brevetoxin produckar ebaynadihnaosf | agel
urotoxic effechayvebuwbbtf dtealn ceeplelPdiesdaniDigarrr he
DSP) i s caused by di nobDl agphyat es a&fdaltohcer o me
Prorocenwhumh produce okadaic acild amd-20ThX di nop
These toxins are probtéeonsphosdsphauasesemere gastr
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di aceah The o rloyr nseh eslylnfdirsobme not causPAenchelsy cdi no
Shel IPbi sbning (ASP), which is EBPaeseéed zhwddiaat o
few other spetiyes el oBmdcelse red.r allh.e,s e2 @1 &)t oms p
domoic acid, a simple but potent neurotoxin t
and is | ethal i nt segveur cfastexi Thet hats are da
the ciguatoxins, which come from ciguatera fi:
byGambi er di s,c uas bteonxtihdws di nofl agel |l ate, and the
t hrough itome ocforcsonmmtmi nated top predator f i
rough the food chain. The symptoms of CFP a
rar e, although eirtm dasabehdtyo Newggroups
ans ihreclawdes(p®ataack e se,t vahi.c,h 18998 )pr i mar il 'y p
of |l Agell at@suwampli tause similar symptoms to
ins that have beéeen vitewoytbi obei mioxés prod
of l agel |l at es i Kalrediimg stehd i foereming c Al ex al
canodiugiosmnbentlhe c®s or oceaand utmhe gyemhluisot i ¢
bi odiSniiwml2a 1ébt)Halvey er | there is no known t
se toxins, @litrhod8mehh 8Rbh es bthearemgal ready been r
the (GuératukeBri mbhall 20106enthicgdhnonefl ag
treapei producer s, or at | east vectows, of
I
I

(72}

ytoxin. This toxin can be aerosolized and
moode MmMaCi mi ni el 12 1ddthp welv.er , t he mode of syn
ransfer for this toxin is not wel/l known, as
enRal yt haolat hough they do not produce it them
hat it maegedibaygprod®lsegeoeoaas, Brevibacteriu
ndi b(Foanchini.et al., 2010)

Reporthar raff ul al gal whé foiomesd (dHHABas )hi gher t han
f a spakoes background | evel ¢ Stehadti ngas %o BGa
00bnd better known as red tides in the marine
nd intensity worl diwhAder saoan,rez@h4; dlecadesal .,
ur ford, T2h0el 7reasons for this increase are ¢
ncreases in nutrient concentrations and, i n
atios in ¢(Ghsbeaert akge Bwurtfhoer di, n t2r0oldrupadti igeem oo &
peci es, changindg Gtlibmatic20@0di tGromsith & Go
l ., anhdl,6)what seems to be of high i mportance
vigilance, partieatuilar | ¢gf dmar i{rblea t dhewapawli th uf
, . 2B2B% have thus transformed from an occa:
some regions of the world, although they ir
seafood harvesting activities wornlfdwWABes.
the economy, although they are measured ir
agland & Scdadthaswuapr2Ce®)p atndd zbsloohd ea fve st
th America coast in 2015 alond Moes el tee d ail n
O0; NMESSia2nKh@&) hi ac aburseevsi sr ecurrent bl ooms in
h
[
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maj or i mpacts to touri sm, fisheries, and
paticul arl y( HomgFhaodi cea Salc.hs cl2d0r&gleHABs have a
hall mar ks of natur al di sa¢Retgmahatet ahARTt 26|
cause considerable distress in populatfions of
whal es, do!l phi ns, s ea otters, seabirds, and
mi croal gal toxins such as domdiDe Gaogd, &b Vaxce:
1989; Fire & Dol ah, 2012; Fldewehdndegz ee¢t adl ,
Jessup et al ., 200,9;whMolra aditnyo felta gadd.rl,lad2ed 2slipero i
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venef,PtuesteriRi priccapgs dlejteporsi ganr gkaebi wm
parvauanomh Kaseni aarbe ervadtsohr ikoiulsl efris.-sAht eotHdBs| ar ge

still guite rare, | ocalized HABs are equally r
economy, human health, and the environment. The
human society tends s$oewitlwr @addh nan uea@adn@mioc el en
processes that do not directly affect our wall
essenti al to ensure a good environment al status
i ntoxication. Despité mooutrsesrimgpechisl g in | es
the world where there may be no monitoring act
communi cation and dissemination to the public.
i mmune to the threaltop aguiHAkBsy , camegewean be | o0
unnoticed. Mo st i mportantly, managemedutceaentktasur e
seaf ood, -cwahuighet wihrhddvwislteed i tems may be excluded
programs, depending onpllecawi llé&gdoslllagdtoinon Fofr rex
USA West Coast requires a |icense and is regul
Sshell fish tox(iMcCaomeeatt ralt.i onz0l1lG;t WOFMedi20D&11) an
on the other hand, harvesting of seafood is regu
it is ustuharldwgh oanrenu al l'icensing and |l ittle or n
toxins in wild shellfish or fish and Agilisequent
Darmanin & Vell a, 2019;. GAasuda nr e&s Wlet ,Y oaummrgs, u rAedr0s7 )\
the risk of potential ly choanrtveensith dtegd maesaf aoed owl
expertsusoer nforni endl y websWe ecsan narsguree tchasste sf ewer
people in the developed world participate in ¢t
recognize that there is a risk.

1.2.2 Factors influencing HAB ecological success

Whet her or not the intensification of HABs is an
phenomena in any case. Some of the HAB forming
phytoplankton communities and their bl ooms dr i\
procdtui on of dissolved organic carbon contributin
species may be particularly successful because
accumul ation, production of all el opatahziicngsubstan
and grazer avoidance strategies. There is no e\
growth rates comiparmfdult oc & uQ®tiebrepnadbrntest 1 al f ac2018)
many of themr mwiengs |l diwnof |l agel |l at es t hat can

phytoplankton as the bloom progresses. One stra
exlppoit their ability to use flagella to move aro
can alter the surrounding water cheniGdtirbyerand | i
et al ., Sa@h8) ayers have DhDeanmnpepscimciseex dmpl eanany
(e. g.d&Sbwuesa et al ., 2014,; Farrell et al ., 2012;
Many HAB dinaféagekbemdé&auhs a (e20 1a4l)., who do no
consider asmetupphke of dissolved orgauwic substr
to be a distinguishing feature for mi xotrophy

ubiquitous stem.t elyr aeamoargpltéh, di at oms which are

still require dissdiCvrodtvietadiinxptPP®@P 6yr cswtelms t o
advantdgdeustrategy in environments with wunstab
where stoichiometric ratios of nutrient are dras
as nitrogen, as we | | as i n environments wher e
satation are generally low. 1t is the stoichiome



d the world and are considered to be the
ert & BuiShofds 20Waydsenbegheat nobhsogehat
nutrients such as phosphorus or silicat
as East China Sea and the Mediterr-anean \
ched effluents tthaof fdxBsr Thies dievsel apgeh

(GGhobfert & Bur kholUdera, i2%01lal,f o2rOnD 60)f or ga
be wuwtilized by mixotrophs through their
petitive radsvpaenctiaegse tolveet have | ittle or no
hanges, mi xotrophs are expected to thrive 1in
hi fted disproportionally (tGd iltbieg.h eRre2rtidtdriozgaetni
oast al seas i s expected to spread to other r
eveilmg and where fertilizer use is intensifyi
However, we must always consider these change
there may be yet unexplored feedbackshiafntds.l oo

Anot her possi ble adaptation that may contri
perhaps the wmogst nopvybdustion. The adaptive ad
is very diverse and, in many casesasBoti wekdt
with har mful activity exhibit all elopathic pt
|l east not at concentfGmaméhis &odaidséem, Nn20@eé pe
species ca-asbBpngi Auemdnsyndromes (DSP, PSP, ASF
these speci @atdx lti lpirtopaelritele due to otwher as
e. Al.exandp,p ums-auttaschi agLpgmgedset al ., 2003; T
20Q02) n contrast, toxins from ichtRypymopegsLCumMpeE
parveixnmhi bit all el opathic properties and may gi
I n any case, toxins produced by microal gae ma
di at oms f r oPs etundedt 7y wmeisae,x pl andthieon oixg nt hat a ve
chel ator of iron and copper, all owing efficie
during | imit(aMalodho noados t,eetesesd pec t2i00€2l)yl . (3mdBr e or
lon I imitation occisr ®cle®M ons®% ed f aatlthsee wit02d hi a
and other closely Fehgtbkarpipgemeirst os hahveasvol v
physi ol ogi cal adaptations to this cPosneduidtoi on.
nitzaaoW@iragi | arainopsstipsr e hr oogh the protein ferr
additional( Madwearettage et al ., 2009)

Finally, toxins can be used as grazer deterr
d oantoiidc ( DA) as wel | as PSP toxins is induc:
signal transduaogriaxre rise towe efthHa ogod padnéksttoinr e
: Lundhol m et al ., .20118; adeil tainarer @\ i dae n
rrence of DAP$asd dheisam df o ursd ciorp(eZphoadn gg reatz e |
al ., . 2821 hough production of these toxins occ
grazer cues, copepodami de st et egnedn etso odir atnmada | & @r
bi osynthetic apparatus and the concentration
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1.3 Global Research on Pseudo -nitzschia

1.3.1 Description of the genus

Psewmdda zsshitdhe focus of this work. As imnsenti on
genus produce domoic acid (DA), a potent neur
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severe neurological damage including amnesia and
when ingested by contaminated swWfmheé Sielhl foirstot her
Poi soning (Wright et al ., 1989). In the | ate 198
wi t h a

novel and potentially | EeBdatads totxi al pr oHE
Since th first cas ess eenfd a A Ralsw err eec erievveeda | ceadn s i d e
scientific attention worl dwi de an(dBanestrsyalnew spe
2018)Currently, there are about 60 described spec
to produce DA. This genuss ioc ekannoswna nfdr oins ad | ¢ a e
often dominant member of phyt opleanmpketraan ec csnpmu migt i
and au(Turmeni ner et Tdler,e 2a0¥2)both neritic and oce
genus, all of whhefgp are pkanktendtcatoms with el o
val ves, typically fToemilrggsheppedpdltailnsaxis (AA
bet ween speciwseandteaensbefvamv@mabbhhhdiam | ong
P. l$threai ns to oh®GP.orms d roifdgtehwiedt h or transapical
(TAA) is the key feature for Il i ght mi croscopy
mor phol ogi cvad dpepadiusengeaelps aA9é€5breaci ti onally

di stingudlsthredugh this subdivi@Aoonorn eninodgt ealt.i,re2
Species in whhaeht eéehet FTARA 3spumPardebsgrpiedi ma t h
while species in which the TAA Ps begrgeaupat han 3
The TAA of the | atR.erauwsamidalemeftho Bt equxpa mpnl e. Howeve
the TAArbbsBtaarg feature of the species and does

rel ati(olnisrhiets .alAs, s2u0clh8) it can al so be misleadin
inferences from the analyhmkisPiofedehvgabionmeinmal sa
further divR.dedleliindgteidshaisma ompPl epsamdioddlei cati ss
species compl ex, which are molkM iphentoigfeinedt ican |
Y
a

(0]
e

ossible for sdme mupégdivdtshiemuwahseasi t i s very diff

trainedmrst @aw@namigsteat understanding of the ar eé
obtained. The difficulty of LM identification i
described and why phyl ogenetic analyses reveal ¢
strains., Trheetrhreddosr eot her than LM must be used to
and ecological classification.

Psewmda zspricaes can be identified either by el
genotyping phylogenetic markers su,chi ratsertnhae | a
transcribed spacer r e gad nocnosd e(dl TISar, g et hseu becuhnliotr oRpu Ba
(rbrLand the ménochedodcygpbochdame gene (COI ). | de
with EM, either transmission EM (TEMMNpari g scan
t h mor phometric signature of the silicate frus
speci es. The frustul e, asefimecad | andd alt ypnest, h eccoan,s |
perforated with poroids that f ¢Rmudidf eeraht , b6 paoo
Th presence of poroids identified the striae:
po i ds, and the unperforated silicreioctubse strip b
common features mPaeswmddd s§icrh sEaMI | aensall ayresei st hoef
, the overl apping of cell fifpinml &¢ erppralle rc od fo
[ ae ,i ndrdgOsoifitrys t r i ae, t he opfr etsheen ccee r@nmr aal b sneondcuel
n ged space pehteweneunmbtehre afnidb wcloargpar t ment al i zat |
h structvanl e o o(bspééhgur-8B8f or vi sual description o
har actPesresthdad t®dthhas been showmntal syirséesv es wianhh E
e
e
n

3

o
O —T O WVW=OdO=®0
- — o

mi si dentified because morphometric character:
t ween di ffereht aismse.ci & heraenfdor e, mol ecul ar me
creasingly important for correct identificatio

T o oTO *+T0O —th0m



Figarl8 Morphol ogi calPscehuadoaz s pbsA)Ra. ¢ avloB)i ant ha

P. ogalMawyviaalev.e manter with assaciGatendt rsalr urcd duiu le
or central ufnitbeudBapeacieserFi ate strjawwihhiBsti&rnq
compartmentalization intoPpogatdesg@ge@etais. nhbt

structured and are randomly bu axcceed swiptalrian i tnlge
striae.

s no clear consensus in the scientifi
used for correcet iisdeantt ilfeiaesatt oodneed nTuhc
S or |-€eInSc, 0 daendd. oTnhee pcluarsrteindt P syeod cea ul ar
fies six species groups (species col
pendi(nlgi no ne tt haél gma-B2k0a.&3i s phyl ogeny o
y reflect the cl assi cPal fsryasuadaudiaetnitcas
del eAAawi dt hs greater th&n 8epmatad

There i
houl d be
uch as 28
itzedbhai
upport de
ecessaril
subfrha
by LM, but their wultrastructure revea
he
.8i0))
b

s
S

n

S

n

P.

compl ex

pl aces t MPclosleiraadBi s heenadode bimp be & BSijinma

et al8.) .( YFrect species identification is i mp
This is ecause different species can have ve
reflected in their seasomhBhoradlunedianBe. pn@0OiHT
them in complexes that are phylogenetically ar
and bias into ecological analysis (thoroughl:
mul tiple les eildkse mtfi fsipeatii on from simple LM, toc
with one or more markers. These data can then
such as seasonalt edrintabbruddmmne chanrges, advec
phyl ogley,gragp well as ecol ogi cale.pgahryatnmoeplea sk troan
community compose.tgieommp)e rtaot warbdé ,otsiacl i(ni ty and nu
The combination of all these data all adws wus
bl oom devel opment .
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1.3.2 Domoic acid biochemistry and toxicology

One of the maPisne ufdedtazga@is@ams i s the producti ol
(DA) by some speci &d gafr-8t hies gae nkuasi.nilxA a(ci d a|
anal ogue thatbrbabrelsndt k amemt e -amicBlpytdo+esx yand

met Myksoxazol epropionic acid (AMPA) receptors

brai@ ayden et al ., 2005t Watlrteerrgleyt ianlt.er f1le9d -
eceptor s, l eading upmp afn walcoinimol ¢ ws ibug | Meu
Pulido, TBROG68ran |l ead to swelling, apoptosi s,
an had¥erlmomrm@nseq uienntcoexsi.c aSteivoénP ecraln ebte dlla.e,akl 99
s also evidence that chronic exposumoen tion | ow
ribal subsistence and recreational shell fish
eurol ogi cal effects on mice, although these
Lef eldvrad ., Th@te) i s also evidence that the mc
concentrations considefEudnlkadédie. DA, aRmdahh a
everabi somer s, none ofepwhidcohmoi ap aarcti df,r dng 5as
arent cohabluagraeff et al . ,. 2ZT0hCe3 ;b iWaslytnerh eesti
ppears to involve the condensation of t wo d
emonstrated by (Raomoey.cetllOoBMe i fgr st i s a

ntermedi ate geranyl di phosphate (GPP) -and th
l u) or an anal ogous isntcefr&iaevdaigaet ee.tf Ml m | 1§ e ki)
d enzymatic apparatusishatf ©®Odnwasl s eRc.eatbiyo
| ti,seapgeaerst from a missing isomerase-DAhat pe
DBrunson et Tahe ,me2t0albB8o)l i ¢ pat hway invol ves
fer enwyDeaemixaybnibe.s DabA i sdepemadeereti ayncl ase t he
first st epewifolDAl ¥vynudeess tse i rigp riesnoytl capii co nl
with N@GRR amelut ami c-N@G@)i.d THis compound

ed by DmmaDbbB@GBorwhich is a subktrate
-depeatdent dlihdxsy egenreagsee. per f or7msa rtbhoex ycy c |
@A Ao However, the final i somerization

d out by DabB, an unknown protein with
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1.3.3 DA regulation and

ecophysiology
The regulatory and ecological function of
DA was partialblytlad®hrz2essed i n o~
We have seen that DA can act a&s a gjrazer
deterrent or as a trace met"@::L:#;’cheL,.a"'f*\~gr, both
functions for which ther,e i/s %ol id evidence.
But several other factors—may dlso influence
the regulation of DA \prgductibn ‘agd are
summar ilzeeldongn et. al . (201\) T \
These include si |l i cadt e and ph’osp'bk.qte
i mitati on, whi ch upregul at es DA
produd¢Biaores, A49088xnssociated
bacterial communiti e . . . it as
we Kodama et dllh.e,r eZ(Flgllr.-:éBDom0|c acid
be indirect effectssource: PubChem. t hrough

DA (Sunda,. 20n0d6e} i mirtoinn g
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conditions, silica depletionsisghilgde$i t Nampnhake
by wup to t(hHude htiinmes& Br dltanfdo,l | oWs8)t hat iron |
indirectly increase celldailiait ®Ai dre.vePa-r ddo xpircoamc
produRsewda zeakieanot been found until recentl y |
l ow chybfropHNLC), i . e. true oceanic areas, wher
growth I Bateisnge Tr,aialetrh® e2gdtiCt62 s@lpi.a are common

representatives of oceanic pisytl eplrarkhteset .c d ROd i)
measured and found DA at relatively high concen

HNLC areas in the Pacific where natur al or artif
may suggest that the production of IDA kE«xliesws un
the detection Iimit because algal growth is mini
Toxiicstyot characteristic of species but rather
shown in numerous examples that some strains can
produc(eBadAes et al ., 2018 damdsresoemeenmes tdeeraidr
ogr arpehgicamarn i n which the straim®P. waswldbmsdirnead.,a s
e Medi {tdAmaamean al .et28l)&EndP0 &Pxm@micount erpart
New ZRabded et &HbwevE@OOgmrete ai |l ing view i s no
[ or aPséemddtz snpdascta,es are capabl budbf cplifoduei o
vironment al conditions may stronglegveinnfl uence
nsi deriitng otuhadt be produced in very small amoun
me toxin detection methods. Ac evmtyl yt ob eaenrs wead &

ssible by the identification of the biosynthet
d enzymes responsi bR.e rhwlrt(iBhrearn seagin.t 8280 §8)i n

reoFsawmda zacki aot the only diatoms producing L
en found in other, awNeiztschivasalqglgdsabttat ald, , spe
lahdNitzschia (ISind drat eents,ivahi.l, e 2t0Hel) presence of
| amphoriaorcrmibsedeen specul at e Batuds ,nolk A 0c0onfir
diotn , DA was first f o uGihdo nidnr itahl €haRmmaniaft ioc et ed | al,
6Byt also in the MAdist @i uannegcaomwhied ndamgal ed so
searchers to specul ate th®tsetnida zawadyuiadsd ti on o
rough its epnphwith @&aBabes.pAtlgehou)gh we know t h:
e biosynthetic apparPat umsulitd hsiesrtiegulatd it mplay & ef
homt al gene transfer that nliChhetk aanl sed bad . me dRi0a

S

r

t

n

DO IO " TP INTZVDT VOO~ Q@
OO0 +TTTDOQOAYPOMDOITOOOS —TTO

wew, very few analogous sequences of either |
zymes involved in DA synthesis are available i
be done on this topic to specul atenems.the evo

1.4 Pseudo-nitzschia n the Mediterranean and the Adriatic

Sea
Psewmdda zbabi bBhRensubject of many studies on phytor
worl dwi de. The Mediterranean Sea, Morzeltudi g tahe,
2019; Zi ngone. Peste tnd &t .z ,sscpeiCcd le)s ar e i mportant me
Mediterranean phytoplankton commumnamidceansiwtites s ¢
of sever al million ce( e&sNgoperhelrint rAedriimtmanySerae g il
al ., 2r0ilcl ;etMaal ., 2011; Totti et al., 2019; Cent
2017; Southern Adriatic Sea: Cabrini et al., 201

Qui j-aamleggi a, Teytrrahene &M 0Bega: Cerino,e)0db., 200°¢
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Sever al species have been identified in Medi
di fferent areas is simMBhaes atthbugh20t68;thea
More species were identiearedt haet Auveldanteircr aQeEeac
unsurprisingly due t o increased water e X chz:
Medi terranean sites. o menud ft atshke sap@Eeiceed ¢ wc
i ndi genous species that nday ohavwve bGudn iorfi tNiagll|
waters i n( Zihregome Oestndals.ubs2e0q0u3e)nt |y detected i
Medi t er(rMonzeeatni ¢ et al ., 2019hiBi hngome féti cal t, t
the difficulty of identificati on, but t he <cas
identifi€e&€deviastMof extant species is |likely t
introducti omefromdhamanvities, as well as cli
favouriwatear mmpecies. The Adriatic Bsaudargel
ni t zsicrhitahe Mediterranean, although some speci

and Greecd, duakbMbseaehandreou et -Saheggkal2t @
20%L0)havyeetnoheen c oeAfdirrirBeecdh cTme tlhi st of speci es
identified so far in the Adriati c, t oTgaebtlhee r wi
1.-14Ten species have been identified with vary,]
identification methods used.

Toxicity of Mediterranean strains has been

(e.Og.sini et al ., 200 2; Penna ,etbudl t,he2013;0xRi
are usually quite | owZamdoASP ee¢ vDaivh tiss alddnbnsar el
detected above threshold Il evels in shellfish
detected in cegArapovndetf aatic, S2@16; Ciminiel!]l
20%30)and also in Northern Adriatic, where | ow
during aPbloainf Maimithaet ah. and®@h®ty study in th
no relationship was &established between toxi
(Honsel |l et Il aar 20D8)ti me seri est hbd Slhevdirfiiasl

part 66l thef TriestreysidgtdenofhseeoEHARARAT) s hel
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Tabled4d LikBgewdda zspbhicaes émdtelny i fied inm tNhke Adri ati
not measuwirneddi;r elcN\t | y uwieocarstulr eAdd r uj@atniter;alCAAdr i ati c;
wSouetrbhdr i at i c. MaPkedabaamlgyey itentatively identi
mar ked bl ue are species identified only with EM.
Species Identification  Toxicity Region Reference
method/

Genetic marker

P. cf. arenysensis

P. calliantha

P. delicatissima

P. fraudulenta

P. cf. galaxiae

P. multistriata

P. pungens

P. subfraudulenta

28S,ITS, TEM NM

TEM NM;
NM; IN,
NM

SEM

ITS No

28S,ITS, TEM NM

TEM NM

SEM NM

NA

NA;
CA;
NA;
SA

NA
NA
SA
CA

28S, EM No
28S,ITS, TEM NM
SEM NM
28S, EM No

28S,ITS, TEM NM

LM NM
LM NM
28S, EM

SEM NM
ITS No
28S,ITS, TEM NM
SEM NM

NA
NA
CA
NA

NA

SA;
NA

NA

CA
NA
NA
CA

Giulietti et al., 2021

Lundholm et al.,
200 3; Bur i
2008; Mar i
2011; Caroppo et al.,
2005

Arapov et al., 2016,
2017, 2020

Penna et al., 2013

Giulietti et al., 2021
Caroppo et al., 2005
Arapov et al., 2017
Penna et al., 2013
Pistocchi et al., 2012
Giulietti et al., 2021
Arapov et al., 2017

Pistocchi et al.,
2012
Giulietti et al., 2021

Cabrini et al., 2012;
Cerino et al., 2012;
Mozeti ¢ et
Totti et al., 2019
Mozeti ¢ et

Pistocchi et al.,
2012
Arapov et al., 2016

Penna et al., 2013
Giulietti et al., 2021

Arapov et al., 2016,
2017
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P. pseudodelicatissima SEM NM CA Arapov et al., 2016

P. heimii TEM NM CA Buri ¢ et a

P. mannii ITS No NA Penna et al., 2013
28S,ITS, TEM NM NA Giulietti et al., 2021

The stBdggwmod zsohitde Gulf of Trieste has bee
from phytoplankton and HAB monitoring program
are almost exclusively based on LM and theref
neverthel essesr vdr gwipegcholllo gfi c al conclusions ab;
and relationships of the genus with other phy
on the general phytopl aniat(oCrha) c ccnonmuwcreinttyr.at Cloino
steadily dbell aetl bwer decades, due tdo atthoem r ed
bl ooms in favour ofCemiahbeet sake, fRQtO®j.oNMezet
ere are environment al drivers behind this s
i matol ogical shifts. Comameastyr eme ogLisgmentde
alyses revealed that | arge di a(tToam adboenti neatt ed
l8nNd su(mvoezret i ¢ et Aabmal2@t2keasonal peak al
d May, although diatoms accounted for onl vy
coglnii miedi ng factor for phytoplankMonetgir® we th
,, 2084R¢ecially for | ar(dierl adbleas sed s &d u csh 2disk Adpi
t surprising that diatoms tend to bloom dur
ring. Often these bl ooms ar e saeludad zdr@riaat er
ample, the study by Ce®sidmoi teztweaHi.p r(e0elmt) ifrot
undances in spring, summer, and atwsstpemnn faofc c
sociations were found. A thorough study of t
ed to better uhdeostahdonhbeoftcbobhegNoat her
oplankton ecology is increagiLreplny | den sitde
7 Litchmansetbadadsiz2®dllOme, phytoplankton s
e of adaptations and physiological respon:
efore need to be considered as unique ent
n domi ndteeds pbeyciae ssirmg her than a spkcies |
et onenman ntahrei nhoar t K Mani AdPFfann&uc helnr aett sal
of cour s e, i ncredibly i mp-oarntda nit ntaesr stpteey
bility and thus determine the adaptabil:i

1)
o

SO PYO T T NT SO DDV DN O —
YD X PFPTODOTODNVNOTOXT O —D®D3IOS —=
-0 ~Q N~

= D® D® FT 0O S Fr<

Q

1.5 Methodological Overview

Due to the increaseRsesuwdoenanldi aHABBt d rne sgte niermr a
met hodol ogy for their study has evo(lBraetde sc oents i
al . 8)2Da particul arscéahe applkida bdhoahiamn greepand tyinc
(PCR) has popul ated public genetic databases
the basis for phylogeny reconstrudthiropigt rapi c

studies of taxonbwicothbf hengnmebeauontdar and tr
met hods t ocecedtoghbliciadh preferences of species o
secti on tdiies cnuossste scommon met hodolPosgeyenduds 25c Hioa
which mbhaeppktdo ot her diatom and phytopl ankton
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1.5.1 Sampling techniques

Sampling and collecting microalgae in the field
sampling design and how sampl aag paorse obt dihree ca nwail |
to be perfor med. Sampling design can vary <consi
monitoring(Prarind a&kelealFerr ,exXadmMsl) e, if one wants
mu c materi al as possible to get an idea of phy
material furthelre dihfef emeamtodf ramhIt he case where
cel concentrations of diPs$emadatzssfhikeemosh bhbe
mi crophytoplankton, can be obtained from environ
phytopl an(Et oaor heRef erence sSAogur clTeh ensoet nfecdusn dc.onc ent

ample by repeated tows, which can be vertic:

r one wishes to capture. The concentrated s:
he net in a pur posibwe daalilnedt iion ov eénnd d@li ,n gc & n
ess repeated as many times as desired. The d
idered. The volume of water sieved through t
he net and the depthi sThinguimeh hbet waen t he
toplankton at di fferent dept hs, but it al | o\
i mizing the chance of detecting | ow abundance
hod of choice whaeen acuwel ttwr e @fs ttaddii s haeldg One
e
S

>
D
<
- n O o un = T 0T

> O

®3 3T OOT O —
WO ITHO Y

cially those with smal/l mesh sizes, is that
makes them unreliable for quantitative mea
t h net is nodwn oweldurmaitofa Wait er is pumped throu
Keafer, 2003) .

Alternatobpweenbonating sampling methods include
dept hs, which i s wusutadlly oapcenriaetveedd MNissi knign rbeartot | e ¢
roseBrtreor(! Reference 89yroe mgt cohdleadti ng all or
ol umn, ie@grataead dampl e, using a collection hose.
obtain accur ate environment al cel |l concentrat:i
phytoplankton, but they are point samples and sa
ing abbué damples is that they allow replicati
water and/or cell properties from the same bo
nd, integrated samples give wus the phytopl anl
| ubmunt, witthheo udtet ae i tdiadsatlirti D Howemer , this could be
using segmented tube samplers that have mul t
e general disadvantage of tube samglpeamhs.i s t ha

—
>
® TT T XK

t h
of
h a
co
by
Th

gar1¥® Sampling devices usedA) n2@hymopH
t with a coll ect i(cneanaorg raatp htihce rboostettotn

Fi
ne
12 Niskin bottles that can be remotely
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There are several factors to consider when
does one sample? Are river estwuaries, ports,
|l ocations? Does one want to speci $Pc®blFysméacs
exampl e, may beo isdempg!| d ofcart iiomtsr adduced speci e
through ball astAwdeedOp] Habhegeabifie 2A98pphi
mout hs are perfect for studying unnatur al pt
epicentres for HAB devel opment. Conversely, if
natur al state, secluded andounthet opleead ocozraas
considered for sampling. The next issue is th
dynamics are to be captured, sampling must be
events, such as bloomshbethedsampdeng. d&shghoc
HAB forming taxa or shell fish toxin concent |
aqguaculture operations. I't i s emphasized that
such as salinity,coarmprirmatuirens natc.i emiist be
in accordance with biological sampling (Frank
factor in phytoplankton sampling is depth. In
may not be od, sashthefdaaemed i s easily accessi
it i's important for reasons of ti me, cost , an

algae are pelagic species found near the sur-
samplitngtegy.

1.5.2  Culturing techniques

One of the basic requiremente omt dihe enawdgyh orm:
to work with. Like microbiological technique
phycol ogical studies. The most tedious, but al

Fi gur-® Hemaede i sol ation devi cpei pvdttthe aat
sucthiasred system.

iI's to grow environmentaledsomhauva$s!| yThesagcadne
pi peEtesr{ Reference jobyceapbturfagndingle cel
rom a sampl e upnedearnda tmiacnrsofsecror i ng t hem seriall
containing sterile seawater to remove debris
species. Alternatively, this pobBoesessawibé &
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cytometrictheaet | rsoodreirse cell s based on their op
into different compartments. Once the environme
grown in cultures, which can then be used for e
analyseese@heh associated with this work require
and the establishment of an algal culture bank t
technPgemnda z spleicairees rel atively easy to isolate
extremely difficult to keep them for -pfblonged
after ugt hwehyi luesual ly survive for about a year, bu
The reasons for this are compl ex( Carnlds cma neti nall .u,
2016) ungal i nf ect(iHams co re t,o \wdhr.rgi rnékvat@ee) of cel |l s as
cel |l di vi si on c¢ ha(rRaocutnedr iestt,i abd ro,fs ilddiBa0tyo pdoo g i a l
condition of the original isolate.

An i mportant aspect of culturing is also the
conditions such as day:night cycl e, temperatur e
subject is vast asmdonhetheeé¢epetiiomedepalendbjective
relate to the production of DA in response to c
briefly di.3cBfse¢dhei purpose of culturing is the a
rather than experimental manipulation, as was th
cul turi coast atlthealRg/faXx Gmésd ilesimch e& &Ryt hkbe, L1962)

r coadsatldle gdiaaetfd mSd mpdr. a tey2r€e0 8meaoyn d h e
study s e and the species being cultured, but
resul t i a higheémnigrowabhedt el unadianace is typi
numol photmemcause di atoms tlyepntcaahy phes es! itghtluy
environments.

ng
medium fo
it
n

1.5.3 Morphological and imaging techniques

The most basic method for phytoplankton observat

l ight microscope, a taxonomist can idépsify phyt
but in many cases i s unable to identify the cel
Psewmda z Ushing. si mple LM techniques, it is also s

l ive from dead or senescent c d Ixlesd, oemwen iwhi fcrthe ¢
i mportant for predicting threats and for early w

Cel | counts are important in the case of HABs
management actions and informing the public of
thredo®da@mda zsehia and it is highly dependent on
suggested threshold from the New-ld6abD@6dcmbhbto
(Hall egr aef.f Tehte alh.r,es2h003d), of course, depends o
ecol ogical characteristics of the HAB community.
thresholds are often°®ceext(ldsattabber net meot carddvéefrisde) 10
effects are observed. It i s therefore i mperativVve
guantify their presence to avoid unnecessary cl
i maging this could be achiewedhb#l sprescderctalyyl :
probes for fluorescent in sPRsawmdhghzesic®Haaven ( FI
been developed (Bowerstainakpeckes$?7; Medl in & Ke
al ., and9%A)yr e wuseful in target species identifica
although most probes devel opedefact maarhg entoshar sp
(e.g. Barra Becalse R2B&39riginal probe designs w¢
they may not wor k wel |l fioorn sp oopfu (taheed bwiosr |Bdr € mget h e
2014)Probes thapearkti spacde$sl|l uorescently | abell e
species in environmental samples either by LM or
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A morphol ogi cal met hod t haPts ecuadndt zZolys@meciue |t
|l evel nhsmeteoscopy, either PBEMvumra S&EdMdi dinhe the

diatoms this is quite trivial, as the silicat
removes organic matter from sampl es. Sample p
cases, wiashedcsdmples | oaded either onto carhb
analysis or onto SEM stubs, directly or with
then dri ed, usually on air. EM can blet wrseedd f o
materi al , but for environment al sampl es s ome
natural abundances can be | ow, while the i mag
choice of electron microPsemidtuzampndagueni hherl
preferred met hod of vi sualization and, of co
| aboratories. Both technol ogi es produce accu

mor phometric signatures can be read.

1.5.4 Molecular methods for identifica tion and quantification of
Pseudo -nitzschia - Barcoding and phylogeny

The basis for B®Bekendualzasre hsbthutdayi noifng, or at | eas
genetic materi al in either form (DNA or RNA).
r etliavel y easy, as cultures ensure access to s
particularly valuable as they can provide a r e
information that can be fed into puhelsisc idsat a
extremely important, because many advanced mo
cultivation phase depend on these public reso

process of mol ecul ar anal ysi s antdhiby iedglky €d e s c

1.3 .
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Extraction of OMICS
)

nucleic/acids : -
from cultured . - Gene c.hscovery
. I - Function and
material .
physiology
© —> i - Gene expression
- Phylogenomics
.+ PCR X
+ Cloning i
1
’ Sequencing
I
: + Sanger
| St - - o o o e -
, & ;
1 1
______________________ 4
120 130 1
Rt craa 1 '
| '
1
*® , 4 :
Sequence Identification :
deposition in publicj= = = = = = = = (BLAST), -
databases : —————— ‘ Phylogenies, '
) Ancestry, 1
- GenBank (NCBI) | Phylogeography... !
- ENA (EBI-EMBL) 1 :
« local repositories ' :
! Target '
Extraction of S ‘ oligonucleotide [= = = «
nucleicacids | _ _ __ __ _ design
from non- : J—
- . primers
cultured/envir & _ _ _ _ _ I primer
1 « gPCR probes
onmenta - Hybridization
Samples probes
« Metabarcoding (HTS)
. gqPCR
« Sandwich-hybridization
« FISH

i gur-8&8 The common process flow of dgmsetsi.c dat

Di amonds represessesubrom the parent processes,

C

©OT Q0T T oD

-0 Y YV O

ol our s.

The full range of methods and technol ogies t ha
nd those that fall within the cr emaalnm pafl aliii mtne c ha
ot fully addressed here. The basis is the extr a
his can be done either from cell cultures or fr
urpose of the future eaevoirrfk. m&Enxy rwewaytd oaanad amo Wwad ay
hem are done with commercially available extrac
egradation of DNA or to avoid contamination wi
robl ematic with envilr omrnmoecnda dadr essa mspd cels  arsa ntulme p h
xtractions are preferred, respectively.

Cultures are typically w8b8edl|abhtbariOmeadvef OQkhaeet i c
| assical ways opea@ainfail gsssctriegqmus refs tloe bgenome ¢
mplified via the polymerase chain reaction (PC
etermines what is amplified. The amplicons <can
pecies identification, commonly r e@foprud ad itomm as
nd ancestry studies, functi onal genes, reverse
re then sequenced using cl| addreecal-thii§amwgreputseque
equencing commonl-gemerfaetrirerd N@§ weEsa.agex,g lolrl umi na,
orrent, Nanopore technologies), and their sequ
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reviously published sequences deposited in pl
ource of information fe®rottihe ¢esimegm sofanmo \pe lc
e used in other applicatiolasedntcéacahninguesnuyvi
An i mportant aspect of mol ecul ar identi fica
| ogenetic analysis. T haits oinn vod | vcehsa rtalce egt ast
r time among a set of sequences, where th
ul t of this analysis is a phylogenetic tre
nching of the phyleogkated.i cThHhe ei rhploens ts eiqgu e
tree with the fewest changes is considere
es may underestimate the number of charact
as |likely as Parsvamadnynuitataonsmputational
ter suited to datasets with |l ess divergenc
Alternatives to parsimony include maxi mum
i st-maxed met hods. The | atterwiatrle dii Kktea npcagr sman
btained from sequence data rather than the s
ased methods can be phyl ogejpneitncngedtwoT&S, ns
Templ et on .etDiasltaasnecte9 M2 hods provide a good a
f the data and individual differences bet wee
epresentation of iewalutionary relationsh

Maxi mum | i kelihood (ML) and Bayesian inferer
the other hand, are based on models of DNA
herent assumptions approxi mate parambases u
equencies, probability of mutations, and oV«
DNA evolution as changes in t e "Youscl eot i de
generally more | i k&hYy O o hédiw O r BT s vceorrsrieocnt s
luti onary model must be approximated or de
| uti onary model for your data can | ead to
el s, where base freqguencies headsameatoonen
sible change and the only approxi mated par
mpl e i sCatnherJudaedsels & CantCompl BX69mModel s e
e parameters because the base freqguenci es
m one base to another <canr oaxilmabtei odni foffe raetn tl
ameters, whi ch happener $ nblt é e(( T@GEVRIerreamd dX i 8nde
re are several model s that l ie between th
egawa, Ki s hujthkoY 86 s ¥gawa et wahli.c,h 1d9i8s5t)i n g
ween the mutation rates of transitions and
guenci es, thus approxi mateisng@ansiimfpaeamnet al
mputationally intensive but provide the bes
st and are needed when inferring evolutiona

O = = T 00 < T

y
e
S
a
e
e
e
t
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.5 Hybridization methods in ecology and monitoring

mari peapkybdoo monitoring, cel |l counting is
estimating phytoplankton abundance. Count
uable information on species abundance bu
di tieonbloofonm.h The | atter is desir erdelbat etdhe
i nesses,-adadcdke nries esag cthor |, and government a
lity assessment s, among others. Cel | count
awb®oks hour of microscopy can cost up to 10
eparation, while it can be barely sufficien
en sample preparation is also accousmbed f or

r
I

n
S
a

> T ST ccCc O O S
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above reasons, t O«
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Extract rRNA/rDNA Prepare hybridization
mix

Algae culture or sample

Inoculate
microplate

Capture Probe

Target RNA  Reporter Probe

@ Anti-DIG-HRP

Colorimetric reaction & |
>
&

MEASURE ABSORBANCE @450nm

Figar4d Schemati c r esparnedseiyndilmaitd ionatoifom assay wit
det ecthheoncapture probe, target nucl eic acid,

The reporter plraobbeel liesd,i mmmmuntohi s case with dic
addi ti on o fenazny nmegnutgiabhoed y(hamtsieDla@i sh peroxi dase
enzymatic reaction occur s, colouring, 3lkme5shbs
tetramethyl benzidine (TMB).

Probes tRyagwdd gghahviea been previousllegi gesdgn
(Barra et al ., 2013; Bowers et al ., 2017; Rh
1998&®nd have been used in both | aboratory and
aut omatBioomer s et al ., 2018 ; Hrweeevnefri,eltdh eetl aaclk.
monocul tures often prevents comprehensive tes
genetic variabil ity ccualnt ileesadi nt ot heer rtoersst ianngd pdric
the available cultures are often geographicall
the California cost of the United Stafea and
(Barra et al., 2013Ri Boweus eé¢swbilngr @OcFPpeict y i
i s therefore required, using strains origina
closely related speciesnst didalei dcdgpteec i@dricch esy e
wasftendtpoobe | imited and in many -caaesi Vietays

(Barra et aos,t 2P0 dde vonarndrebamdded®az8S (LSU) RN
and could be modified for both DNA and RNA pu
into mature ribosomes and togeth-ervedthnthhe
environment, this makreg ddl las .g olordc rpe aosxeyd fooel |l
may or may npoe¢l bteedyr omami fests it¢gBlabzewiicaced
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al , 2013; Hu et al.,.2wWhob!l eMepl sha&nKegr|l uysed 1+
variety of applications to date, there are some
have been studiBédziemwi bactdélrhied .I1,i mQ@BI) ons may s
specipesi fic didtfrattegiess | nbil ades assmcy,ataerdd with
failure to account for the physiological state
associated with cell activity alcSctoerrdnienrg & OE |tsheer |,
20Q02)For photoautotr ophbheemtatvietsocholhygpd tetxe swii & hh amu c h
conflicting evidence frdqmlgnhf ert,erad!.tph cu0gdrl)igta | i ¢
generally true in some form. The i mphdcdatoi on o0
accumul ate ri bosomes, where the bulk of the cell
rate increases. Therefore, by nrbeaasseudr ipnlga tRINOA ng,i gwn
can infer cell activity and proei dod 4a dai tbiloonoant.
However, the region has a sl ower evolutionary ra
i s more suitsapeei fioc is@pRescditedsd z stppleioa ddfm( ed .

a l ,; 2TOurs8k Der mastia et al ., 2020) . Sahdwi ch hyb
been developed and shown t o Sbhre tsht reitjrbgaedn tt hignd 1t2he i
fact t hat I TS rDNA is not i ncontmorsatnedshsod mat u
suitable for monitoring activity in |iving cells
RNA yield naturally increases with increasing
concentrations petaged lofatgrdavitflreramd stress can
controll ed cul(tturge &MequgailinmedvihbB4)eas tbal phpyatitel og

of cells is very difficult to measure in envirol
signal to cell numbseetr wafyc oMepd liicnataendd Kengetlhe( 2014)
yi el d Pefewmdwmtoz spbtcaes did not seemhe acllatnigree snuwd|
exposed to stress, but t his resul t cannot be e

(Dittami & Edvawhdiscehn,c @20 1c2hhange @readlsy obveéei meer

1.5.6 Metabarcoding

The second pathway of mol ecular, in our case nuc
hi gMhr oughpugte noerr anteixoth sequencing (NGS) strategie
Big Dat awaommayrrsliysy knowm hao |l ogi es .t Phldegsee t@mrod scutt

that rely heavily on bioinformatics and can ever
research in ther eoantilcisng iaedd iamrcel Udaer whol e genome
studies of gemnghextxpraascirompttomeo sequenci ng, cons:
based on whole genomes (phylogenomics), study of
of metagenomics in environment al sampl es, et c.
somewhat morheo dorliovgiya,l tnheatt of met abarcoding. Her
of barcoding descri bed above, wi t h t he addi ti ol

instead of single cultures are analysed with one
Ssubsequenmabi osnfbetabaratodchgohasngaecedt years
several power f thratdwraanlt agemmudroirt y anal ysi s compa
met ho@si stescu, 2019; De Vargas et al., 2015; Ma
Piredda eitTheels.e, idGcl8)de highyt hrinosghpdtagamphl abi |l
campaigns and analyses are -poalse béresandi ctoenpap ar

i . e. dat aset s can be compil ed based on the sar
comparabl e, whil e data obterwmadi 6mhs oagk abways
dependent; detection of rare nandenrwupt isepetca»as;, d
ot her hand, this methodol ogy comes with its own
dat abases, which arasuswalt| ynamotnec omglaet e ms hav

cultygwedgand et ahat 24aild) even those that hav
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bareddmay have considerable genetic diversit:

assigning species or certain taxa. I n the mic
that sequences that are 97% identicak anetesl us
(OTUs) , which can then be identified based o
within the OTU. I n the microbi adf feciosl owgsyu aolfl y
sufficient since the |link betweéfalOTddBamndt s

2017; Mysara ®fTUalcl us2@t7hg was developed to

resulting from sequencing error beiopmedenoif
bi oinformatics tools has greatly improved t he
diversity from true diversity and has opened 1
anal ysi s, which identified umiusue neesqg u e meaisg ha
model | i ng. This is now the preferred methodol
carries the possibility of reusing ASVs in ot
of real (oGaglalna hsams .e tUmaflor,t wmalt7e¢)l y, it still do
of mhgsreference data when taxonomy assi gnment
can artificially inflate diversity, since mar
copies in a single organism, while (Bemty catl
al ., .2017)

Anot her i shsiuaes,i ssiPnCcRe metnalsaromodi PPICRdea mp | i f i
that amplifies environment al DNA for the sel
amplification may occur in this step,(Kreédduwyl tir
et al ., F019)his reason, met abarcodiempreaeas ¢
t er ms of abundance or relative abundance. T
inconclusive assignment of taxa in a sampl e, ¢

to assign seguences to unique taaobpnamec muhtt g
mar keeg.sg. Stefanniwheftchalwe, d2@18n the pilot st

6 . I n the Northern Adriatic metabarcoding on
useodhlwn t he avgeomdicrenel i Mi ni cante et al., 2020)

The process of nucleic acid extraction i n me
for cultures, Butepaicomncaeamtidaygtiremqui red becaus
natur al environments is much | ower than cul't
filtering | arge vol umes of water through foi
ultracentri fugatiioomn mermbcaneent rFar phytopl ank
typically 0.2 pm, 2 pgpm and 20 um correspondi ng
(picoplad@ktumn: nadan?@gDapkt and 2ii cropl ankt on: > 2
environments whpgredudtei vpirtiymairsy hi gh, one | it
sufficient, but in oligotrophic neritic and o
of up to 100 L of water may be required.

I n terms of metabarcoding markhest Goedpmat g
are the V4 and V9 regions of the smal/l subuni
mar kers for eukaryotic -metabhirsbdidngukaBgoiisc
has been used i n many mari ne rmpati gmar, c o dicl g dex
gl obal Tara Oceans cruise andBrnaeckl eaynnaital alO.c,e a
Vargas et al ., 2015; Mal viya et al ., 2016 ; Pi
et | . Howéuaa&y, ot her mar kers need to be test

proposed in t(Ra nfertexehitwatler, ®dmadi; N Mas selbko

a

resol ut i-loemveslperce sl ud.i 0ip e mi fsioanel It ya gfleonre dhiaast o
n
k, we extend its use to the marine worl d.
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Introduction

1.5.7 Toxin analysis

\W
t

NOO T~ —0NnOO0O PTOT O XD

1.

T

TTOO0 T T3ODT O®DCSCO®»TO<OO0O0noO

e will also br l'y address the common met hods
he analysis of concentrations is the use of
re prepared by e Canadian I nstitutye ufscerd Mar i n
nal ytical met hod for the detection of DA is HPL
s a reference method by t he (EUOmmori osnh eRlelgfuil saht itoa
EC) No 207Hdw&OWEr, the protocol for this method
igh concentrations of DA in shellfish tissue, a
ul t(uQuwi I I'i am, Thz20®3F )or e, more sensitive methods
roducti on of DA in cul tures or water sampl es
erivatisation of sraenmpgleenst swiatnhd fslubosreeqsuceenntc eanal y s
lrueoscence detection can be used( Pocklletrgtton reartce
., . 1 AN®)Y her sensitive method promising | ower
hr omatography tandem MBS/ sMS s peclttr omét ows (EGTr
oncentrations t o fbieed,eteaelcheidt aanmtd agumwmadah hi gher
i mpl est methods in terms of operation are diffe
mmu n o a(ses.agy.s Saeed, ewhialh. hazkl7adl so been commer
vail able at several providers. Quality control
o thedaia@zmdl ynet hods, although they are weliable
hey are far more sensitive than the reference
ommer ci al tests has reveal ed that t he tests
oncent hateohalwe negatives did ¢dobnswint ett ad . o
016)

6 Hypotheses and Aims of this Thesis

he first objective of the thesis is to thoroug
col ogy ofPstehum agzesncuhsitehe Gul  NBHHr TatliecMB8r\n

pecies are present, as several detagéean&t omonit
ommunity suggest, although there are no data on
ccur , and how they interact with the environme
irtually nothing is known aboutlshéir atewi tiot y i
t which species and stracamr odwdatRA amd twhe tGh
is toxicity poses a threat to the environment
t |l east some species areritrogiar, editsh eéenyrideesdcrec ef r o
fpotentioali tcy species and DA in shellfish. Last |
efulness of using advanced technol otgdrels f or mo
ol ogical researchvdILdEIRNg snawiomess famrd tdlei s pu
omi sing tools that has gained much traction
sessment i n recent ytehamr sugihputt hs equwsencofmg,hi g
tabarcoding and metagebomlcspmmoniabhaéeygsel mhop:e
is knowledge into preliminary phytoplankton cc
sults to traditional monitoring methods. I n an
l ori metric assayxs dbayddidnzatucbei and evaluate
mpared to microscopic counts. As HABs become i
both the environment and the aquaculture and
eir monitoringedando setnusduyr earseafneeeadnd producti ve

u
h

S
Cc
r

s
e
h
e
0
0
0
h
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The research hypotheses are:
1. There are maPmsyewdpdezpebBse@ht in the Gwkfeof Tr

S0 far uni dent i fareedr.adT h edeea Istpoect b e | ack 0
mor phol ogacaéwvicdiabte by | igghotupmidc ri ng wo ptywo
based iolnPAAt wa dt h.
2. These groups do not reflect the ecol ogical (
groups.
3.Due to the presencPsoeimddaevehn@Pspgmoileisstofi a
which has already been identified, tNEre is

Adriatic Sea

4 . The existing methods ofPdHeAtBdanas cdrmai inms | fi hicd
and do not meet thetr equwiimremeaeretns adf srtall us as
novel met hods need to be introduced into exi
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Chapter 2

Material s and Method s

2.1 Taxonomy and Seasonal Distributi onof Pseudo-nitzschia
in the Gulf of Trieste (Chapter 3):

2.1.1 Sampling

In the Slovenian part of the Gulf of Trieste

and cultivation were collected monthly from
additi onadv esmatmp fiomgx0l1d9 isolation and monocl o
Five vertical and five horizont al haul s with
station ONBR & it BN, bottom depth 17 m) next
(Figear-®B. Samples were stored in a darkened gl :
to the |l aboratory where singladdietlilon,soil mtte @
samples for phytoplankton counts were coll ect

and 2019 wusing a hose sampl er and fixed wit
concentration).
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o W

Figar¥ Sampling stations in the ShTbeewdiaamepdgar:t
l ine represents the border of Slovenian territor

For the description of a-athywpiad alv agPésagdaddriod It yc yod |
nitzsoahitdae GoT we al-ysecarc othnismdd e ardidezss kohbfind s

grouped intor owpis.eqp.aaded i cagli csplma s ti me series
obtained at t-lhleERI taad d anpmdltuwdpd dankt on abundance
environmental data I|ike temperature, salinity, a
series was kindly provided by Il stituto Nazi on
Speri mentale (0OGS). For details see method sectdi

2.1.2 Cult uring

I n this wor k, cultures were obtained by Pasteurl
samples. They were mai rftCagi mend yi nwhleln rheodvieu m ga to wz Oh
desired was the tenfp&r aattur7e0 | pofmbelr epdhdoi¢oo alnSin o n

a 12:12 hour day:night cycl e.

2.1.3 Phytoplankton counts  wjthe Utermohl method
Fixed samples were countedUter mght hienl 9bRiycnhd hd n

known volume of the sample is placed ianh |l daweddi me
stet.l eCell s were counted along transects of the s
mi croscope Zei ss( rAAixniomuOob sma greirf iZclaagan doens u2(0t0sx or

expressed as. c&€hls methddtwas used towuntad | i mphy

environmental samples presented in Chapters 3, 4
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2.1.4 Haemocytometric phytoplankton counts

Psewmdda zsehiilns cul tures wer e c eRwonsteendd had i ncgh atmbe

assess their abundance, g r-Phonsttetna |l acdhambedi i ison
chamber with two grids of?alnéd ssquadri evs deeadc h nct cov
squares, each covEmhe ngh®dm®Weé&r25almsno has a known
covered with a coverslip. ahlle coamplea iws thl da dhe
and the excess |liquid drains t h(rMauwen ddcref ,c h2aihz
This techniqgue was incobhnsstphebos to BDNAIl e@at ec
cleaning in Chapter 3, to determine RNA concel
in Chapter 4, and to determine total cel | cou
per cell in Chapter 5.

Newton’s rings

Outer Central Cover glass
platform platform (polished)

Fi guzr.i Schematic depi-Rdad eemt hafl & o0 Frutcih
Neuendor f, 2020) .

2.1.5 Sample preparation for TEM

n the article in Chapter 3, we usedolT&aHli tal ex
denti fPeatndamrz sopfecaes. Samples were prepared

I

i

froHasl e & FryxelBlrje{lL970 10ernelenof i fcwded,r e a m
supernatant was decan{( &dka nSda tsuurlaptheu @nci waeai ied a(cl
then added to the sample in a ratio of 1:4 an
a fume hood. The mixture was boiled until t he
samples were then dihl uted d nd esved) aan birme sdtdwi f u g
pell et the purified material to remove the aci
under TEM (Philips CMinOX)ed,A pdurrag i efd tsteenpwel lv
on a Faemmatard copper TEM grddalll7bwed t4d 0s enckisme
mi nutes. The grids were dried and examined un
the silicate frustule characteristics was per
sever al published sourcesi pfigongéeAmat gi &alMosap
2008; Bargu et al. 5;2&K02n e€Cenrailng @01&l. Li2n0 @t
et al ., 2003, 2006)

2.1.6 Extraction of DNA from cell cultures

For the studies within this thesis, it was nec
genetic materi al from them. Mo s t of t he DNA
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E.Z. N.A. Mol lusc DEAK)kiaccoOme g@g Biooitmes mahlué act u
Kit i S primarily designed for t he extraction

mucopol ysaccharide content, but it has been foun
for the extraction of DNA from microdal gael sNo p
prior to extraction is require®@0amg/ywilel depemdDbN
on the density and condition of the culture. Ty
in the stationary growth phasaylwlhé&n, 606D cerlUmbem
and-5D0ml of the culture was harvested by centrif
on the Nanodrop spec-FrepbotSmeeeti {Thgrmo t he Q
(Il'nvitrogen) .

2.1.7  Amplification and sequencing of phylogenetic markers

The selection of phylogenetic markers was based

databases (GenBank) and the availability of phy
Thus, the regions of internal heanhscgebed bspama
subuni®288LSUOf ri bosomal RNA, as well as the | arg
(rbcL) encoded in chloroplast DNA were selected

| TS1 an(dWHiTtSed e tf arl .1, T-B(NDI)R et aanld. ARFIBOcON60)! i n
et al f,0rl ¥BVB4S) and DP_(bohéddg 7ef obBlangeZ0B8'Bguencing

performed at Macrogen Europe I nckerTdhheforeasha w
phyl ogenetic classification of the cultures obt e
di fferent discriminatory power -eompdeddDNA and a
that encoded in the genome ealgsWo Ihfaev eetdidlfh.e,r eInX 8 7e
addition, some species are not well represented

classification |l ess reliable. | f one brings more
reliabilitylThiscriesasespecially important with res
no reliable informationPsawmtte splacdiesss i o mpha ssi tpi
of the Adriatic Sea is available so far.

2.1.8 Phylogenetic analysis

The phyl ogene¢entctedriemstpeearticle in Chapter 3

Bayesian inference i mpl emen(tRangqiun st heet saflt.war 2

Evolutionary model s were evaluURdsadausndh@O 8)Mode
for

r
compared o] each dataset.

2.2 Toxicity Analysis of Sele  cted Strains (Chapter 5)

2.2.1 Culturing and sampling

Mo s t cultures were maintained in 30 ml Erl enme
confirmed positive for domoic acid (DA) in prel
| arger volumes (500 ml), where growth and produc
For str-adnandl39 1 9% ampling was performed on days
i nocul ati on, while for strains MS2 and MS3, t he

i
6 and 11 and 4, 5, 6, 7, 11 and 13, wegmgectivel)
tested using different methods and setups.
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2.2.2 Domoic acid in cultures

Most cultures were tested at a singll eopot he i
culture was taken in tripliclatbe. 3fhoerd Qe miiOmeorfat i
culture was taken in duplicate depending on t
ice at 40 Hz for 1 minute tximuptThie tshaenpd el Iw
filtered t pom osuygrhi nag e0 .f2i2l t er (Millipore) to rer
storedr @t This represented the total DA (tDA)
at 4500rpm for 30min anas t-@a@@ Csupeisatramptr eseal
di ssol ved DA portion (dDA) . Since t he centr
supernatant was countReod eaddiah icthambher Fucochsac
remaining |live cell s. This ywas odondeasufpelr na\
counted in duplicate, then a portion of the s
by counting the | ower | ayer of the supernatan
|l ayer and the | ower |l amengwasgthdonabvienagedse
from top to bottom in a centrifuged tube. To
(pDWBHt oxin stored in cells), we subtracted the
resulting concentratsonnbyhehéysamber of cel

2.2.3 Direct competitive ELISA

The main method used to test all cultures exa
the detection of domoic acid (Eurofins Abraxi
the manufacturewagut alkdénmntee. miamteai n constant
pl ate was prepared, as wel |l as to careful pi
assessed using internal and external control s
The absorbédsSpeaerkeadecan) was turned on for a
hour) before measuring to settle the i ght
compl ement ary regul atory met hod by t he Eur
| mpl ementing Regul ataimpn eCEWer20d9/1 a2 e)d. w$Sth t
in a 1:25 ratio and diluted further to 1:50 i
if the signal was weak/ borderline or wunquant:i
hi gher or | cvwerardi Irwetpioonseda as positive only.
some of the condMS,t eHiPMEtBOIdASAY LCsome sampl es
multiple times with ELISA to confirm the pres

224 LC-MSandHPLC -UV

Samples tRkRaoathcweasévinafter ELISA screens were
met hods. Sampled2wenoeat@asalaysed & he initial EL
have resulted in some toxin degradati on.

The HBNVNCand MBéMBCanal yses wer estpietruftoer nieodr bS
Food (Veterinary Faculty of the University of

di Ri ferimento per | e biotossine marine (Cesa
the domoic acid content was sperafrarnmed afnt ear r
phase column (Cl1l8 reversed phase, 5 um, 250

(Acetonitrile 5% with TFA 0,1 % v/v)VI 3he an
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detector set at 242 nm. The amooum tt hoef edxotneorinca |l a
standard. A certifiedabAdat avvacda ruds efdr cno NpDRE& par e
solutions used to calibrate the HPLC system.

The -MEL/ MS analyses of domoic acid in extracts
UHPLC I nfinity hl Agguiempe ®OROSIHEAL 120 EC C18 2,
HmLC col umn conlApmlidde nwi t6M 6D MS system. A certifi
NR&@anada was used to prepare 5 stammbdrMB5,sol uti o

system, in MRM modef The &adehytitéiwasi based on tl
t wo product ions of DA (m/z 312 > 266, 312 > 161
[ M +"nmd]z 312). The most abundant fragment, 266

purpose while the M&litamni wascaskdr hatri on. For
separation, the mobile phase of met hanol / wat er

acid was chosen. 5 pul of tWvhSe/ MsSa mspylset ewra sa nidn jae cgtr ead
elution | asting fopop $épmiateeshwastonsad.

2.2.5 Amplification and sequence analysis of the dabA gene

For the ampl idfaibgdanheé onwef fit het tried with pri mer s
et al . (2018) without succe3ab2¥Wp baseddesi ghed
alignment of sequences fr &sne usdhod tzgnouil itd esq u d rad ian g
genome (BPRPE8B8PQdadh:d Brunson et al. (2018) . I nt e

were also designed to complete the gene region.
Hi Fi Pol ymerase (Nlemwc .ElngamshdamBi ahabal®iG,g temper

foll owing the manufacturer guidelines for PCR se
unspecific products, bands of appropriately size
agarose gel s. Thnesi wast denpr bgucts at-c tOOV f or
wells in the gel, followed by 3M sod00@ &oet ate
1 hour. Precipitates were then washed with 70%
products werhe Exwrniufcil eeda svei tI an dwyFAalsktaA B n(eT hPehronsop h a
Fi sher Scientific). Al ternatively, when possi bl
sterile scalpel and the gel purification was per
Cl eam ( Maaeglr)y. Sequence divergence was examine

met hods in R usi(Bsghthepptta@g®é&dnandi s & Schliep,
packages i mpl(eRne@Gdara T@omanmRhe2031®)structure of t he
proteins was predKeltledy uati ngl Phy2@25)

Tab2e2 Newly desi gohebdAmpt i mecatfon and sequencing

Pri mer namegb5-8RPri Berquence Type
DabA_multF |ATGAAATTTGCAACGTCC|PCR
DabA_degF ATGAARTTTGCAACRTCC|PCR
N1 R TCCAAAAACGCTTTCATC|PCR
N2 _R AACGCTTTCATCAATGGT|PCR
Internal _myCGATTGGATGAAGATCCC|Sequencin
I nternal myGCAGAAGTCGACCATCCA|Sequencin



https://www.ncbi.nlm.nih.gov/bioproject/PRJEB9419
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2.3 Colorimetric Assays for  Pseudo-nitzschia Detection and
Quantification (Chapter 4)

2.3.1 Colorimetric assay principle

Colorimetric hybridizati oweas$say<crweHiagusreef Do mn

1.-4%%. The microtiter plates were coated with c
repetition of the assay included a series of
compl ementary synthetic RMNAewmdads cohdedttrtad i wals
the regression coefficients by which all/l ot h
included a blank (negative control) that was ¢
hybridization mix wasvopgruenearoefd RaNsA faodljluoswse:d A
concentlrzatbSipoln,of hybridization bufbfoemd Splgnat
probe, lpl bovine serum al bumin -dBSfAnee Ow&thaq
complete the reacftuls#h | misampdes ,tomnall uding PC
were prepared in duplicates. Thepsampl evawed
microtiter plate wells and hybridized for 1 |
three ti mesbansietdh wWEalsThA dlulf dveaed by thieGRR dtid i on
hybridize with the signal probe. After anot he
redox reaction resulted in coloration upon su
stopped with sulsfiugrniacl awaisd maenads utrteed at 450nm
(Victor , PerkinEI mer) .

2.3.2  Sampling campaign for the colorimetric assay

Environment al sampling was conducted as part
marine water makes senseMaschg20ib5assawarchP’
additional sampling associated with this proj
at stations 0024 and O0DMBi2g &rfd .t hAt Gaddc h odt artrii
integrated sample was collected with a hose al
first part was fixed for cel I(Udoceumdihdg , uQismBg
while the other part was filtered on What man
of ZR |l ysis buffer (Zymno Research) or in so

Samples were -2 E€nuntblreBNAtextr aRseawmdha washpar |
ceddumeration was performed by dividing the c«
t hRe. delicampsekm@TAA wi dtPh <s eBrpinaptlaard (TAHA& wi d
> 3um). Whereigesilblie€e, espener ati on was perfor
Dermastia et al. (2020).

2.3.3 Strain selection

Strains were isol at dd mansl d&hsacprti eébre d3 .i nT hSee cstti roani
specificity tests anldab@al3i blrnatai dodni tailPoene dtdas tseedv
nitzsplicaes, t heCylliorseerd oyt hreed @ ¢ eddess tael rsioumus ed ¢
target for pot ewmteiaaclt ivomwant ed cr oss
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Tab2 el3St rai nscaatteds&oenBank Accession Number s use
of Psewmda zspbicafic SHA.

Strain nanSpecies 28S (Acc. No I'TS (Acc. No.
Cylindrot

918NA1 closteriu MW524151 MK981230
31®10 P. callia MW524145 /

8 1WA 2 Pcalliant MK682479 MK106650
oBDO4wB19 P. delica MW524150 /

3185 P. delica MK6825014 MK106642
218B2 P. fraudu MK682506 /
OOMAL17@A219P. galaxi MW524149 MW5 27387
81BA1lG P. galaxi MK682500 MK690916
OOBF19WA819P. mannii MW524148 /

81luyC1 P. mannii MK682471 MK106649
MS2 DB2161P. multis MW524147 MW5 27382
1312yA6 P. multis MK682498 /

412uAa4 P. pungen MK106645 MK682489
318C2 P. pungen MW524144 MK106643
BD412yhQ P. subfra MW524146 /

2.3.4 Probe selection and specificity tests

Mi croarray testing

The first step in probe selection was to test t
mi croarray (Microbia Environnement) | ike that us
was tested on a single array and if nhéeyRNA qua
high, the species were tested in duplicates.

For each array, one microgram of tot-al RNA wa.
Fl uorescent Label (Kreatech Bi ot esc hinnosltorguyc)t iaocncso.r
The degree of | abteéd 1 minrge d( Dy ) mevasurdeng the con
i rporation of the dye wusing a NanoDrop® Spe
i ngton, DE, USA) . Samplles. weérntd @Drodc evsad euck sf &
idization. Labell eddRNAgs 1wéDevDt agmeonfedrhygr
er (salt buffer) (O ,mMHEnNZTI®) iand 0iOn anivb altrd
15 min and i mmediately cooled to room temper
dding 1/10 volumeMobabr 8yMhEDTAdIi pdAt+fo&s wer
rding to optimized proceduKegelbaetedalo.n (p20Colt.
Briefltg,ob00Dabelled total RNA was mixed with 4X
0. p dlAy, as a blocking agent and 10 ng of the
vol umetLaf AFQd er sampl e dena°Cur gt boofn 4fXo rK RSE Anbil no cakt
(Kreatech Biotechnol ogy) was added as the final

mi xture was equally distribut esdl itps e(alcihf taegrmr Slyi @9,
Scientific, VWR International, Radn&Ni ONP A, USA)
sci HYBCHAMBER for 1 h at 65 °C. The sl ides were
sodium citrate (SSC)/10 mM EDTA/0.05% SDS for 1
SSC/ 10 mM EDTA for 10 min at room temperature ar

mi n atC,50tach in the dark and with agitation.
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The best probes were selected based on the 1
and served as templates for the design of nove
on the SHA. A totdebighed pmadbsesel weted and ar e
(Patent number FR 18/58362).

First tests on SHA

The I'imit of detection (LOD) and spepcddiitciitey f
reactions, were then detewel henhi cnophat SBHATha s
in any hybridization reaction is the hybridiz
conditions of the probe hybridizations. Two

devel opment , ref e-Ar ad d tBbl Y(BMircer oabsi aHYEBhvi r onnem
had very different LODs. Standard curves were
RNA (PCs) to allow for signal normali zati on.

for the absorbance ofitzbhd blankeacdefhéeni ratn
Nor mali zation of the signal by the PC coef fi
especially when comparing signals from differ
First, 50 ng of RNA from ehebtegepiebewasi heg
sensitirAv.e BHth¥sBed on these test s, we refmmed our
absorbance valuefdf f@Grl aagpotstiég i et si gnal . Thi

repeated measurements adnd Eheiexmencinente ok pli
from the noise. Probkbastthatydtaogkedt pegsre s alf
RNA were disregarded in furthear gxtpespe@menes,

Cylindrothecawas$ oseeami aamdi bmattihon curves to ¢
positive response at even higher concentratio
specific in terms of species resolution as w
were retained anod awsi Iplr obbee sr ePfnelr,r eech 1 mod, Pnb5 a|
of the text.

Dilution series with selected probes
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2.4 Metabarcoding of the Phytoplankton Community
(Chapter 6)
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2.4.3 Amplification and preparation of lllumina MiSeq library
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2.4.4 Bioinformatics analysis pipeline for metabarcode resolution
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Chapter 3

Identification and Ecology of Pseuado -
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ARTICLEINFO ABSTRACT

Keywords: Pseudo-nitzschia H. Peragallo (1900) is a globally distributed genus of pennate diatoms that are important
Pseudo-nitzschia components of phytoplankton communities worldwide. Some members of the genus produce the neurotoxin
Morphology domoic acid, so regular monitoring is in place. However, the identification of toxic members in routine sam-
z:‘;::rﬂ’;‘:{y plings remains problematie. In this study, the diversity and seasonal oceurrence of Pseudo-nitzschia species were

investigated in the Gulf of Trieste, a shallow gulf in the northern Adriatic Sea. We used time series data from
2005 to 2018 to describe the seasonal and inter-annual occurrence of the genus in the area and its contribution
to the phytoplankton community. On average, the genus accounted for about 15 % of total diatom abundance
and peaked in spring and autumn, with occasional outbreaks during summer and large inter-annual fluctuations.
Increased water temperature and decreased salinity positively affected the presence of some members of the
genus, while strong effects could be masked by an unsuitable definition of the species complexes used for
monitoring purposes. Therefore, combining morphoelogical (TEM) and molecular analyses by sequencing the ITS,
28S and rhel markers, eight species were identified from 83 isolated monoclonal strains: P. calliantha, P. frau-
dulenta, P. delicatissima, P. galaxiae, P. mannii, P. multistriata, P. pungens and P. subfraudulenta. A genetic com-
parison between the isolated strains and other strains in the Mediterranean was carried out and rbcl was in-
spected as a potential barcode marker in respect to our results. This is the first study in the Gulf of Trieste on
Pseudo-nitzschia time series from a long-term ecological research (LTER) site coupled with molecular data. We
show that meaningful ecological conclusions can be drawn by applying integrative methodology, as opposed to
the approach that only considers species complexes. The results of this work will provide guidance for further
monitoring efforts as well as research activities, including population genetics and genomics, associated with
seasonal distribution and toxicity profiles.

Time series
Adriatic Sea

1. Introduction

Pseudo-nitzschia diatoms are well-recognized and extensively stu-
died components of phytoplankton communities worldwide. The genus
comprises 54 described species (Bates et al., 2018; Huang et al., 2019),
among which 26 are known to be toxic due to the production of domoic
acid (DA), a potent neurotoxin, which can cause harmful effects on
human health and marine organisms (Lelong et al., 2012; Trainer et al.,
2012).

* Corresponding author.
E-mail address: timotej.turkdermastia@nib.si (T. Turk Dermastia).

https://doi.org/10.1016/j.hal.2020.101773

Precise determination of species identity using light microscopy
(LM) is inadequate for most species. Therefore, morphological ob-
servations require the use of electron microscopy and even this might
not reveal the entire complexity (Amato et al., 2007; Stern et al.,
2018a). There are many cases of cryptic and pseudocryptic species
within distinct clades and, therefore, genetic tools are used to overcome
this problem (Lundholm et al., 2006; Amato et al., 2007; Lelong et al.,
2012). Phylogenetic analysis for this genus is performed by analysing
the sequence data of several phylogenetic markers. The most commonly

Received 3 July 2019; Received in revised form 6 January 2020; Accepted 3 February 2020
1568-9883/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).
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ones used are: the large ribosomal subunit gene (288), internal tran-
scribed spacer regions (ITS), plastid encoded genes such as the RuBiSCo
large subunit (rbeL) (e.g. Amato et al., 2007) and mitochondrial en-
coded cox1 (Lim et al., 2018). Three large clades have been identified
(reviewed in Trainer et al., 2012): P. seriata, P. delicatissima and P.
pseudodelicatissima. While the P. seriata group is well-resolved, the P.
delicatissima and P. pseudodeli complexes host a large number
of cryptic species with new species continuously being described (Bates
et al., 2018). In total, 12 new species and one variety have been de-
scribed since 2012 in the P. pseudodelicatissima complex and two new
species in the P. delicatissima complex (Bates et al., 2018, and references
therein; Huang et al., 2019). Integrative taxonomy has proved key in
distinguishing species complexes into distinct entities while building
the capacity for researchers to gain a better understanding of their
studied ecosystems (Orive et al., 2010; Lundholm et al.,, 2012; Ajani
et al., 2013; Huang et al., 2019). This is the first step when threates such
as harmful algal blooms (HABs) need to be managed correctly or even
forecasted (Fehling et al., 2006; Lane et al., 2009; Anderson et al.,
2010; Mcceabe et al., 2016). Forecasts usually deal with genus or species
complex data at best, since this is usally the only long-term data
available and is derived from LM counts or automatic samplers
(Anderson, 2014). Like-wise, ecological studies from which models are
built rely primarily on LM, although novel molecular techniques are
constantly being incorporated into long-term ecological research
(LTER) management giving us more insight into the complex world of
plankton (Stern et al., 2018b; Zingone et al., 2019). By incorporating
knowledge and data from detailed morphological and molecular ana-
lyses of locally isolated strains into LTER series, valuable information

13.6°E

Fig. 1. Map of the study area in the northern Adriatic Sea (Mediterranean Sea) showing the location of the sampling stations (C1-LTER and 0DB2).

13.7°E 13.8°E

can be obtained thus rendering the LTER stations more functional (a).
Thus, LM data alone, cannot reveal potential threats due to toxic species
outbreaks and may miss novel species that show up in regular sam-
plings. Moreover, taxonomists and LTER operators commonly face the
lack of prior knowledge due to the incompleteness of curated public and
local reference databases. Indeed, in the advent of high-throughput
sequencing techniques that are being incorporated into LTER strategies
the knowledge of local protist molecular diversity is crucial for the
correct and robust clustering of reads (Stern et al., 2018a).

No comprehensive integrated approach combining morphological
transmission electron microscopy (TEM) examination and molecular
analyses extending over a longer time period has been published so far
for the Adriatic, and limited sequence data exist for the area. Existing
reports on species diversity and composition rely on TEM data at best
(Caroppo et al., 2005; Ljubesi¢ et al., 2011; Mari¢ et al., 2011; Arapov
et al., 2016, 2017), while only two studies include genetic data but only
for few species (Penna et al., 2013; Pugliese et al., 2017). In this respect,
the northernmost region of the Adriatic Sea, the Gulf of Trieste (GoT)
has hardly been studied and the true diversity of the genus remains
unknown despite decade-long surveys of the phytoplankton community
structure in the GoT. Considering the fact that the Gulf is an important
fishing and aquaculture area, particularly for mussel farms (Solidoro
etal., 2010), which applies to many Adriatic coastal areas, it is essential
to assess and identify harmful algal species that can influence these
activities. Until now, strains of only two species from the Adriatic have
been found to produce DA in cultures, P. delicatissima (Penna et al.,
2013) and P. multistriata (Pistocchi et al., 2012), albeit at very low
concentrations. Monitoring schemes at aquaculture sites along the

41



42

T. Turk Dermastia, et al.

eastern coast of the Adriatic Sea report on the occasional presence of
DA in shellfish (Ujevic et al., 2010; Ljubesic¢ et al., 2011) and phyto-
plankton net samples (Arapov et al., 2016) during Pseudo-nitzschia
blooms. However, shellfish toxicity was always below the regulatory
limit (20 mg kg~ *; Regulation (EC) 853 of 2004) and the causative
agent of toxicity was not identified.

The main aims of this study were to unveil the diversity of the po-
tentially toxic Pseudo-nitzschia species in the GoT (Adriatic Sea), by
combining morphological analysis and molecular methods over a 2-
year study period, and to describe the seasonal occurrence of species or
groups in a 14-year long time series. We also wanted to see how this
data could be coupled and utilised for LTER management and assess-
ment of the ecological status. Finally, we wanted to re-evaluate the
utility of the rbcL marker as a potential diatom barcode, proposed re-
cently (Rimet et al., 2016).

2. Methods

2.1. Study area

The GoT is a shallow coastal area (maximum depth of about 25 m)
at the northernmost end of the Adriatic Sea (Fig. 1). Its oceanographic
properties are affected by water mass exchanges with the northern
Adriatic at the open western boundary, local meteorological conditions
that induce a pronounced seasonal seawater temperature cycle (from
winter minima of 5 °C to summer maxima > 26 °C) and by several

freshwater inputs along the northern and southern coastline (Maladic
et al., 2006; Cozzi et al., 2012). The Isonzo River is the major source of
freshwater and allochthonous nutrients in the GoT, and deeply influ-
ences the hydrology, biogeochemistry and productivity of this coastal
area (Cozzi et al., 2012). The combination of atmospheric heating of the
surface layer and increased freshwater inflow during spring, establishes
a pycnocline, which intensifies during summer, while in winter the
‘water column is well-mixed (Malaci¢, 1991). All these features are ul-
timately reflected in strong seasonal and inter-annual variability in
ecosystem structure and functioning, which primarily includes changes
in plankton communities and primary production (Mozetic et al., 1998;
Fonda Umani et al., 2007; Talaber et al., 2018).

2.2, Cell isolation and cultivation

In the Slovenian part of the GoT, phytoplankton samples for isola-
tion and cultivation were collected monthly from October 2016 to
March 2018 with some additional sampling events in 2019. Five ver-
tical and five horizontal hauls were performed at the 0DB2 station
(13°4220” E and 45°35’57” N, bottom depth 17 m) next to a mussel
farm (Fig. 1).

Samples were stored in a darkened glass container and immediately
returned to the laboratory where single cell isolations were performed
by selecting Pseudo-nitzschia cells and washing them repeatedly in 0.22
pm filtered seawater until no other phytoplankton species were visibly
present. This process was performed using drawn Pasteur pipettes
under light microscopy at 100x magnification. Isolated cells were first
grown in 3 x 4 Nunclon® culture plates containing 1/5x L1 medium.
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After two weeks, the plates were checked for growing cells that were
subsequently transferred to autoclaved 50 ml Erlenmayer flasks con-
taining L1 medium. These flasks were kept at 20 °C on a 12/12 light
cycle for growth and subsequent analysis. The cultures were transferred
to fresh medium every two weeks.

In the Italian part of the GoT, samples were collected in October
2016 by a vertical haul at the Long-Term Ecological Research station,
C1-LTER (45°42'2.99” N and 13°42736.00” E, bottom depth 17.5 m),
located 270 m off the coast (http://nettuno.ogs.trieste.it/ilter/BIO/
history.html). Single Pseudo-nitzschia cells were isolated by micro-
pipetting and maintained as described before.

2.3. Light and transmission electron microscopy

Cells were measured and photographed using a light microscope
(Zeiss Axio Observer.Z1 and LeicaDM2500, Germany) equipped with a
digital camera (AxioCam MRc5 and Leica DFC490, Germany).

For TEM observations where only the silicate frustule is observed,
cultures were cleaned and prepared using nitric and sulphuric acid to
remove organic matter, as described in the Assemble protocol of
Percopo and Sarno (https://www.assemblemarine.org/assets/Uploads,
Documents/tool-box/Diatom-Cleaning-with-Nitric-Sulfuric-Acids. pdf).
Briefly, 10 mL of culture was centrifuged for 10 min at 2500 rpm in a
glass centrifuge tube, the supernatant was removed and the pellet re-
suspended in acid at a ratio of 1:1:4 (sample: 65 % HNO4: 98 % H,580,).
The mixture was placed over a propane flame until it started to boil and
the plume turned white/colourless. The mixture was then left to cool
down and was serially diluted with MilliQ water followed by cen-
trifugation to remove the residual acid. The prepared samples were
subsequently stored at room temperature. A drop of the cleaned ma-
terial was placed on Formvar-coated copper grids (SPI supplies® 75,
100 and 400 mesh), left to dry overnight and observed using trans-
mission electron microscopy (Philips CM 100 equipped with a Bisocan
CCD camera and Olympus Quemesa iTEMon FEI EM208).

2.4. DNA extraction, PCR amplification and sequencing

DNA was extracted from cultures in the exponential growth phase,
which was established by counting cells in a Fuchs-Rosenthal counting
chamber on successive days. The E.Z.N.A. Mollusc DNA (Omega Bio-
tek) and Quick-DNA™ Fungal/Bacterial Miniprep (Zymo Research) kits
were used for the extraction process. Different culture volumes (10 —50
mL) were centrifuged and the pellet was homogenized using a sterilized
hand-held portable homogenizer. The material was then resuspended in
the provided buffer with proteinase K. Subsequent steps in DNA ex-
traction followed the producer’s guidelines. Polymerase chain reaction
(PCR) was performed with a series of primers targeting three gene
fragments; namely, the entire transcribed spacer region of the nuclear
rDNA (ITS1/5.85/ITS2), here on ITS, the large ribosomal subunit (28S)
gene and the gene encoding the large subunit of the ribulose-1.5-bi-
phosphate carboxylase/oxidase protein (rbcL). PCR amplification was
performed by a recombinant Tag DNA polymerase (Thermo-Fisher
Scientific) or TopTaq polymerase (Qiagen) in a total volume of 25 pL.
The PCR protocols for the respective gene markers and the

Table 1
PCR protocols and primers.
Enzyme Marker Primer set Primer reference Protocol
TF Taq ITS1-2 ITS1/ITS4 White et al., 1990 1:94 °C 5 min 2:94°C45s 3:52°C30s 4:72°C 90 s [2-4 35x] 5:72 °C 8min
TF Taq 285 DIR-F/D3B-R Nunn et al., 1996 1:94 °C 5 min 2:94°C45s 3:52°C30s 4:72°C 90 s [2-4 35x] 5:72 °C 8min
Scholin et al., 1994
TopTaq ITS1-2 ITS-FAITS-R Murray et al., 2012 1:94 °C 3 min 2:94°C30s 3:52°C30s 4: 72 °C 60 5 [2-4 35x] 5:72 °C 10min
TopTaq 285 DIR-F/D3B-R Scholin et al., 1994 1:94 °C 5 min 2:94°C 455 3:52°C30s 4: 72 °C 60 5 [2-4 35x] 5:72 °C 10min
Nunn et al., 1996
TopTaq rbeL DP _rbell/7 Jones et al., 2005 1:94 °C 5 min 2:94°C45s 3:52°C30s 4: 72 °C 90 s [2-4 35x] 5:72 °C 10min
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corresponding primers that were used are presented in Table 1. In ad-
dition, internal primers 11F and 11R were used for sequencing the rbcL
region for some problematic amplicons (Amato et al., 2007). Sanger
sequencing was carried out by Macrogen Inc., using the same primers as
for previous amplification (Table 1). Chromatograms were quality
checked and assembled in Chromas Pro (v.2.1.8.). The identity of se-
quences was confirmed with BLASTn service.

2.5. Phylogenetic analysis

All available sequences of Pseudo-nitzschia species from the GenBank
database were aligned with our sequences and included in the final
dataset. Sequences were aligned using MAFFT 7 (Katoh and Standley,
2013), applying different strategies depending on the marker. 285 and
rbcL sequences were aligned using the G-INS-1 progressive method,
‘while both the G-INS-1 progressive method and the FFT-NS-I iterative
method were tested for ITS.

Gene markers (ITS2, 28S and rbcl) were analysed separately in
order to obtain distinct phylogenies.The ITS2 alignment was 260bp,
while phylogenies of 285 and rbcL were constructed using 769bp and
1220bp alignments, respectively. The best evolutionary models were
selected for each marker in jModelTest (Posada, 2008). The selected
model was used for Bayesian inference of phylogenies, using MrBayes
v.3.2.6 (Ronquist et al., 2012). For each marker, the analysis was run
for 5.000.000 generations in 4 parallel chains and until the average
standard deviation had fallen below 0.01. Chain diagnostics were per-
formed in Tracer (v. 1.7.1.; Rambaut et al., 2018) where the estimated
sample size (ESS) was confirmed to be above 700 for the LnL parameter
and well above 1000 for all other parameters that are estimated in the
Markov chain. An additional 312bp-long alignment of rbcL sequences
was performed and phylogeny reconstructed to compare the species
and strain recovery of the proposed rbcl diatom barcode (Rimet et al.,
2016; Vasselon et al., 2017). Pairwise distances were calculated with
MEGA7 (Kumar et al., 2016).

A TCS network (Templeton et al., 1992; Clement et al., 2000) was
constructed using the PopArt software package (Leigh and Bryant,
2015) in order to obtain an insight into haplotype differentiation be-
tween different Pseudo-nitzschia species and strains found in the
Adriatic and elsewhere in the Mediterranean Sea. The TCS network was
constructed using sequences from the ITS2 and rbel region. For the ITS2
network, we geotagged the sequences according to whether they were
found in the GoT (on the Italian and Slovenian side separately), the
north-west Adriatic (Pesaro) (Penna et al., 2013; Pugliese et al., 2017),
Tyrrhenian Sea (Gulf of Naples, GoN) (several publications), NE Med-
iterranean (Greek coastal waters) (Moschandreou et al., 2012), NW
Mediterranean (Catalan Coast) (Quijano-Scheggia et al., 2008b, 2009),
and sequences belonging to strains outside the Mediterranean. Because
of the highly divergent nature of ITS2, the alignment used in the phy-
logenetic tree reconstruction was selected for the most conserved sites
using least stringent conditions defined in GBlocks (Castresana, 2000),
to counteract alignment issues that create masked sites in parsimony
networks. Likewise, rbcl sequences were geotagged into GoT (ltalian
and Slovenian side), GoN (Amato et al., 2007; D’Alelio and Ruggiero,
2015), the NW Mediterranean (Elandaloussi et al., unpubl.), and se-
quences belonging to strains outside the Mediterranean. The geographic
location of the sequence was obtained from the location identifier in
GenBank where possible.

2.6. Environmental characterization and phytoplankton analysis

To describe the typical seasonal cycle and inter-annual variability of
Pseudo-nitzschia in the GoT, an 14-year long time-series of Pseudo-nitz-
schia grouped into two complexes, i.e. seriata and delicatissima complex,
was considered. Samples were collected monthly from 2005 to 2018 at
station C1-LTER (Fig. 1) for both environmental and phytoplankton
data. In addition, phytoplankton counts of the two Pseudo-nitzschia
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complexes were also performed on seawater samples collected at sta-
tion 0DB2 (period 2016-2019) and designated for species isolation and
cultivation (see 2.2).

CTD temperature and salinity profiles were obtained with Idronaut
Ocean Seven (models 401 and 316) and a SBE 19plus SEACAT multi-
parametric probes. Discrete seawater samples were collected with 5-L
Niskin bottles at four depths (0.5, 5, 10, 15 m). Dissolved inorganic
nutrient concentrations were determined colorimetrically on filtered
samples with a Bran + Luebbe Autoanalyzer 3, up to December 2013,
and afterwards with a QuAAtro (Seal Analytical), according to Hansen
and Koroleff (1999).

For phytoplankton analysis, the samples were fixed with prefiltered
and neutralized formaldehyde (1.6 % final concentration) (Throndsen,
1978). A variable volume of seawater (10 —50 ml) was settled in an
Uterméhl chamber depending on cell abundance (Uterméhl, 1958;
Zingone et al, 2010). Cells (minimum 200) were counted along
transects (1-2) at 400x magnification using inverted microscopes. Ad-
ditionally, half of the sedimentation chamber was also examined at
200x magnification for more precise identification of less abundant
microphytoplankton (> 20 um) taxa. Species belonging to the Pseudo-
nitzschia genus were separated into the two complexes distinguished in
LM basing, according to cell width: P. spp. delicatissima complex (cell
width < 3 pm) and P. spp. seriata complex (cell width > 3 pm). Ad-
ditionally, P. multistriata and P. pungens were identified based on the
sigmoid shape of the cell in girdle view and the visibility of striae, re-
spectively. At C1-LTER, P. cf. galaxiae was also identified based on thin
cell rostrata, while at 0DB2, P. cf. fraudulenta (composed of P. fraudu-
lenta and P, subfraudulenta) was identified based on valve dimensions.

2.7. Statistical analysis

A non-parametric Spearman rank order correlation was used to as-
sess the relationship among oceanographic parameters and abundance
of Pseudo-nitzschia complexes. Analysis of Similarity (one-way
ANOSIM) was carried out (1000 permutations) to test the significance
of similarities in biological features among seasons and years.

Principal Component Analysis (PCA) was performed on a Euclidean
distance matrix of selected normalized physical and chemical variables
(temperature, salinity and dissolved inorganic nutrients) to characterize
and differentiate the seasons. The centroids of the observations of each
month were calculated and plotted against the PC1 vs. PC2 combination
because they expressed most of the variance of the dataset.
Furthermore, the log(X + 1) transformed abundances of Pseudo-nitz-
schia taxa identified with LM were fitted as supplementary variables
(vectors) onto the ordination space.

We also conducted a non-metric multidimensional scaling analysis
(NMDS) with species abundance data to further inspect potential sea-
sonal patterns and the ordination of species complexes versus specific
species in multidimensional space.

All these analyses were performed using the PRIMER software
package (v.7).

Finally, the data from 0DB2, where isolations took place, was used
in a proof-of-concept constrained correspondence analysis (CCA) to
demonstrate how feeding molecular data into LTER management can
improve research and monitoring. The methodological procedure for
this is included in the supplementary data (S4).

The CCA of isolation-currated data was perfomed using R Statistical
Software (R Core Team, 2019) and the “Vegan” package (Oksanen
et al., 2019).

3. Results

3.1. Seasonal cycle and inter-annual variability of environmental
properties, phytoplankton community and the Pseudo-nitzschia genus

The C1-LTER coastal station was characterized by a strong seasonal
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cycle with cold winters (9.20 + 1.44 °C, on average) and warm sum-
mers (22.62 = 2.17 °C, on average) (81: A). The highest temperature
(28.34 °C) of the time series was measured in July 2015. Surface sali-
nity drops that were registered during certain periods of almost each
vear indicate freshwater inputs of riverine and/or atmospheric origin
(S1: B). The most evident and long-lasting persistence of a cooler sub-
surface water layer was observed in 2010.

Dissolved inorganic nitrogen (DIN) concentrations, calculated as the
sum of ammonium, nitrite and nitrate concentrations, displayed higher
values in autumn and winter with increases in spring in some years (S1:
C). Elevated concentrations of DIN in the surface layer were particularly
evident in years 2009, 2010, 2013 and 2014. Phosphate concentrations
showed interannual variability but not a clear seasonality; on average,
higher values were recorded in late autumn-early winter and in August
(S1: D). Finally, silicate concentrations were generally higher in
summer and winter in the deeper part of the water column, while
surface peaks were measured in the spring of certain years (51: E).

Considering the 14-year long phytoplankton time series
(2005-2018) of the C1-LTER station, in terms of relative abundance,
about 31 % of phytoplankton were represented by diatoms, and Pseudo-
nitzschia spp. accounted for about 15 % of total diatoms averaged across
all samples (Fig. 2). Pseudo-nitzschia species were generally present all
year round with pronounced autumn blooms occurring annually and
reaching 70-80 % of total phytoplankton community abundance. Au-
tumn blooms were characterized by both the delicatissima and seriata
complexes, while occasional spring blooms were due to the delicatissima
complex (Fig. 3). The P. delicatissima complex was the main contributor
to the total abundance of the genus, with cell numbers reaching 2.3 x
10° cells L™ !, while the P. seriata complex showed much lower abun-
dances, rarely exceeding 10* cells .. There was one extreme event,
however, in April 2011 when the P. seriata complex reached 1.4 x 10°
cells L'! (Fig. 3C). The abundances of both complexes fluctuated at the
inter-annual scale; however, these changes did not appear significant in
the ANOSIM analysis. The ANOSIM analysis did not show any overall
significant difference between years and seasons, except for some years
that differed significantly from the others (R = 0.11,p = 0.0l and R =
0.051, p = 0.01, respectively).

To summarize the observations from the ecological time series, a
PCA was performed. The ordination of samples is largely forced by
temperature and salinity that shape PC2 (Fig. 4). The structuring of the
complexes demonstrates the seasonal preference of the seriata complex
for the winter/autumn period and the delicatissima complex for the
spring/summer period. The latter is also evidenced by the statistically
significant although weak correlation coefficient (p = 0.197, Table 2).
A statistically significant correlation was also found between salinity
and the seriata complex, while the whole genus was negatively corre-
lated with silicate and inorganic nitrogen species. The PCA was coupled
with data on P. multistriata, P. pungens and P. galaxiae. The structuring
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Fig. 2. Percentage abundances of Pseudo-nitzschia spp., diatoms and total
phytoplankton from 2005 to 2018 at the station C1-LTER in the Gulf of Trieste.
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Fig. 3. Seasonal cycle of Pseudo-nitzschia spp. (A), P. delicatissima complex (B)
and P. seriata complex (C) at the C1-LTER station in the Gulf of Trieste from
2005 to 2018. In the box plot of cell abundances, the bold line represents the
median, the box the 25" and 75" percentiles of the distribution, the whisker
the non-outlier range, the circle the outliers and the stars the extremes.

of P. multistriata into even more pronounced winter conditions is self-
explanatory but this analysis shows that when reliable single-species
data are considered the structure is more apparent than when the
species are grouped into complexes that are often phylogenetically and
ecologically incorrect, as will be demonstrated in the following section.

3.2. Diversity of the genus Pseudo-nitzschia in the GoT

Eight species of Pseudo-nitzschia were identified from 83 monoclonal
strains isolated in the GoT (69 in Slovenian and 16 in Italian waters).
Table 3 presents the species that have been identified along with the
corresponding identification method and the number of strains within
the respective species that have been sequenced or examined with TEM.
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