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SANTRAUKA
IVADAS

Melsvabakterés yra seniausi zeméje fotosinteze vykdantys
prokariotiniai organizmai, kurie sukelia ,,zydéjimus® beveik visy
zemyny vandens telkiniuose, taip pat ir Europoje (Merel et al., 2010;
Meriluoto et al., 2017). Vandens ,,zydéjimai* pastaruoju metu yra
viena aktualiausiy gamtosaugos problemy. Jie mazina vandens
iStekliy tinkamumg geriamam vandeniui ir rekreacijai, Sukelia
ekonominius nuostolius, sutrikdo vandens ekosistemy
funkcionavima, gali biiti apsinuodijimy, jvairiy ligy, Zmoniy ar
gyviny mirties prieZastimi (Carmichael et al., 2001; Ho et al., 2012;
Buratti et al., 2017). Vandens ,,zydéjimy* toksiskumas priklauso nuo
melsvabakteriy rtsiy, jy biomasés kiekio (Buratti et al., 2017) ir
toksiniy/netoksiniy individy santykio populiacijoje (Kardinaal et al.,
2007). Yra zinoma, kad cianotoksinus gali sintetinti melsvabakteriy
rasys, priklausancios daugiau nei keturiasdeSimt genciy (Carmichael
etal., 2001).

Didéjanti temperatiira ir maistiniy medziagy koncentracija yra
esminiai veiksniai, turintys jtakos melsvabakteriy struktiros,
biomasés kiekio ir vandens ,,zydéjimy* intensyvumo pokyc¢iams bei
svetimZemiy rasiy jsikarimui (Pearl, Huisman, 2008; Carey et al.,
2012; Sukenik et al., 2015). Globalus pokyciai, tokie kaip klimato
Siltéjimas ir antropogeniné eutrofikacija, stipriausiai veikia seklius
vidutiniy platumy ezerus ir skatina intensyvy melsvabakteriy
vystymasi, tokiu budu didindami $iy ekosistemy vandentvarkos
problemas (Kosten et al., 2012). Teikiant rekomendacijas vandens
»Zydejimy*  valdymui, bitina  atsizvelgti |  problemos
kompleksiskumg ir, apjungiant in Situ tyrimus su laboratoriniais
cksperimentais, pirmiausiai atskleisti temperatliros ir maistiniy
medziagy poveiki melsvabakteriy riiSims ir cianotoksiny



akumuliacijai konkreciose gélvandenése ekosistemose (El-Shehawy
et al., 2012; Humbert, Fastner, 2017).

Tikslas: IStirti potencialiai toksiniy vandens ,,zydé¢jimus® sukelianciy

melsvabakteriy rusiy jvairove, jy vystymosi ir cianotoksiny kiekio

kaitos ypatumus gamtoje ir eksperimentinémis sglygomis.

Uzdaviniai:

1.

3.

Istirti  ,,zydéjimus* sukelian€iy potencialiai  toksiniy
melsvabakteriy rusiy jvairovés ir biomasés kaitos ypatumus
dviejuose sekliuose eutrofiniuose ezeruose.

IStirti  cianotoksiny, bioaktyviy neribosominiy peptidy
jvairove ir kiekio kaita melsvabakteriy vegetacijos
laikotarpiu.

Nustatyti cianotoksinus sintetinancias melsvabakteriy riisis ir
jvertinti toksiniy/netoksiniy genotipy kaitg tirtuose ezeruose.
Ivertinti temperatiiros ir maistiniy medziagy jtaka vietiniy ir
svetimzemiy melsvabakteriy rusiy vystymuisi, cianotoksiny
kiekiui ir tarpriiSinei konkurencijai eksperimentinémis
salygomis.

Ginamieji teiginiai:

1.

Viena arba kelios potencialiai toksinés melsvabakteriy rasys
sukelia intensyvius vandens ,,Zydéjimus* vasarg ir ankstyva
ruden;j vidutiniy platumy seklivose eutrofiniuose ezeruose.
Didelé potencialiai toksiniy melsvabakteriy rasiy jvairové
nulemia platy cianotoksiny ir bioaktyviy neribosominiy
peptidy spektra eutrofiniuose ezeruose, ta¢iau toksiniy
antriniy metabolity stuktiira priklauso nuo dominuojanciy
melsvabakteriy risiy.
Cianotoksiny ir bioaktyviy neribosominiy peptidy sintezé
budinga konkreciai riisiai ir/arba kamienui.
Temperatiira ir maistinés medziagos turi skirtingg poveikj
melsvabakteriy augimo greiciui, cianotoksiny ir bioaktyviy
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neribosominiy peptidy sintezei bei vietiniy ir svetimzemiy
rusiy tarprisinei konkurencijai.

Darbo naujumas. Sis darbas yra kompleksinis vandens
»Zydéjimy* tyrimas, apjungiantis duomenis, gautus iSanalizavus
gamting tyrimy medziagg ir atlikus eksperimentus laboratorinémis
salygomis su izoliuotais i$ tiriamy vandens telkiniy melsvabakteriy
kamienais. Tyrime pateikiamas toksiniy antriniy metabolity spektras,
papildomos Zinios apie Europos gélavandenése ekosistemose reciau
aptinkamus cianotoksinus ir bioaktyvius neribosominius peptidus.
Pagal standartizuotg metodikg surinkta ir iStirta medziaga leido
palyginti cianotoksiny Struktiira tirtuose ezeruose su kitais 135
ezerais i$ dvideSimtaStuoniy FEuropos valstybiy. Cianotoksinai
saksitoksinas, anatoksinas-a ir cilindrospermopsinas, neribosominiai
peptidai ir svetimzemé melsvabakteriy rasis Sphaerospermopsis
aphanizomenoides Lietuvoje aptikti pirma kartg. Darbas zenkliai
praplété informacija apie cianotoksiny kokybinge ir kiekybine
struktirg Lietuvos gélavandenése ekosistemose ir melsvabakteriy
kamienuose. Istirta iki 300 potencialiai toksiniy vandens ,,Zydéjimus
sukelian¢iy melsvabakteriy kamieny. Darbe aptariami Europoje
sparciai plintan¢iy svetimzemiy melsvabakteriy rasiy vystymosi ir
toksiny sintezés ypatumai, nauji svetimzemiy rusiy aptikimo arealai,
atskleistas Siy rusiy konkurecingumas su vietinémis rusimis ir
jsitvirtinimo  galimybés vidutiniy platumy vandens telkiniuose
kintanc¢iomis aplinkos sglygomis.

Darbo reik§mé. Klimato atSilimas sustiprina antropogeninés
eutrofikacijos  poveiki vandens ,Zzydéjimy“  intensyvumui
gélavandenése ekosistemose, ir tai apsunkina jy prognozavima,
kontrole ir valdyma. Todél kompleksinis temperatiiros ir maistiniy
medziagy poveikio tyrimas, apjungiantis tyrimus gamtoje su
laboratorijoje atliktais eksperimentais, leisty tiksliau atskleisti
toksiniy melsvabakteriy vystymosi ir jy antriniy metabolity
kaupimosi mechanizmus.



Rezultaty pristatymas. Rezultatai buvo pristatyti trijose
tarptautinése konferencijose. Atspausdintos keturios ir jteikta spaudai
viena publikacija Clarivate Analytic Web of Science duomeny
bazéje. Dvi publikacijos atspausdintos kituose recenzuojamuose
zurnaluose.

Disertacijos apimtis ir struktiara. Disertacija susideda i$ Siy
skyriy: Ivado, Literatiros apzvagos, Metodikos, Rezultaty,
Diskusijos, ISvady ir Literattros Saraso (327 literatiros Saltiniy).
Disertacijos apimtis — 122 puslapiai. Disertacija iliustruota 10
lenteliy ir 20 paveiksly. Disertacija atspausdinta angly kalba.
Santrauka parengta lietuviy ir angly kalbomis.

Padéka. Nuosirdziai dékoju darbo mokslinei vadovei dr. Juditai
Koreivienei uz nuolatinj palaikyma, kantrybe, vertingus patarimus
vykdant tyrimus ir disertacijos raSymo metu. Dékoju kolegéms dr.
Juratei Karosienei, dr. Jiiratei Kasperovicienei ir dr. Irmai Vitonytei
uz pagalbg ir palaikyma ekspedicijy metu, vykdant eksperimentinius
tyrimus, taip pat vertingas pastabas disertacijos rankra$¢iui. Dékinga
esu Violetai Ptasekienei uz disertacijos angly kalbos redagavima.
Esu dékinga pirmam darbo vadovui dr. Ricardui PaSkauskui
konsultacijas vykdant tyrimus. Dékoju darbg vertinusioms
recenzentéms dr. Sigitai Jurkonienei, doc. dr. Renatai Pilkaitytei uz
detalig darbo analizg, konstruktyvius patarimus ir vertingas pastabas.

Nuosirdziai dékoju prof. habil. dr. Hanna Mazur-Marzec
(Gdansko universitetas, Lenkija) uz suteikta galimybg stazuotis ir
jgyti patirties atliekant antriniy metabolity analiz¢ skysciy
chromatografijos su masiy spektrometrijos metodu (LC-MS/MS),
isisavinant molekulinius metodus nustatant cianotoksiny genus ir itin
vertingus patarimus atlieckant duomeny analizg. Uz §iltg priémima
dékoju prof. habil. dr. Hanna Mazur-Marzec vadovaujamam
laboratorijos kolektyvui: dr. Anna Torunska-Sitarz, dr. Agata
Blaszczyk, dr. Justyna Kobos ir Anna Krakowiak. Sirdingai dékoju
prof. Kaarina Sivonen (Helsinkio universitetas, Suomija) uz
galimybe stazuotis ir jgyta vertingg patirtj doktoranttiros studijy
laikotarpiu. Esu dékinga dr. Suvi Suurndkki uz pagalbg atliekant
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molekulinius tyrimus ir dr. Matti Wahlsten uZ pagalba atliekant
cianotoksiny analize su LC-MS/MS vizito metu.

Dékoju COST programos veikloms ES1408 EUAlgae ir ES1105
CYANOCOST uz finansing paramg trumpalaikio mokslinio vizito
isvykoms, Svietimo mainy paramos fondui uz finansuota stazuote.
Taip pat dékoju Lietuvos mokslo tarybai uz skirtg stipendija 2017 ir
2018 metais bei parama dalyvaujant 11-e Tarptautiniame Fikology
Kongrese.

Nuosirdziai dékoju savo Seimai: vyrui, tévams ir seseriai uz
kantrybe ir palaikyma visy doktorantiiros studijy metu ir disertacijos
ras§ymo laikotarpiu.

Trumpiniai:

AER - aeruginozinai; AP - anabaenopeptinai, ATX-a -
anatoksinas-a, Cianotoksinai — melsvabakteriy sintetinami toksinai,
CYN - cilindrospermopsinas, CP — cianopeptolinai, MC -
mikrocistinai, P — fosforas; Pmin —mineralinis fosforas, N — azotas,
Nmin — mineralinis azotas, NRP — biologiskai aktyviis neribosominiai
peptidai, STX — saksitoksinas.

1. TYRIMU MEDZIAGA IR DARBO METODAI

Darbo  objektas yra vandens ,zydé¢jimus®  sukeliancios
melsvabakterés, jy sintetinami cianotoksinai ir biologiskai aktyviis
neribosominiai peptidai (NRP).

Darbas atliktas Gamtos tyrimy centre (Lietuva), kur buvo
nustatyti fizikiniai-cheminiai vandens parametrai, chlorofilas-a,
atlikta fitoplanktono analizé, izoliuoti melsvabakteriy kamienai,
vykdyti eksperimentiniai tyrimai. Gdansko Universitete (Lenkija),
vadovaujant prof. habil. dr. H. Mazur-Marzec, atlikta antriniy
metabolity (cianotoksiny ir NRP) kokybiné ir kiekybin¢ analizeé
skys¢iy chromatografijos su masiy spektrometrijos metodu,
molekuliniai  tyrimai (16S rRNR, PC-IGS ir sxtA geno
sekvenavimas). Helsinkio Universitete (Suomija), vadovaujant prof.
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K. Sivonen, buvo atlikta cianotoksiny analizé taikant cheminius ir
molekulinius metodus (qPGR analizé, mcyE, anaC geny
nustatymas).

Vandens telkiniy charakteristika. Tyrimai vykdyti dviejuose
sekliuose eutrofiniuose Lietuvos ezeruose (Sirvio ez., 54° 59' 16.27",
25° 12' 54.13" ir Jiezno eZ., 54° 35' 33.67", 24° 10' 48.95"). Sirvio
ezeras priskiriamas probleminiams, o Jiezno — kritinés biklés
ezerams, kurie praeityje ir dabartiniu metu patiria nuolating maistiniy
medziagy prietaka dél gyvulininkystés, Zemdirbystés ir urbanizacijos
baseine ir apyezeryje (Balevi¢ius, 2009). EZerai itin svarbis vietinei
bendruomenei, kadangi telkSo prie gyvenvieCiy ir naudojami
rekreacijai ir mégéjiskai zvejybai.

Vandens pavirS§iniy méginiy rinkimas ir fitoplanktono
analizé. Méginiai rinkti ir vandens fizikiniai-cheminiai parametrai
matuoti balandzio—lapkri¢io mén. Sirvio (2014-2015 m., karta per
dvi savaites) ir Jiezno (2015 m., kartag per ménesj) eZeruose.
Chlorofilo-a (chl-a) kiekis jvertintas fluorometru. Azoto ir fosforo, jy
formy kiekybing analiz¢ atliko UAB ,,Vandens tyrimai®. Vilniaus
Meteorologijos Stoties oro temperatiiros ir krituliy duomenis pateike
Lietuvos Hidrometeorologijos Tarnyba.

Fitoplanktono méginiai (n=34) imti batometru, fiksuoti
formaldehidu, analizuoti  remiantis Olrik ir kt. (1998).
Melsvabakteriy riiSys identifikuotos pagal Komarek, Anagnostidis
(1998; 2005), Komarek (2013).

Vandens stulpo méginiy surinkimas fitoplanktono ir
cianotoksiny analizei. Vandens stulpo méginiai (n=2), palyginimui
su pavirSiniais vandens méginiais, surinkti ir fitoplanktono analize
atlikta pagal standartizuota metodika (Mantzouki et al., 2018a),
taikyta vykdant projekta ,,European Multi Lake Survey* (Mantzouki
et al., 2018b). Méginiai imti specialiu vertikaliu prietaisu 2015 m.
rugpji¢io mén. Sirvio ir Jiezno ezeruose. Fitoplanktono méginiai
fiksuoti liugoliu ir analizuoti Utermohl metodu (Utermdéhl, 1958).
Chl-a kiekis nustatytas fluorometru. MC, CYN ir ATX analizé
atlikta sertifikuotose Olandijos ir VVokietijos laboratorijose.
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Melsvabakteriy kamieny izoliavimas. Melsvabakteriy kamienai
buvo izoliuoti mikrokapiliary metodu i§ surinktos gamtinés
medziagos,  siekiant  nustatyti = potencialius  cianotoksiny
produkuotojus cheminiais ir/arba molekuliniais metodais ir atlikti
eksperimentinius tyrimus. Kultiiros buvo auginamos modifikuotoje
MWC mitybinéje terpéje (Lebret et al., 2012) prie 20 °C
temperattiros, 30 pmol m™2 st $viesos intensyvumo, 12:12 val.
dienos:nakties sglygomis. Izoliuoti 274 kamienai, priklausantys 15
rasiy, galin¢iy potencialiai sintetinti MC, STX, ATX-a ir/ar CYN.

Cianotoksiny ir neribosominiy peptidy analizé. Cianotoksinai
ir NRP analizuoti ezery pavirSinio vandens sluoksnio méginiuose
(n=34) ir melsvabakteriy kamieny biomas¢je (n=57). MC, NRP,
ATX-a ir CYN ekstrakcija atlikta naudojant 75 % metanolj, STX —
amonio formiato buferj su acetonitrilu (95:5, v/v). Analizé atlikta
naudojant skys¢iy chromatografija su masiy spektrometrija LC—
MS/MS pagal Grabowska ir kt. (2014), Chernova ir kt. (2017).
Duomenys analizuoti Analyst QS® 1.5.1 programa.

Microcistino geno  (mcyE) nustatymas  gamtiniuose
méginiuose. Méginiai Planktothrix agardhii mcyE sintetazés geno
kopijy skai¢iaus nustatymui buvo surinkti 2014 m. balandzio—spalio
mén. Sirvio ezere (n=13). Fitoplanktono biomasé¢ sukoncentruota ant
GF/F filtry. DNR i$skirta naudojant PowerWater® DNA Isolation Kit
rinkinj ir atlikta kiekybiné mcyE geno (qPGR) analizé remiantis
Vaitomaa ir kt. (2003), Rantala ir kt. (2006; 2008).

Aphanizomenon sensu lato kamieny molekuliné analizé.
Morfologiskai panasiy Aphanizomenon sensu lato riisiy (i$ viso 22 A.
gracile, A. flos-aquae, S. aphanizomenoides rtsiy kamieny)
identifikavimas patvirtintas atlikus molekuling 16S rRNR ir PC-IGS
analize. DNR i8skirta naudojant FastDNA™ Spin Kit for Soil (MP
Biomedicals, Santa Ana, CA, JAV) rinkinj. 16S-23S rRNR
fragmentas su vidiniu transkribuotu tarpikliu (ITS) buvo
amplifikuotas, remiantis Nibel ir kt. (1997), Lepére ir kt. (2000),
Koskenniemi ir kt. (2007) darbais. Fikocianino cpcB-cpcA
intergeninio tarpiklio (PC-IGS) pagausinimas buvo atliktas pagal
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Neilan ir kt. (1995), o0 saksitosino sintetazés SXtA geno fragmentas
tirtas remiantis Ballot ir kt. (2010a) pateikta metodika.

PGR produktai atskirti 1 % 1 x TBE agarozés gelyje ir valyti su
Extractme® DNA clean-up Kit (Blirt S.A., Gdanskas, Lenkija)
rinkiniu, remiantis gamintojo protokolu ir sekvenuoti (Genomed
S.A., VarSuva, Lenkija). Nukleotidy sekos jkeltos i Geny banko
duomeny baze.

mcyE ir anaC genu analizé kamienuose. Genai tirti 141-ame P.
agardhii, Microcystis spp. ir Dolichospermum crassum kamiene.
Melsvabakteriy biomasé centrifuguota prie 8000 rpm 6-12 min.
DNR isskirtas naudojant E.Z.N.A SP rinkinj. Atitinkami pradmenys
buvo naudojami patvirtinti mcyE (Rantala et al., 2006; Vaitomaa et
al., 2003) ir anaC (Rantala-Ylinen et al., 2011) genus kamienuose.
Amplifikuoti produktai buvo vizualizuoti 1 % TAE agarozés gelyje.

Eksperimentiniai tyrimai. Siekiant nustatyti temperatiiros ir
maistiniy medziagy poveikj melsvabakteriy augimui, cianotoksiny ir
NRP sintezei bei tarprisinei konkurencijai, laboratorinémis
salygomis atlikti eksperimentai su vietiniy ir svetimzemiy
melsvabakteriy risiy, izoliuoty i§ Lietuvos ezery, kamienais (1
lentelé). Eksperimentai vykdyti auginimo spintose esant ~90 pmol
m?2 st $viesos intensyvumui ir 16:8 val. dienos:nakties sglygoms.
Augimo greitis jvertintas remiantis chl-a kiekio poky¢iu matuotu kas
antra dieng fluorometru. Kamieno koncentracija eksperimento
pradzioje buvo 10 £ 0,5 ug chl-a/l. Eksperimenty (I ir I1) pabaigoje,
kiekvieno varianto trys pakartojimai buvo sumaiSomi ir
centrifuguojami 7000 rpm, uzSaldyta biomasé liofilizuota,
cianotoksinai ir NRP analizuoti pagal anksciau aprasyta metodika.

I eksperimentas: Temperatiiros poveikis. Temperatiros (nuo
18 °C iki 30 °C) poveikis melsvabakteriy kamieny augimui, antriniy
metabolity (toksiny, NRP) sintezei tirtas 14 dieny (1 pav., A).
Kultiros augintos MWC terpéje ir dvi dienas prie§ eksperimentg
adaptuotos prie eksperimentui pasirinkty temperattry.

Il eksperimentas: Maistiniu medzZiagy poveikis. Pmin ir Npmin
koncentracijy, jy atominio santykio (N:P) poveikis melsvabakteriy
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kamieny augimo greiciui, cianotoksiny ir NRP sintezei tirtas vykdant
12 dieny trukmés eksperimenta. Eksperimentiniams tyrimams
pasirinktos fosforo koncentracijos, biidingos mezotrofiniams (0,035
mg P/I), eutrofiniams (0,071 ir 0,140 mg P/I) ir hipertrofiniams
(0,255 ir 0,51 mg P/l) vidutiniy platumy eZerams remiantis Wetzel
(1983) (1 pav., B). Azoto kiekis eksperimento variantuose atitiko
N:P santykj 7:1; 16:1 ir 30:1. Melsvabakteriy kulttiros tris dienas iki
eksperimento adaptuotos 24 °C temperatiiroje ir MWC terpéje be N
ir P elementy.

1 lentelé. Melsvabakteriy kamienai pasirinkti eksperimentiniams
tyrimams
Table 1. Cyanobacteria strains selected for the experiments

Species Strain Lake Cyanotoxins and

NRPs
Native |Planktothrix F5-09 Sirvys MCs, NRPs
agardhii E9-07 Jieznas -, NRPs
Aphanizomenon B41-09 Sirvys STX, -
gracile C10-07 Sirvys -

Alien Sphaerospermopsis | G11-07 Jieznas -

aphanizomenoides | F11-07 Jieznas -

Chrysosporum D2-08 Rékyva -

bergii B6-08 | Gineitiskés -

IIT eksperimentas: Tarprusiné konkurencija. Vietiniy P.
agardhii ir A. gracile meslvabakteriy (toksiniai kamienai) tarpusavio
konkurencija ir jy galimas poveikis svetimzemiy S.
aphanizomenoides ir C. bergii rasiy jsikirimui dabartinémis klimato
salygoms (20 °C) ir klimatui Sylant (24 °C) bei didéjant vandens
telkiniy eutrofikacijai (0,140; 0,51 mg P/l prie N:P santykio 30:1)
tirtas vykdant 12 dieny trukmés eksperiments. Kiekvienos
melsvabakteriy rusies kamienas buvo auginamas atskirai (kontrol¢) ir
tiriamuosiuose variantuose kartu su vienu i§ kity trijy melsvabakteriy
kamienu (1 pav., C). Kas ketvirta dieng i§ kiekvieno tiriamojo
varianto buvo imamas ir fiksuojamas 1 ml méginys formaldehidu,
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melsvabakteriy ir biomasé apskai¢iuota pagal Olrik ir kt. (1998).
Kamienai tris dienas pries§ eksperimentg auginti MWC terpéje be N ir
P elementy 20 °C ir 24 °C temperatiirose.

A P. agardhii, A. gracile, S. aphanizomenoides, C. bergii
str‘ain
18°C 20°C 22°C 24°C 26°C 28°C 30°C

M&M&M&MAM&MM

P. agardhii, A. gracile, S. aphanizomenoides, C. bergii

sn|ain
IPmgPL? 0,035 0.071 0.140 0.255 0.510 1.550

LS BAD DAA AAS AR G
wi AN AMA AMA BAR AR A
N:P 30:1 [:\AA M& AM M& m

C Native Alien
PA — P. agardhii  SA - S. aphanizomenoides
AG - 4. gracile CB - C. bergii

strains
20°C 24°C

C e i s )

% 5
IPmgPL 0/140 0 10 0/./ 40 0.].\\10

¥ N .'/ ¥ 7\
Control Control Control Control
PA < AG PA PA < AG P-\ PA © AG PA PA x AG PA

PA < SA PA < SA .-\HGﬁ PA x SA AG P.:\ * SA
MR A AN A8 AR A AR A
PAxCB P.—\‘~Cl‘3 HSA P‘.ﬂ.\’ch S{\ PA>I<('B
YA LAL\ AR ATATA A YAV AVA A YAV /W\
AG < SA AG < SA CB AGxSA  CB -\_G* SA
Y N
AG“ CB .-\HG = CB ~\‘G C‘B AG: CB
A AN AAA A

1 pav. Eksperimentiniy tyrimy, skirty jvertinti abiotiniy ir biotiniy
veiksniy poveiki melsvabakteriy kamieny augimo greiciui,
cianotoksiny ir NRP sintezei, schemos: A — temperatiiros
eksperimentas; B — maistiniy medziagy eksperimentas; C —
tarprusinés konkurencijos eksperimentas.
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Fig. 1. Schematic design of performed experiments to test effect of
abiotic and biotic variables on growth rate and production of
cyanotoxins, NRPs of cyanobacteria strains: A — Temperature
experiment; B — Nutrient experiment; C — Competition experiment.

Statistiné analizé. Linijinis modelis (GLM) ir regresijos analizé
buvo atlikti naudojant STATISTICA 6.0, o RDA analizé¢ — Brodgar
2.7.5. programomis.

2.REZULTATAI IR JU APTARIMAS

2.1. Vandens ,,zydé¢jimai® ir juos sukeliancios
melsvabakteriy risys

Intensyvis toksiniai melsvabakteriy sukelti vandens ,,zydéjimai‘,
keliantys grésme zmogui ir biotai, Europoje zinomi jau nuo 1980 m.
(Skulberg et al., 1984). Pastaruoju metu tai tapo globalia problema,
todél pladiai tiriama melsvabakteriy jvairovés ir biomasés kaita
géluosiuose vandens telkiniuose. lki S§iol sprendziami svarbiis
klausimai, susij¢ su cianotoksiny grésme zmoniy sveikatai
kintancioje aplinkoje (Meriluoto et al., 2017).

Maksimali melsvabakteriy biomasé (iki 29,2 mg/l Sirvio ir 24,7
mg/l Jiezno ezere; 2 pav.) du kartus virSijo Pasaulinés sveikatos
organizacijos maudykloms nustatyta aukSciausig leisting ribing
koncentracija (12 mg/l) (WHO, 2003). Panasios arba didesnés
melsvabakteriy biomasés reik§Smés aptinkamos kituose Lietuvos (iki
30 mg/l; Kasperovi¢iené, 2007) ir Europos ezeruose (iki 200 mg/l;
Dembowska, 2011; Humbert, Fastner, 2017; Stoyneva-Gdrtner et al.,
2017). Melsvabakterés tirtuose ezeruose sudaré iki 98 % bendros
fitoplanktono biomasés vasarg ir/arba rudenj. Melsvabakteriy dalis
fitoplanktone panaSi bina ir kituose Lietuvos (50-96 %;
Kavaliauskiené, 1996; Kasperovic¢iené et al., 2005) ir Europos
vandens telkiniuose (> 90 %; Yéprémian et al., 2007; Grabowska et
al., 2014). Tirtuose ezeruose aptikta 19 potencialiai toksiniy riisiy,
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priklausan¢iy ~ Microcystis,  Dolichospermum,  Woronichinia,
Limnothrix, Aphanizomenon, Planktothrix, Anabaenopsis,
Cylindrospermopsis, Cuspidothrix, Raphidiopsis,
Sphaerospermopsis, Planktolyngbya gentims. Sirvio ir Jiezno
ezeruose dominavo Planktothrix agardhii ir Aphanizomenon gracile.
Sios riSys daznai aptinkamos sekliuose polimiktiniuose,
eutrofiniuose géluosiuose vandens telkiniuose (Haggqvist et al.,
2017).

Sirvio ezere P. agardhii biomasé sieké 28 mg/l ir sudaré iki 97 %
bendros fitoplanktono biomasés rugséjo mén. Eutrofiniuose
Vokietijos ir Lenkijos vandens telkiniuose minéta risis taip pat
intensyviai vystési rudenj (15-70 mg/l) ir sudaré iki 78-100 %
bendros fitoplanktono biomasés (Riicker et al., 1997; Grabowska et
al., 2014). Kavaliauskienés (1996) duomenimis, Jiezno ezeras
priklausé hipertrofiniy ezery grupei, kuriame dominavo Microcystis
aeruginosa, Aphanizomenon flos-aquae ir  Dolichospermum
macrospora melsvabakterés. Fitoplanktono analizé Sio tyrimo metu
atskleidé struktiiros poky¢ius, kadangi dominavo Aphanizomenon
gracile, o vyravo Limnothrix planctonica, Planktolygbya limnetica
radys. Pana$i vyraujanciy rusiy struktiira charakteringa ir Lenkijos
sekliam eutrofiniam ezerui (Zgbek, 2006). Maksimali A. gracile
biomasés reik§me rugpjiitj Jiezno ezere sieke 12,7 mg/l (iki 45 %
bendros fitoplanktono biomasés) (2 pav.). Kituose Europos ezeruose
placiai paplitusi A. gracile daznai dominuoja fitoplanktone ir sukelia
vandens ,,zyd¢jimus®; ruiSies biomasé gali siekti iki 15-33 mg/l ir
sudaryti iki 80 % bendros fitoplanktono biomasés (Riicker et al.,
2007; Mischke, Nixdorf, 2003).
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Fig. 2. Seasonal variation in potential toxin producing species
biomass in the studied lakes.

2.2. Cianotoksiny ir neribosominiy peptidy struktiira

Meriluoto ir kt. (2017), apzvelgdami toksiniy melsvabakteriy ir
cianotoksiny tyrimus Europoje, pabrézé, kad duomeny apie MC
18



paplitima Europos ekosistemose yra Zymiai daugiau nei apie kitus
cianotoksinus. Tirtuose eZeruose dominuojancios potencialiai
toksinés melsvabakteriy ruSys nulémé skirtingg cianotoksiny
struktiirg ir jy sezoning kaita. Sirvio eere melsvabakteriy vystymosi
laikotarpiu MC, ATX-a ir NRP koncentracijos buvo zymiai didesnés
nei Jiezno eZere, tuo tarpu rugpjucio mén. nustatytos didZiausios
STX koncentracijos buvo panasios abiejuose ezeruose (3 pav.). MC
Lietuvos eZeruose buvo nustatyti ir ankstesniy tyrimy metu
(Kasperoviciené et al., 2005; Kasperovicien¢, 2008), tuo tarpu ATX-
a, STX ir NRP pirmg kartg aptikti §io tyrimo metu.

Mikrocistinus sintetinan¢iy melsvabakteriy sukeliami vandens
,»Zydéjimai“ stebimi 80-je pasaulio Saliy (Catherine et al., 2017).
Europos gélavandenése ckosistemose dazniausiai aptinkamy
hepatotoksiny MC koncentracijos paprastai svyruoja nuo 0,1 iki 10
ug/l (Greer et al., 2016; Pitois et al., 2018), o pavirSinése
melsvabakteriy santalkose (angl. scum) gali siekti net 2800 pg/l
(Faassen, Lirling, 2013). Mikrocistinai Sirvio eZere buvo nustatyti
balandzio—lapkri¢io mén. ir jy koncentracija sieké iki 16,72 g/l
(vidutiniskai 5,63 *+ 6,14 pg/l), tuo tarpu Jiezno eZere hepatotoksinai
aptikti nuo birzelio iki rugs¢jo ir didZiausi jy kiekiai tesieké 0,96 pg/l
(vidutiniskai 0,59 + 0,34 pg/l). Kituose Lietuvos ezeruose MC
koncentracija vasarg ir rudenj svyravo 0,25-1,71 g/l ribose
(Kasperoviciené et al., 2005; Kasperovicien¢, 2008).

Svarbu jvertinti ne tik MC bendra koncentracija, bet ir istirti jy
kokybine sudétj, kadangi skirtingi MC variantai yra nevienodai
toksi8ki (Faassen, Liirling, 2013). Tirtuose eZeruose aptikti penki
skirtingi MC variantai: MC-YR, dmMC-RR, MC-RR, dmMC-LR ir
MC-LR (3 pav.). Sirvio eZere dominavo maziau toksiskas dmMC-
RR variantas; maksimali reik§mé 16,00 pg/l ir sudaré 96 % bendros
MC koncentracijos. Jiezno ezere vyravo MC-RR variantas (84 %
bendro MC kiekio), o didziausia koncentracija sudaré tik 0,81 pg/l.
Toksiskiausio MC-LR varianto koncentracija (0,15 pg/l) tirty ezery
melsvabakteriy biomaséje nevirSijo rekomenduojama maudykloms
leisting 20 pg/l ribg (WHO, 2003). MC vandens telkinyje daZzniausiai
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aptinkami kartu su NRP (Janssen, 2019). Tai patvirtina Sio tyrimo
duomenys, kadangi esant didesniems MC kiekiams santykinai didéjo
ir NRP kiekis. Sirvio eZere dazniausiai aptinkami buvo AP ir AER.
Grabowska ir kt. (2014), taip pat nustaté, kad MC, AP, AER ir
planktociklinas vyravo gamtiniuose méginiuose, kur dominavo
Planktothrix agardhii. Yra nustatyta, kad P. agardhii ekstraktai,
kuriuose be MC, buvo AP ir AER, toksiskai veiké zooplanktono
vystymasi (Pawlik-Skowronska et al., 2019). Taigi, NRP kartu su
MC gali padidinti toksinj biotai melsvabakteriy ekstrakto poveiki,
kuris varijuoja priklausomai nuo melsvabakteriy sintetinamy antriniy
metabolity struktiiros.

Neurotoksinai Europos vandens telkiniuose nustatomi Zzymiai
reCiau nei MC. I§ neurotoksiny dazniau aptinkami ATX-a ir/arba
homo-ATX-a lyginant su ATX-a(s) ir STX (Meriluoto et al., 2017).
Nors tirtuose ezeruose nustatytos mazos neurotoksiny koncentracijos
(ATX-a sieké 0,97 pg/l ir STX sieké 1,06 ug/l), jie prisidéjo prie
didesnio vandens ,,zydé¢jimo* toksiSkumo vasaros ménesiais (3 pav.).
Europoje nustatytos didesnés iki 2,19 pg/l ATX-a koncentracijos
(Carrasco et al., 2007; Dolman et al., 2012; Toporowska et al., 2016;
Pitois et al., 2018). Saksitoksino kiekis Europos gélavandenése
ekosistemose dazniausiai siekia iki 2,5 pg/l, o maksimali 26,1 pg/l
Sio toksino koncentracija nustatyta Ispanijos ezeruose (Wormer et al.,
2011; Gkelis, Zaoutsos, 2014; Stoyneva-Gartner et al., 2017; Pitois
et al., 2018). Pasaulio sveikatos organizacija neurotoksinams néra
nustaciusi saugios leistinos koncentracijy ribos. Nustatytos Sios
grupés toksiny reik§més Lietuvoje nesieké rekomenduotiny leistiny
ribiniy reiksmiy STX 3 pg/l (Fitzgerald et al., 1999) ir ATX-a 1 pg/l
(Fawell et al., 1999).
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3 pav. Vidulasteliniy cianotoksiny ir biologiskai aktyviy NRP kiekio kaita Sirvio (2014-2015) ir Jiezno eZery
(2015) gamtiniuose méginiuose.

Fig. 3. Variation in intracellular cyanotoxin and bioactive NRPs structure in field samples of Lakes Sirvys and
Jieznas (2015).
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Meriluoto ir kt. (2017) pastebéjo, kad dazniausiai yra tiriami tik
vienos klasés cianotoksinai. Skirtingy cianotoksiny (MC, CYN ir
ATX) tyrimas Europoje atskleideé, kad 75 % i§ 137 ezery bendra
toksiny koncentracija integraliniuose vandens méginiuose buvo
mazesné nei 1 pg/l (Mantzouki et al., 2018b). Cianotoksiny bendra
koncentracija ir struktlira integraliniuose ir pavirSiaus vandens
méginiuose Sirvio (6,62 pg/l ir 4,83 pg/l, atitinkamai) ir Jiezno (1,85
ug/l ir 2,10 pg/l, atitinkamai) eZeruose buvo panaSi. Nustatyta
cianotoksiny struktiira Sirvio eZere buvo panasi j kity tirty Lietuvos
ezery, kuriy vandens stulpe dominavo MC ir dazniausiai aptinkamas
variantas buvo dmMC-RR (4 pav.). Mantzouki ir kt. (2018b)
duomenimis, dmMC-RR retai aptinkamas Europoje, taciau
nustatytos koncentracijos ezeruose buvo didelés. Dazniausiai Zemyne
aptinkami MC-YR ir dmMC-LR, maziau MC-LR, todél Mantzouki ir
kt. (2018b) pateiké rekomendacijg jtraukti daugiau MC varianty
vertinant ,,Zydéjimy“ grésme¢ zmoniy sveikatai. Citotoxinas CYN
(0,03-0,38 pg/l) buvo nustatytas Sirvio ir Jiezno eZery
integraliniuose méginiuose. Nors ATX nustatytas 52-se Europos
ezeruose (Mantzouki et al. 2018b), §io neurotoksino koncentracija
Jiezno ezere buvo didziausia (1,33 pg/l).

2.3. Cianotoksinus ir neribosominius peptidus
sintetinan¢ios melsvabakteriy rtasys

Dauguma vandens ,,zydéjimus* sukelian¢iy melsvabakteriy rtusiy gali
produkuoti toksiskus ir biologiskai aktyvius junginius. Tyrimo metu
nustatyta sezoniné MCYE sintetazés geno kopijy skaiCiaus kaita
gamtiniuose méginiuose koreliavo su dominuojancios Planktothrix
agardhii rtsies biomase ir MC koncentracija (5 pav., A). Panasi
tendencija pastebéta ir kituose Europos ezeruose (Dolman et al.,
2012; Papadimitriou et al., 2013; Grabowska et al., 2014). Sio tyrimo
metu nustatyta, kad 93 % tirty P. agardhii kamieny turéjo mcyE gena
(5 pav., B). Kurmayer ir kt. (2004) ir Yéprémian ir kt. (2007)
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rezultaty duomenimis didZioji dalis (88 % ir 52 %) tirty P. agardhii
kamieny taip pat buvo toksiski.
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4 pav. Cianotoksiny struktiira (MC variantai, CYN ir ATX) Lietuvos
ezeruose, jtrauktuose j bendrg Europos gélo vandens telkiniy tyrima
2015 m. (pagal Mantzouki et al., 2018b).

Fig. 4. The profile of cyanotoxins (MCs variants, CYN and ATX) in
Lithuanian lakes included in snap-shot analysis in 2015 (after
Mantzouki et al., 2018a).
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Cianotoksinai ir NRP tirti cheminiais ir/arba molekuliniais
metodais 274-iuose kamienuose, priklausan¢iuose 15 melsvabakteriy
rusiy. Planktothrix agardhii buvo patvirtinta kaip pagrindinis MC
produkuotojas, taip pat MC nustatyti Microcystis aeruginosa, M.
flos-aquae ir M. viridis kamienuose. P. agardhii ir Microcystis spp.
kamienai produkavo tuos pacius keturis MC variantus, nustatytus ir
gamtiniuose méginiuose: dMMC-RR, MC-RR, dmMC-LR ir MC-
YR.
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5 pav. A — Planktothrix agardhii biomasés, MC koncentracijos ir
mcyE geno kopijy skaiius kaita gamtiniuose Sirvio eZero
méginiuose 2014 m. B — Santykinis P. agardhii toksigeniniy
kamieny skaicius (%) (n — tirty kamieny skaicius).

Fig. 5. A — Variation of Planktothrix agardhii biomass, microcystins
concentration and mcyE gene copy numbers in the environmental
samples of Lake Sirvys in 2014. B — Relative number (%) of
toxigenic strains of P. agardhii (n — number of strains tested).

Sirvio ezero melsvabakteriy biomaséje aptikti dideli kiekiai NRP,
i§ kuriy vyravo AP ir AER. Siy NRP sintezé patvirtinta Planktothrix
agardhii kamienuose. Aphanizomenon gracile, Dolichospermum
lemmermannii ir Microcystis spp. kamienai taip pat sintetino NRP.
Konkreciy oligopeptidy produkcija buvo specifiska rusiai ir/ar
kamienui. Kiti tyréjai nurodo, kad visos minétos raisys, iSskyrus A.
gracile, gali sintetinti didelg¢ NRP jvairove (Grabowska et al., 2014;
Harke et al., 2016; Kurmayer et al., 2016; Sivonen, Borner, 2008;
Welker et al., 2004).

Aphanizomenon gracile yra zinoma kaip STX produkuotojas
Europos ezeruose (Pereira et al., 2004; Ballot et al., 2010a; Ledreux
et al., 2010). Neurotoksino STX koncentracija sutapo su A. gracile
biomase. Neurotoksiny paieSka buvo vykdyta 123-uose skirtingy
melsvabakteriy riiSiy kamienuose. STX sintetino ir SXtA sintetazes
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genas buvo nustatyti tik 17% A. gracile kamieny i§ 63 tirty. PanaSius
rezultatus pateikia Ballot ir kt. (2010a) A. gracile kamienams,
izoliuotiems i§ Vokietijos ezery. ATX-a produkuotojai nebuvo
nustatyti. Nors svetimzemés Sphaerospermopsis aphanizomenoides,
Chrysosporum bergii ir Raphidiopsis mediterranea gali produkuoti
jvairius cyanotoksinus (Sembri et al., 2001; Namikoshi et al., 2003;
Sabour et al., 2005; Ledreux et al., 2010), taciau kamienai izoliuoti i§
Lietuvos ezery nebuvo toksiski.

2.4. Aplinkos veiksniy jtaka vietiniy ir svetimzemiy
melsvabakteriy vystymuisi ir cianotoksiny sintezei

Klimato S$iltéjimas ir antropogeniné eutrofikacija $iuo metu yra
didziausia problema (Huisman et al., 2018). Did¢janti temperatira
reik§mingai veikia fitoplanktono bendrijas ir skatina svetimZemiy
rusiy jsiktirimg (Sukenik et al., 2012). Pastaraisiais deSimtmeciais
padidéjusi maistiniy medziagy prietaka paspartino eutrofikacijos
procesus, kurie nulémé melsvabakteriy bendrijy pokycius ir vandens
ekosistemy ,,zydéjimus* (Huisman et al., 2005; Paerl, Fulton, 2006).
Gamtiniy ir laboratoriniy eksperimentiniy tyrimy sinergija yra svarbi
norint suprasti ir prognozuoti tolesn¢ kintan¢iy aplinkos veiksniy
jtakg vandens ,,zydéjimy* tendencijoms (Heisler et al., 2008). Siame
darbe eksperimentiniais tyrimais buvo siekiama jvertinti maistiniy
medziagy (Pmin, Nmin, N:P) ir temperatiiros poveikj vietiniy vandens
»zydéjimus®  sukelian¢iy  rasiy  (Planktothrix — agardhii  ir
Aphanizomenon gracile) augimo greiiui, toksiny produkcijai ir
svetimzemiy rasiy (Sphaerospermopsis aphanizomenoides ir
Chrysosporum bergii) jsikiirimo galimybéms.

2.4.1. Temperatiiros poveikis vandens ,,zydéjimus* sukelianCiy riisiy augimui
ir cianotoksiny produkcijai

Europoje pastaraisiais deSimtmeciais temperatira pakilo 1,3+0,11 °C
laipsniu (Kovats et al., 2014) ir iki 2100 m. prognozuojamas 4 °C
laipsniy temperattiros padidéjimas (Brown, Caldeira, 2017). Tokios
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prognozés kelia nerimg dél galimo intensyvesnio vandens telkiniy
»Zydéjimo*, svetimzemiy riiSiy plitimo ir sékmingo jy jsikiirimo
naujose buveinése. Eksperimentiniai tyrimai parodé, kad temperatiira
buvo reikSminga tirty melsvabakteriy raSiy augimo greiciui
(Fe,161=15,83, p<0,001). Gamtoje atlikti tyrimai ir laboratoriniai
eksperimentai su monokultiromis atskleidé panaSias vietiniy P.
agardhii ir A. gracile rasiy augimo grei¢io tendencijas placiame
temperattry spektre. Tirtuose ezeruose abi riSys aptinkamos vasaros
ir rudens laikotarpiu esant 7,9-26,1 °C vandens temperatirai,
panasiai kaip ir kituose Europos vidutiniy platumy ezeruose (10,3—
22,6 °C) (Mischke, Nixdorf, 2003; Toporowska et al., 2010, 2016;
Karosien¢ et al., 2019). Kity autoriy eksperimentiniai tyrimai parodé,
kad optimali temperatiira P. agardhii kamieny augimui buvo 27 °C ir
A. gracile — 28 °C (Mehnert et al., 2010; Lirling et al., 2013; Gomes
etal., 2015).

Sphaerospermopsis aphanizomenoides ir Chrysosporum bergii
yra mazai iStirtos svetimZzemés melsvabakteriy rasys, neseniai
iSplitusios Europoje (Meriluoto et al., 2017; Kokocinski, Soininen,
2019). Lietuva yra Siauriausias $iy raSiy paplitimo taskas
(Koreiviené, Kasperovi¢iené, 2011; Savadova et al., 2018). C. bergii
pirmga kartg Lietuvoje aptikta 2008 m. Gineitiskiy ezere, ruSis sudaré
nezymig biomasés dalj (0,26 mg/l; Koreivien¢, Kasperovi¢ieng,
2011). S. aphanizomenoides pirma karta Lietuvoje aptikta Sio tyrimo
metu. Jiezno eZere rusies biomasé sieké 1,03 mg/l, Sirvio eZere
aptikti tik pavieniai individai. DaZniausiai minétos svetimzemés
rasys aptinkamos mazais kiekiais ir Europos eZzeruose (Stiken et
al., 2006; Ledreux et al., 2010; Kokocinski, Soininen, 2019). Taciau
panasu, kad S. aphanizomenoides greitai jsitvirtina naujose
buveinése, o biomasé gali siekti iki 22,3 mg/l (iki 62 % bendros
fitoplanktono biomasés) (Budzynska, Gotdyn, 2017). Eksperimenty
rezultatai parodé didesnj abiejy rii$iy augimo greitj prie aukstesniy
temperattry, taciau S. aphanizomenoides geba vystytis platesniame
temperattros diapazone (20-30 °C) lyginant su C. bergii (26-30
°C). PanaSius rezultatus paskelbé Mehnert et al. (2010), S.
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aphanizomenoides kamienams optimali augimo temperatiira
nustatyta 29 °C, C. bergii — 26 °C.
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6 pav. Cianotoksiny ir neribosominiy peptidy kiekio ir aplinkos
veiksniy tarpusavio sagveika, pritaikius daugiamatés statistikos
(RDA) analize.

Aplinkos veiksniai: T — pavir§inio vandens sluoksnio temperatira; N:P —
mineralinio azoto ir fosforo atominis santykis; IP — mineralinis fosforas; L —
$viesos intensyvumas. Antriniai metabolitai: STX — saxitoksinas; ATX-a —
anatoksinas-a; MCs — mikrocistinai; APs — anabaenopeptinai; AERs —
aeruginozinai; CPs — cianopeptolinai, MRs — mikrogininas.

Fig. 6. Redundancy analysis (RDA) biplot showing interaction
between environmental factors as explanatory variables and
cyanotoxins also bioactive NRPs amount.

Environmental variables: T — surface water temperature; N:P — atomic
ratio of inorganic nitrogen and phosphorus; IP — inorganic phosphorus; L —
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illumination. Secondary metabolites: STX — saxitoxin; ATX-a — anatoxin-
a; MCs — total microcystins concentration; APs — anabaenopeptins; AERs —
aeruginosins; CPs — cyanopeptolins, MRs — microginins.

Svarbu nustatyti ne tik globalaus atSilimo poveikj skirtingy
melsvabakteriy risiy dominavimui, bet ir jy ,,zydéjimy* toksiskumui.
Temperatiira néra reikSmingas veiksnys cianotoksiny koncentracijai
tirtuose ezeruose ir teigiamai koreliavo tik su ATX-a kiekiu (6 pav.).
Ekperimenty rezultatai parodé, kad temperatiira jtakojo P. agardhii
rusSies MC ir NRP sintezeg, didziausi toksiniy antriniy metabolity
kiekiai biomaséje nustatyti prie Zemesniy 18-24 °C temperatiiry.
Liirling ir kt. (2017), Bui ir kt. (2018) nustaté, kad temperatiirai
didéjant MC koncentracija Microcystis kamieno biomasé¢je mazéjo.
Taciau Gianuzzi ir kt. (2016) rezultatai parodé didesnj vidulgstelinio
MC kiekj M. aeruginosa kamiene prie 29 °C temperattros nei esant
26 °C.

2.4.2. Maistiniy medziagy poveikis vandens ,,Zydéjimus™ formuojanéiy risiy
augimui ir cianotoksiny produkcijai

Fosforas ir azotas kontroliuoja vandens ,,zydéjimy“ procesus ir jy
intesyvuma (Paerl et al., 2008; Paerl, Huisman, 2009). Sirvio eZero
fitoplanktone dominuojanti Planktothrix agardhii intensyviai vystési
esant Pmin koncentracijoms 0,011-0,052 mg P/l ir Nmin 0,17-0,33 mg
N/I. Kity $altiniy duomenimis, P. agardhii Europos ezeruose
dazniausiai dominuoja esant Pmin koncentracijoms 0,020-0,158 mg
P/1 (Yéprémian et al., 2007; Toporowska et al., 2018). Panasiis
duomeys gauti eksperimentiniuose tyrimuose, kurie parodé, kad
didziausias S§ios riSies augimo greitis buvo esant eutrofinéms-
hipertrofinéms salygoms ir N:P santykiui 30:1.

Jiezno ezere dominuojanti Aphanizomenon gracile vystési esant
Pmin koncentracijoms 0,021 mg P/I, ir Nmin 0,070 mg N/I. Nustatytas
statistiSkai reikSmingas teigiamas rySys tarp Pmin Ir A. gracile
biomasés tirtuose ezeruose (7 pav.). A. gracile augimo greitis
palaipsniui didéjo did¢jant Pmin koncentracijai eksperimentinémis
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salygomis, tac¢iau N:P santykis nebuvo reik§mingas (8 pav.). Dolman
ir kt. (2012) rezultatai parodé, kad A. gracile augo vienodai gerai
placiose N ir P koncentracijy ribose, tod¢l tikétina, kad rusis yra
prisitaikiusi prie skirtingy aplinkos salygy.
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7 pav. Cianotoksinus produkuojanciy melsvabakteriy risiy biomasés
ir aplinkos veiksniy tarpusavio sgveika, pritaikius daugiamatés
statistikos (RDA) analize.

Fig. 7. Redundancy analysis (RDA) biplot showing interaction
between the environmental factors as explanatory variables and
potential toxin producing cyanobacterial species biomass.
Environmental variables: T — surface water temperature; N:P — atomic
ratio of inorganic nitrogen and phosphorus; IP — inorganic phosphorus; L —
illumination.

Species: Mic. aer — Microcystis aeruginosa; Mic. flos — Microcystis flos-
aquae; Mic. vir — Microcystis viridis; Wor. com — Woronichinia compacta;
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Wor. nae — Woronichinia naegeliana; Aph. gra — Aphanizomenon gracile;
Sph. aph — Sphaerospermopsis aphanizomenoides; Dol. cra -
Dolichospermum crassum; Dol. lem — Dolichospermum lemmermanii; Aph.
flos — Aphanizomenon flos-aquae; Cus. iss — Cusspidothrix issatschenkoi;
Raph. med — Raphidiopsis mediterranea; Cyl. rac — Cylindrospermopsis
raciborskii; Pla. lim — Planktolyngbya limnetica; Lim. pla — Limnothrix
planctonica; Lim. red — Limnothrix redekei; Pla. aga — Planktothrix
agardhii.
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8 pav. Skirtingy maistiniy medziagy koncentracijy ir N:P santykio
poveikis vietiniy ir svetimzemiy riiSiy augimo greiciui prie 24 °C
temperaturos.
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Fig. 8. Growth rates (day™?) of native and alien cyanobacteria species
cultured under different nutrient concentrations and N:P ratio at 24
°C.

Maistiniy medziagy eksperimentas parodé, kad Pmin buvo
reik§mingas veiksnys Sphaerospermopsis aphanizomenoides augimo
greiCiui; teigiamas poveikis S$iai raSiai buvo didesnis nei
Chrysosporum bergii. Remiantis Sabour ir kt. (2009) atliktais
eksperimentais, S. aphanizomenoides taip pat pasieké maksimaly
augimo greit] prie didesniy maistiniy medziagy koncentracijy.
Budzynska, Goldyn (2017) fitoplanktono tyrimai patvirtino, kad S.
aphanizomenoides  pasizymi  dideliu  poreikiu  maistinéms
medziagoms. Kokocinski, Soininen (2019) gamtiniai tyrimai parodé,
kad C. bergii geriau vystosi eZeruose, esant didesnéms fosforo
koncentracijoms. Taciau, Siame darbe atlikti eksperimentai neparodé
Sios riiSies reikSmingo augimo skirtumo prie didesniy maistiniy
medziagy kiekio.

Pagal stoichometrijos teorija (Van der Waal et al., 2014), N ir/ar
P trikumas lemia konkre¢iy antriniy metabolity sintezg, taciau
maistiniy medziagy pertekliaus salygoms produkuojamus junginius
yra sunkiau nuspéti. Kai kurie tyrimai parodé¢, kad esant dideliam N
kiekiui, tikétinas toksiSkesnis vandens ,,zydéjimas®, nes tokioje
aplinkoje skatinamas toksiniy kamieny augimas (Vézie et al., 2002)
ir nustatytos didesnés MC sintezés galimybés (Welker et al., 2007;
Davis et al., 2010) Tyrimy rezultatai Sirvio ir Jiezno eZeruose
parodé, kad N:P santykis buvo reikSmingas veiksnys cianotoksiny ir
biologiskai aktyviy NRP kiekiui (6 pav.) ir neigiamai koreliavo su
MC, dmMC-RR, dmMC-LR, AP ir AER. Panasios tendencijos
gautos iStyrus Planktothrix agardhii kamienus eksperimenty metu;
nustatytas neigiamas rySys tarp Pmin koncentracijos ir dimMC-RR, AP
bei CP kiekiu (r = -0,86, r = -0,81 and r = -0,85, p < 0,05,
atitinkamai).

Fosforo koncentracija kartu su kitais aplinkos veiksniais galimai
gali reguliuoti STX sinteze (Kellmann et al., 2008). Sio tyrimo
gamtinés medZziagos rezultatai parodé, kad STX kiekis teigiamai
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koreliavo su Pmin koncentracijomis. Taciau atlikta regresiné analizé
su eksperimenty duomenimis neatskleidé rySio tarp Aphanizomenon
gracile augimo greicio, Pmin koncentracijy, N:P santykio su STX
koncentracijomis.

2.5. Aplinkos veiksniy poveikis tarprii§inei konkurencijai

Gélavandenése ckosistemose eutrofikacija ir klimato Silt¢jimas
melsvabakteriy bendrijas veikia kartu (O’Neil et al., 2012), todél
eksperimentiniai tyrimai, apjungiantys abiotinius ir biotinius
veiksnius, leisty jvertinti bendra poveikj vandens ,,zydéjimy‘
formavimuisi. Siekiant atskleisti vietiniy vandens ,,zZydéjimus*
sukelian¢iy ir svetimZzemiy melsvabakteriy riiSiy konkurencijos
ypatumus, sumaiSytos dviejy skirtingy melsvabakteriy kamieny
kultiiros  augintos esant skirtingoms maistiniy medziagy
koncentracijoms, bidingoms eutrofiniams ir hipertrofiniams
vandnens telkiniams dabartinio (20 °C) ir Siltéjancio (24 °C) klimato
salygomis.

Eksperimentinis tyrimas patvirtino, kad maistiniy medziagy
koncentracija turéjo didziausig poveikj skirtingy rusiy biomasés
kiekiui ir tarpraSinei konkurencijai (Fq, 1120 = 29,50, p < 0,001),
taciau atskirais atvejais temperatiira ir konkreti rasis buvo svarbiis
veiksniai (Fq, 112) = 23,10, p < 0,001 ir Fg, 112 = 14,02, p < 0,001,
atitinkamai). Eksperimentiniai tyrimai parod¢, kad N ir P
koncentracijos gali lemti dominuojanéiy vietiniy raSiy biomasés
poky¢ius, t.y. A. gracile nukonkuruoty P. agardhii esant maistiniy
medziagy trikumui. Dolman ir kt. (2012) nurodo, kad abi rusys
intesyviai augo pla¢iose maistiniy medziagy koncentracijy ribose. A.
gracile gali fiksuoti molekulinj azota, o P. agardhii kaupia
mineralinius N ir P junginius biomaséje, tokiu biidu gali augti
aplinkoje esant maistiniy medziagy trakumui (Reynolds, 2006; Van
de Waal et al., 2010).

Ma et al. (2015) nustaté, kad alelopatija gali lemti dominuojanciy
melsvabakteriy rtsiy sezoninius pokycius. Kiti tyréjai taip pat jrodé
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antriniy metabolity svarbg tarpriisinei melsvabakteriy konkurencijai
(Rzymski et al., 2014; Ma et al., 2015; Briand et al., 2018). Sio
eksperimeno metu pirmg kartg buvo nustatytas vietiniy A. gracile
melsvabakteriy slopinantis poveikis P. agardhii ir svetimZemiy S.
aphanizomenoides, C. bergii rG§iy augimui. RaSiy konkurencijos
eksperimentas skirtingomis abiotinémis sglygoms tiksliau atspindéjo
situacijg ezeruose nei eksperimentai su monokultiiromis ir atskleidé,
kad vidutiniy platumy ezeruose paplitusi A. gracile gali slopinti
svetimzemiy rusiy jsikiirima.

ISVADOS

1. Sirvio ir Jiezno ezeruose melsvabakteriy biomasé (iki 29,2 ir 24,7
mg/l, atitinkamai) virSijo maudykloms leistinas didziausias
koncentracijas, atitinkancias auk$ta pavojaus lygi. RaSys,
priklausancios Nostocales ir Oscillatoriales eiléms, formavo vandens
»zydéjimus®  liepos—rugséjo/spalio mén. Aptikta devyniolika
potencialiai cianotoksinus produkuojanciy riiSiy, kuriy bendra
biomasé fitoplanktone sudaré iki 76-98 %. Planktothrix agardhii
dominavo (iki 28,1 mg/l) Sirvio eZere, vandens ,zydéjima* Jiezno
ezere formavo Aphanizomenon gracile (iki 12,7 mg/l), Limnothrix
planctonica (iki 7,5 mg/l) ir Planktolygbya limnetica (iki 5,5 mg/l).

2. Maksimalios atskiry vidulasteliniy cianotoksiny koncentracijos
tirtuose ezeruose  nevirSijo  rekomenduojamy  reikSmiy
gelavandeniams telkiniams, taCiau nustatytas suminis cianotoksiny
kiekis gali buti pavojingas zmoniy sveikatai ir biotai.
Hepatotoksinams priklausan¢iy mikrocisting (MC) koncentracija
rugséjo/spalio ménesiais Sirvio eZere sieké 16,72 pg/l (dominavo
dmMC-RR), o Jiezno eZere sudaré 0,96 pg/l (dominavo MC-RR
variantas). DidZiausios neurotoksiny grupés saksitoksino (STX, 1,06
pg/l) ir anatoksino-a (ATX-a, 0,97 ug/l) bei citotoksino
cilindrospermopsino (CYN, 0,38 ug/l) koncentracijos nustatytos
liepa/rugpjiiti. Bendras neribosominiy peptidy (NRP) kiekis Sirvyje
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buvo 3,5 karto didesnis nei Jiezno ezere. STX, ATX-a, CYN ir NRP
pirma karta nustatyti Lietuvos ezeruose.
3. Gamtinés medziagos analizé ir izoliuoty kamieny tyrimai
patvirtino, kad Planktothrix agardhii ir Aphanizomenon gracile yra
pagrindiniai cianotoksiny MC ir STX produkuotojai, atitinkamai.
mcyE genas aptiktas 93 % tirty P. agardhii kamieny. SxtA genas ir
STX sintezé nustatyta 17 % tirty A. gracile kamieny. MC
produkuotojais taip pat patvirtinti Microcystis viridis, M. aeruginosa
ir M. flos-aquae kamienai. NRP sintetino A. gracile,
Dolichospermum lemmermannii, P. agardhii ir Microcystis spp.
rasims. ATX-a produkuotojai nebuvo nustatyti. Tirtuose eZeruose
aptiktos svetimzemés rasys Sphaerospermopsis aphanizomenoides,
Raphidiopsis mediterranea, Chrysosporum bergii buvo netoksinés.
4. Vietiniy melsvabakteriy rasiy augimo greitis buvo panaSus
eksperimentiskai  testuoty temperatiry ribose (18-30 °C).
SvetimZzemés rusys greifiausiai augo prie auks$c¢iausy temperatiiry,
tac¢iau Sphaerospermopsis aphanizomenoides vystymuisi buvo
palankus platus 20-30 °C temperatiry diapazonas. Aphanizomenon
gracile ir S. aphanizomenoides augimo greitis buvo didZiausias
nepriklausomai nuo testuoty maistiniy medziagy koncentracijy,
mazesnis greitis nustatytas Chrysosporum bergii. Visy tirty rasiy
augimo greitis teigiamai koreliavo su Pmin koncentracija, tik
Planktothrix agardhii buvo jautri maistiniy medziagy trikumui ir
mazam N:P santykiui.
5. StatistiSkai reikSminga neigiama koreliacija nustatyta tarp
temperatiros ir MC bendros koncentracijos bei NRP kiekio
Planktothrix agardhii biomas¢je eksperimentiniuose tyrimuose. STX
kiekis Aphanizomenon gracile kamieno biomaséje nekoreliavo su
tirtomis temperatiiromis ir maistiniy medziagy koncentracijomis.
6. Maistiniy medziagy koncentracija turéjo didesn¢ jtaka tarpriiSinei
konkurencijai nei temperatira ar rusies biologiniai ypatumai.
Vietinés Planktothrix agardhii ir Aphanizomenon gracile rtsys
konkuravo dél maistiniy medziagy. A. gracile slopino vietinés P.
agardhii ir svetimZemiy rG8iy augimg, o svetimzemé
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Sphaerospermopsis aphanizomenoides neigiamai veiké P. agardhii
vystymasi.

7. Gamtiniai ir laboratoriniai tyrimai atskleidé, kad Pmin Yyra
reikSmingesnis veiksnys melsvabakteriy augimui ir biomasés
formavimui lyginant su temperatira. Taciau abu veiksniai buvo
svarbils cianotoksiny ir NRP kiekybiniams ir strukttiros pokyciams.

SUMMARY
INTRODUCTION

Cyanobacteria are autotrophic ancient prokaryotes that form blooms
almost in all continents including Europe (Merel et al., 2010;
Meriluoto et al., 2017). Species from over the forty genera have
ability to produce cyanotoxins (Carmichael et al., 2001). Worldwide
blooms are recognized as a major water quality management issue
limiting water resource availability for drinking use, recreational
purposes (Carmichael et al., 2001), cause economic losses (Ho et al.,
2012) and posing serious health problems or even death to humans
and biota (Buratti et al., 2017). The toxicity of cyanobacteria bloom
depends on cyanobacteria species and their biomass, the ability to
produce toxic metabolites (Buratti et al., 2017) and number of toxic
individuals in the population (Kardinaal et al., 2007).

Global challenges such as climate warming and anthropogenic
eutrophication will primarily affect more vulnerable ecosystems such
as shallow temperate lakes stimulating harmful cyanobacteria
proliferation (Kosten et al., 2012). Increase of temperature and
nutrient concentrations have been suggested as top drivers that shift
cyanobacteria composition, amount as well as intensify bloom events
and alien species establishment (Pearl and Huisman, 2008; Carey et
al., 2012; Sukenik et al., 2015). Combined field and laboratory
experimental studies have revealed more accurate predictions
addressing ecological, physiological and molecular mechanisms of
cyanotoxin accumulation in freshwaters that are of primary
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importance for providing a solid background for practical
recommendations of bloom management (EI-Shehawy et al., 2012;
Humbert and Fastner, 2017).

Aim: To investigate diversity, biomass dynamics of potentially toxic
bloom-forming cyanobacteria and cyanotoxins profile variations in
response to environmental variables under field and laboratory
experimental studies.

Objectives:

1. To investigate the diversity and biomass dynamics of
potentially toxic bloom-forming cyanobacteria in two
shallow eutrophic lakes.

2. To study qualitative and quantitative variations in
cyanotoxins and bioactive non-ribosomal peptides during
cyanobacteria vegetation period.

3. To identify cyanobacteria species responsible for cyanotoxin
production and evaluate the proportion of toxic/non-toxic
genotypes in the studied lakes.

4. To determine experimentally, the significance of temperature
and nutrient availability on the growth of native and alien
cyanobacteria strains, the contents of cyanotoxins and
interspecies competition.

Defence statements:

1. Single or a few potentially toxic cyanobacteria species
dominate and form intense blooms in summer and early
autumn in shallow eutrophic temperate lakes.

2. High diversity of potentially toxic cyanobacteria species
gives a broad profile of cyanotoxins and non-ribosomal
peptides in eutrophic lakes, however, dominant species
reflect prevalent toxic secondary metabolites.

3. Production of cyanotoxins and non-ribosomal peptides in
cyanobacteria are species and/or strain specific.
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4. Temperature and nutrients affect differently the growth rate,
production of cyanotoxins, non-ribosomal peptides and
interspecies competition of native and alien cyanobacteria.

Novelty of the work. The strength and novelty of this work is the
interrelation of field and laboratory experimental studies on local
cyanobacteria at strain level to investigate harmful blooms. The
study also diminishes disproportionality of knowledge on
cyanotoxins and bioactive non-ribosomal peptides in European
freshwaters providing a profile of toxic secondary metabolites.
Additionally, the data from the lakes sampled by standardized
manner of snapshot survey performed across 28 European countries
allowed to compare profile of cyanotoxins with those in other 135
lakes of the continent. The study substantially contributes to
guantitative and qualitative data on cyanotoxins of STX, ATX-a,
CYN and NRPS insufficiently studied Lithuanian freshwaters and
cyanobacteria strains. Up to 300 strains of potential toxic bloom-
forming native and alien species were isolated and tested for their
ability to synthesize cyanotoxins. The presence of listed cyanotoxins
and alien Sphaerospermopsis aphanizomenoides species in
Lithuanian freshwaters were recorded for the first time. It also
provides novel data on distribution, productivity and ability of toxin
production of recently expanded alien to Europe cyanobacteria
species disclosing their competitive abilities with native species and
possibility to establish into temperate lakes under changing
environmental conditions.

Relevance of the study. Recent global warming aggravates
anthropogenic eutrophication effect that subsequently intensifies
blooms in freshwater ecosystems making predictions, control and
management more complicated. The combined effect of climate
warming and eutrophication promoting blooms can be understood
applying complex field and laboratory experimental investigations.

Presentation of the results. The results were presented at three
international conferences. Four papers published and one under
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review that correspond to ISI Web of Sciene. Two scientific
publications were published in other periodical refereed journals.

Volume and structure of the dissertation. The dissertation
consists of the following chapters: Introduction, Literature Review,
Materials and Methods, Results, Discussion, Conclusions,
References (327 literature sources). Volume of the disseration is 122
pages, illustrated with 10 tables and 20 figures. The dissertation is
written in English with the summary in Lithuanian and English.
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1. MATERIALS AND METHODS

The object of the study was bloom-forming cyanobacteria and
production of cyanotoxins and bioactive non-ribosomal peptides
(NRPs).

Determination of physico-chemical parameters, chl-a and
phytoplankton analysis, isolation of cyanobacteria strains as well as
all experiments were carried out at the Nature Research Centre
(Lithuania).  Analysis of secondary metabolites structure
(cyanotoxins, quantitative analysis and NRPs evaluation using LC-
MS/MS) and molecular analysis (sequencing of 16S rRNA, PC-IGS
and sxtA gene) were performed at the Division of Marine
Biotechnology under supervision of Prof. Dr. Hab. H. Mazur-Marzec
(University of Gdansk, Faculty of Oceanography and Geography,
Poland). Cyanotoxin analysis and molecular analysis (qPCR
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analysis, detection of mcyE, anaC genes) were performed at the
Department of Food and Environmental Sciences under supervision
of Prof. K. Sivonen (University of Helsinki, Finland).

Study area. The study was carried out in two shallow eutrophic
water bodies: Lake Sirvys (54° 59' 16.27", 25° 12' 54.13") and Lake
Jieznas (54° 35' 33.67", 24° 10' 48.95") situated in Lithuania. Lake
Sirvys is assigned as problematic and Lake Jieznas is reffered as lake
with critical conditions water bodies due to past and present farming,
agriculture and urbanization (Balevic¢ius, 2009). Lakes are highly
important for the local communities used for recreation and fishing.

Surface water sampling and phytoplankton analysis.
Samplings and measurement of physico-chemical parameters were
performed from April to November in Lake Sirvys (2014 — 2015,
biweekly) and Lake Jieznas (2015, monthly). Chlorophyll-a (chl-a)
was evaluated using a fluorometer. Phosphorus and nitrogen and
their forms were analysed in ,,Vandens tyrimai‘. Air temperature and
precipitation data of Vilnius Meteorological Station were provided
by Lithuanian Hydrometeorological Service.

Surface water samples (n=34) were preserved with formaldehyde
and analyzed according to Olrik ir kt. (1998). Cyanobacteria species
were identified and classified, after Komarek and Anagnostidis
(1998; 2005), Koméarek (2013).

Water column sampling for phytoplankton and cyanotoxins.
To reveal the differences of cyanobacteria biomass and cyanotoxin
profile in the water column of Lakes Sirvys and Jieznas, the one per
lake integrated sample (n=2) was added to the surface water
sampling in August 2015. For phytoplankton analysis, the lake water
was fixed with Lugol’s solution and investigated by Utermohl’s
method (Utermdhl, 1958). Chl-a was evaluated by fluorometer. MCs,
CYN and ATX analysis were performed at dedicated laboratories in
the Netherlands and Germany. The detailed methodological
information is provided in Mantzouki et al. (2018a). The samplings
and analysis were performed by fully standardized manner for
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snapshot survey by implementing European Multi Lake Survey
project (Mantzouki et al., 2018b).

Isolation of cyanobacteria strains. Totally, 274 strains of 15
cyanobacteria species (potential cyanotoxin MCs, STX, ATX-a
and/or CYN producers) were isolated in order to reveal presence of
cyanotoxins, their genes, and for the experiments. The cultures were
maintained in MWC medium (Lebret et al., 2012) at 20°C, 30 pmol
m~2 st illumination and 12:12 day:night regime.

Analysis of cyanotoxins and non-ribosomal peptides.
Cyanotoxins and NRPs were analysed in cyanobacteria material
collected from lakes’ surface water layer (n=34) and in the biomass
of isolated strains (n=57). The extraction of MC, NRPs, ATX-a and
CYN was performed using 75% methanol. The STX was extracted
with a mixture containing ammonium formate buffer and acetonitrile
(95:5, v/v). The analysis was performed using liquid chromatography
tandem with mass spectrometer LC-MS/MS as described in
Grabowska et al. (2014) and Chernova et al. (2017). Data were
analysed using Analyst QS® 1.5.1 software.

Microcystin (mcyE) gene copy number evaluation in field
samples. For detection of specific to Planktothrix mcyE gene copy
number, the phytoplankton biomass from Lake Sirvys was collected
biweekly during April-October in 2014 on GF/F filters (n=13). The
DNA was extracted following PowerWater®DNA lIsolation Kit. The
quantification of mcyE gene was performed using quantitative real-
time PCR analysis according to Vaitomaa et al. (2003), Rantala et al.
(2006; 2008).

Aphanizomenon sensu lato strains molecular analysis. Due to
morphological similarities between Aphanizomenon sensu lato
species strains molecular analysis of partial 16S rRNA and PC-IGS
was performed in 22 strains belonging to A. gracile, A. flos-aquae, S.
aphanizomenoides. The DNA was extracted using FastDNA™ Spin
Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). For this work,
16S-23S rRNA fragment with internal transcribed spacer was
amplified according to Nibel et al. (1997), Lepére et al. (2000) and
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Koskenniemi et al. (2007). Amplification of the phycocyanin cpcB-
cpcA intergenic spacer was performed based on Neilan et al. (1995)
and partial saxitoxin synthetase gene, was amplified according to
Ballot et al. (2010a).

All PCR products were visualized by 1% 1 x TBE agarose gel
electrophoresis. The amplified products were purified with
Extractme® DNA clean-up Kit (Blirt S.A., Gdansk, Poland) and
sequenced (Genomed S.A., Warszawa, Poland). Nucleotide
sequences were submitted to the GenBank database.

mcyE or anaC gene analysis in strains. Strains (n=141) of P.
agardhii, Microcystis spp. ir Dolichospermum crassum species were
examined in order to check the presence of genes. The cultures
biomass was centrifuged at 8000 rpm for 6-12 min.. DNA was
extracted using E.Z.N.A SP Kit. The specific primers for mcyE gene
(Rantala et al., 2006; Vaitomaa et al., 2003) and anaC (Rantala-
Ylinen et al., 2011) detection were used. The amplified products
were separated on a 1% TAE agarose gel.

Experimental approach. The experiments were carried out to
assess impact of temperature, nutrients on cyanobacteria growth,
cyanotoxins and bioactive NRPs production, and species competitive
abilities. The experiments were performed with native and alien
cyanobacteria strains isolated from Lithuanian lakes (Table 1.). All
experiments were performed at the day cycle (16:8 light:dark) and
light intensity (~90 pmol m? s?) in growth chambers. The growth
rate was evaluated based on chl-a as a proxy of biomass using a
fluorometer every other day. An initial concentration 10 = 0.5 pg
chl-a L per strain was used. At the end of the experiments I and II,
each treatment triplicate (n=3) were mixed, centrifuged at 7000 rpm
and freeze-dried for evaluation of cyanotoxins and NRPs as
described above.

Experiment I: Temperature effect. Temperatures ranging from
18°C to 30°C with intervals of 2°C were tested to examine
temperature effect on growth of cyanobacteria strains, production of
secondary metabolites (toxins, bioactive NRPs) (Fig. 1., A). The
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cultures were maintained in MWC medium and acclimated for two
days prior the 14 day experiment.

Experiment Il: Nutrients effect. The effect of inorganic
nitrogen and phosphorus concentrations, their atomic ratio (N:P) on
growth rate of strains, production of cyanotoxins and bioactive NRPs
was examined. According to Wetzel (1983), tested phosphorus (P)
concentration 0.035 mg P L corresponded to mesotrophic lakes;
0.071 and 0.140 mg P L* — eutrophic; 0.255 and 0.51 mg P L —
hypertrophic (Fig. 1, B) temperate lakes. Nitrogen (N) was added in
the treatments according to N:P ratio of 7:1; 16:1 and 30:1. Before
12 days experiment, cyanobacteria strains were maintained for 3
days in MWC medium free of N and P elements at 24°C
temperature.

Experiment 1ll: Interspecies competition. Competitive
properties of native P. agardhii and A. gracile cyanobacteria species
(toxic strains) and their ability to cope with alien S.
aphanizomenoides and C. bergii species under current (20°C)
climate conditions and in predicted warming (24°C) and
eutrophication scenarios (P 0.140; 0.51 mg P L™ at N:P ratio of 30:1)
were assessed. Four strains, one of each tested species, were co-
cultured in pairs for 12 days for the evaluation of their biomass
changes (Fig. 1., C). The aliquot of 1 ml was removed from each
treatment every fourth day and preserved with formaldehyde and
cyanobacteria biomass was counted according to Olrik et al. (1998).
The strains were maintained for three days in MWC medium free of
N and P elements at respective temperatures prior the experiment.

Statistical analysis. General linear model (GLM) and the linear
regression analyses were processed using STATISTICA 6.0 and
Redundancy analysis (RDA) was performed by Brodgar 2.7.5.
softwares.
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2. RESULTS AND DISCUSSION
2.1. Cyanobacteria blooms and bloom-forming species

Since early 1980s proliferation of toxic cyanobacteria in Europe has
already been recognized as a growing problem (Skulberg et al.,
1984). Recently, harmful cyanobacteria blooms is a global problem,
therefore, the diversity and dynamics of cyanobacteria in
phytoplankton have been extensively investigated in freshwaters.
Still, some key questions are open and the recent cyanotoxin
poisonings in continent clearly illustrate serious health hazard to the
human population (Meriluoto et al., 2017).

Maximum total biomass of cyanobacteria in both lakes (up to
29.2 mg L in Lake Sirvys and up to 24.7 mg L in Lake Jieznas;
Fig. 2) was two times greater than high alert level threshold (12 mg
L) assessed to bathing waters (WHO, 2003). Similar or higher
biomass of cyanobacteria has been found in other Lithuanian (up to
30 mg L*; Kasperovi¢iené, 2007) and European lakes (up to 200 mg
L!; Dembowska, 2011; Humbert and Fastner, 2017; Stoyneva-
Gartner et al., 2017). Cyanobacteria comprised up to 98% of total
phytoplankton biomass during the blooms that appeared in summer
and/or autumn in the studied lakes. It is also in line with the studies
in Lithuanian freshwaters (50-96%; Kavaliauskiené, 1996;
Kasperovic¢iené et al., 2005) and in other European water bodies (>
90%; Yépremian et al., 2007; Grabowska et al., 2014). Nineteen
species of potentially toxic cyanobacteria belonging to Microcystis,
Dolichospermum, Woronichinia, Limnothrix, Aphanizomenon,
Planktothrix, Anabaenopsis, Cylindrospermopsis, Cuspidothrix,
Raphidiopsis, Sphaerospermopsis, Planktolyngbya were found in the
lakes. Planktothrix agardhii and Aphanizomenon gracile species
dominated in the studied shallow lakes. Those species are related to
frequently mixed shallow turbid eutrophic freshwaters (Haggqvist et
al., 2017).
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In Lake Sirvys, the biomass of P. agardhii reached up to 28 mg L’
1 (max. 97% of total phytoplankton biomass in September). In
eutrophicated German and Polish freshwaters, species forms the
highest biomass (from 15 to 70 mg L1) in autumn reaching up to 78—
100% of total phytoplankton biomass (Rucker et al., 1997,
Grabowska et al., 2014). Lake Jieznas is described as hypertrophic
lake, where cyanobacteria species Microcystis aeruginosa,
Aphanizomenon flos-aquae and Dolichospermum macrospora
dominate (Kavaliauskiené, 1996). These species have been replaced
recently by dominant Aphanizomenon gracile and prevailing
Limnothrix planctonica, Planktolygbya limnetica. Similar prevailing
species composition is also characteristic of shallow eutrophic Lake
from Poland (Zebek, 2006). Maximum A. gracile biomass was 12.7
mg Lt in August (max. 45% of total phytoplankton biomass) (Fig.
2). In other European lakes, A. gracile is frequent and dominant
species that form biomass up to 15-33 mg L™ and comprise up to
80% of total phytoplankton biomass (Ricker et al., 2007; Mischke
and Nixdorf, 2003).

2.2. The profile of cyanotoxins and non-ribosomal peptides

Meriluoto et al. (2017) have highlighted disproportionalities in the
knowledge about MCs versus other cyanotoxins in Europe.
Potentially toxic cyanobacteria species that dominated in the studied
lakes determined different profiles of cyanotoxins and their seasonal
variation. In general, concentrations of MCs, ATX-a and NRPs were
significantly higher in Lake Sirvys along cyanobacteria growth
season, whereas STX occurred mainly in August and the
concentrations were similar in both lakes (Fig. 3). ATX-a, STX and
bioactive NRPs were detected in inland water bodies of Lithuania for
the first time. The previous few studies on cyanotoxins have been
focused on assessment of MCs (Kasperoviciené et al.,, 2005;
Kasperovic¢iené, 2008).
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MCs producing cyanobacteria blooms have been described in
eighty countries worldwide (Catherine et al., 2017). Concentrations
of MCs in Europe usually found in the range of 0.1-10 pg L™ (Greer
et al., 2016; Pitois et al., 2018) and in the scums can reach 2800 ug
L (Faassen and Lirling, 2013). MCs were detected from April to
November in Lake Sirvys and constituted up to 16.72 pug Lt (average
5.63 + 6.14 pg L?), whereas hepatotoxins were detected in Lake
Jieznas from June to September with the maximum concentration
0.96 pg Lt (average 0.59 + 0.34 pg L?). In the studied Lithuanian
lakes, MCs concentrations in summer and autumn vary from 0.25 to
1.71 pg L (Kasperoviciené et al., 2005; Kasperovicien¢, 2008).

It is crucial to determine not only the total MCs concentration, but
also to reveal the profile as contribution of particular MC variant to
bloom toxicity is not similar (Faassen and Lurling, 2013). Five
different variants of MCs were detected in the studied lakes: MC-
YR, dMMC-RR, MC-RR, dmMC-LR and MC-LR (Fig. 3.). In Lake
Sirvys, less toxic dmMC-RR was the dominant variant with
maximum value reached up to 16.00 pg L* that comprised 96% of
total MCs concentration. In Lake Jieznas, the prevailing variant was
MC-RR with maximum value 0.81 pg L? that comprised 84% of
total MCs concentration. The most toxic MC-LR was up to 0.15 pg
L and did not exceed the recommended guideline 20 pg L* for
bathing waters (WHO, 2003). MCs typically co-occur with other
bioactive NRPs and never occur alone (Janssen, 2019). This
coincided with the data of the current study, where MCs production
coupled with higher relative amount of bioactive NRPs with the most
common APs and AERs in the studied Lake Sirvys. Similarly, MCs,
APs, AER and planktocyclin were prevailing in field samples with
dominant Planktothrix agardhii (Grabowska et al., 2014). P.
agardhii extract rich in MCs, APs and AERs is found to be toxic to
zooplankton (Pawlik-Skowronska et al., 2019). Thus, non-ribosomal
oligopeptides, other than MCs, has an essential contribution to the
toxicity to invertebrates and their toxic effect can vary depending on
the profile of secondary metabolites.
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Neurotoxins are much less common compared to MCs. ATX-a
and/or homo-ATX-a are more often recorded than ATX-a(s) and
STX (Meriluoto et al., 2017). Despite low quantities of neurotoxins
(ATX-a up to 0.97 pug LT and STX up to 1.06 pug L7, they
contributed to the toxicity of blooms in the studied lakes mainly in
the summer months (Fig. 3). In Europe, the ATX-a has been detected
at higher concentrations up to 2.19 ug L (Carrasco et al., 2007;
Dolman et al., 2012; Toporowska et al., 2016; Pitois et al., 2018).
Usually, STX has been recorded in the continental freshwaters up to
2.5 ug L% max. 26.1 pg L in Spain (Wormer et al., 2011; Gkelis
and Zaoutsos, 2014; Stoyneva-Gartner et al., 2017; Pitois et al.,
2018). There are no guidelines for neurotoxins in Europe; however,
concentrations of neurotoxins in Lithuanian lakes did not exceed
recommended alert values for STX — 3 pg L*? (Fitzgerald et al.,
1999) and for ATX-a 1 pug L (Fawell et al., 1999).

The major part of investigations usually is focused on one type of
cyanotoxin (Meriluoto et al., 2017). The pioneering large-scale
research on profile of various cyanotoxins (MCs, CYN and ATX) in
integrated water column samples across Europe have revealed that
total concentration of toxins is below 1 pg Lt in 75% out of 137
lakes (Mantzouki et al., 2018b). The integrated water samples from
Lakes Sirvys and Jieznas were taken and analysed by standard
method as well. The profiles of cyanotoxins in the integrated water
samples compared to the surface samples were similar in Lake Sirvys
(6.62 pg L and 4.83 pg L%, respectively) and Lake Jieznas (1.85 pg
L' and 2.10 pg L7, respectively). The profile of cyanotoxins in Lake
Sirvys was similar to other Lithuanian lakes, where MCs dominated
(Fig. 4.). The dmMC-RR was the most often detected and abundant
among five MCs variants recorded. It is in agreement with the data
from other European lakes (Mantzouki et al., 2018b), where dmMC-
RR is rare, but shows the highest concentrations in the profile of
tested cyanotoxins. According to Mantzouki et al. (2018b), the most
abundant are MC-YR and dmMC-LR, followed by MC-LR and
suggested that risk assessment should be broaden to address not only
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MC-LR. Cytotoxin CYN (0.03-0.38 pg L) was detected in the
integrated samples from Lakes Sirvys and Jieznas. Although ATX
have also been detected in 52 other European lakes (Mantzouki et al.
2018b), neurotoxin concentration (1.33 pg L?) in Lake Jieznas was
the highest.

2.3. Producers of cyanotoxins and non-ribosomal peptides

Bloom-forming cyanobacteria species are distinguished by
different abilities to produce toxic and bioactive compounds. The
current study determined seasonal dynamics of mcyE synthetase gene
copy number of Planktothrix agardhii in the environment samples
that mainly concur with the species biomass and MCs concentration
(Fig. 5., A). Similarly, high positive correlation between P. agardhii
biomass and total MCs concentration has been observed in some
other European lakes (Dolman et al., 2012; Papadimitriou et al.,
2013; Grabowska et al., 2014). The obtained results can be explained
due to findings of high 93% proportion of toxic P. agardhii strains
(Fig. 5., B). This is consistent with Kurmayer et al. (2004) and
Yéprémian et al. (2007), where 88% and 52% rate of toxic P.
agardhii strains has been detected.

A total of 274 strains of 15 species were tested for the presence of
cyanotoxins and NRPs in the current study. Planktothrix agardhii
was confirmed as the main MCs producer, because most isolates
contained mcyE synthetase gene. Microcystis aeruginosa, M. flos-
aquae and M. viridis were confirmed as MCs producers in tested
strains. In general, P. agardhii and Microcystis spp. strains were able
to produce four MCs variants that were also determined from the
biomass in studied lakes: dmMC-RR, MC-RR, dmMC-LR and MC-
YR.

High amount of NRPs in Lake Sirvys environmental samples
were detected with the dominant APs and AERs which production
for Planktothrix agardhii was confirmed based on strain analysis.
The strains of Aphanizomenon gracile, Dolichospermum
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lemmermannii, Planktothrix agardhii and Microcystis spp. were rich
in NRPs but a particular oligopeptide production was species and
strain specific. Similarly, great variety of bioactive compounds was
confirmed to those species in other studies with exception for A.
gracile (Grabowska et al., 2014; Harke et al., 2016; Kurmayer et al.,
2016; Sivonen and Borner, 2008; Welker et al., 2004).

The neurotoxin STX concentrations coincided with the greatest
biomass of A. gracile in the lakes. A. gracile is well recognized STX
producer in European freshwaters (Pereira et al., 2004; Ballot et al.,
2010a; Ledreux et al., 2010). In the current study, 123 strains from
different species were tested for neurotoxins, but STX synthesis was
confirmed only for A. gracile of which 17% (of 63 tested strains)
contained sxtA synthetase gene. Similar data have been obtained for
A. gracile strains from German lakes (Ballot et al., 2010a). The
producer of ATX-a was not confirmed for strains of various
cyanobacteria species tested. In the current study, alien species
Sphaerospermopsis aphanizomenoides, Chrysosporum bergii and
Raphidiopsis mediterranea were not determined as producers of
cyanotoxins, even they are known able to synthesise toxins
(Schembri et al., 2001; Namikoshi et al., 2003; Sabour et al., 2005;
Ledreux et al., 2010).

2.4. Environmental variables important for proliferation of
native and alien cyanobacteria and production of
cyanotoxins

The most important recent challenges are warming and
anthropogenical eutrophication (Huisman et al., 2018). Temperature
rise will have a significant influence on already existing
phytoplankton communities and support alien species establishment
(Sukenik et al., 2012). Over-enrichment of nutrients during recent
decades accelerate  eutrophication processes resulting in
cyanobacteria community changes and proliferation of harmful
blooms (Huisman et al., 2005; Paerl and Fulton, 2006). Combination
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of field and experimental studies are critical for further
understanding of environmental variable role in harmful algae bloom
trends (Heisler et al. 2008). Therefore, the experimental part of the
current study brought to light how changes in nutrients (IP, IN, N:P)
and temperature rise affect the growth rate of particular dominant in
the studied lakes native bloom-forming species (Planktothrix
agardhii and Aphanizomenon gracile), the production of toxins and
the alien cyanobacteria  estabishment (Sphaerospermopsis
aphanizomenoides and Chrysosporum bergii).

2.4.1. Temperature effect on bloom-forming species growth and cyanotoxin
production

In Europe, during the last decade the temperature has increased by
1.3 + 0.11°C (Kovats et al., 2014) and is expected to rise by 4°C
close to 2100 (Brown and Caldeira, 2017). It causes concern
associated with formation of cyanobacteria blooms and alien species
distribution, also success of their establishment in new habitats.
Experimental study showed that the temperature had a significant
effect on the tested cyanobacteria growth rate (Fe161) = 15.83, p <
0.001). The field study and monoculture laboratory experiments
revealed similar growth characteristics of native P. agardhii and A.
gracile under wide range of temperatures. In the studied lakes,
during summer and autumn both species appeared at temperature
range of 7.9-26.1°C that is in agreement with similar range of
temperature (10.3-22.6°C) in other temperate lakes (Mischke and
Nixdorf, 2003; Toporowska et al., 2010, 2016; Karosiené et al., 2019
under review). According to other researches, 27°C optimal
temperature for P. agardhii (Lurling et al., 2013; Gomes et al., 2015)
and 28°C for A. gracile (Mehnert et al., 2010) strains have been
assessed.

Sphaerospermopsis aphanizomenoides and Chrysosporum bergii
are less studied alien cyanobacteria species recently dispersed to
Europe (Meriluoto et al., 2017; Kokocinski and Soininen, 2019), and
Lithuanian lakes are the northernmost occurence point of both
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species (Koreiviené and Kasperoviciené, 2011; Savadova et al.,
2018). C. bergii has been recorded since 2008 in Lithuanian Lake
Gineitiskés with low up to 0.26 mg L biomass (Koreiviené and
Kasperovi¢iené, 2011). S. aphanizomenoides was detected in
Lithuania for the first time during this study, where it formed the
highest biomass up to 1.03 mg L* in Lake Jieznas and single
individuals in Lake Sirvys. Usually these species are found in small
amounts in different European lakes (Stuken et al., 2006; Ledreux et
al., 2010; Kokocinski and Soininen, 2019). However, S.
aphanizomenoides seems to be established in the new habitats and
forms biomass up to 22.3 mg L' (comprised 62% of total
phytoplankton biomass) (Budzynska and Gotdyn, 2017). The
experimental results have shown greater growth rate of both
species under higher temperatures, however, temperature range
favourable for growth of S. aphanizomenoides was wider (20—
30°C) compared to C. bergii (26-30°C). The results are in
agreement with the findings by Mehnert et al. (2010), where
optimum growth temperature for S. aphanizomenoides has been
determined 29°C and for C. bergii 26°C.

It is crucial to evaluate not only the impact of global warming on
formation of cyanobacteria blooms, but also on bloom toxicity. In the
studied lakes, temperature was not determined as a significant factor
for variation of cyanotoxins concentrations and only a positive
correlation with ATX-a was found (Fig. 6.). The laboratory
experiments with species monocultures revealed that temperature
was important for MCs and NRPs production by P. agardhii as a
higher amount of toxins was detected under the lower tested
temperatures 18-24°C. This coincide with Lirling et al. (2017) and
Bui et al. (2018), who have revealed a decline of MCs concentration
in Microcystis at warmer temperatures. However, it is in contrary to
the Gianuzzi et al. (2016) results, were higher MCs cell quota in M.
aeruginosa strain has been detected at 29°C than at 26°C.
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2.4.2. Effect of nutrients on bloom-forming species growth and cyanotoxin
production

Phosphorus and nitrogen control the occurrence and intensity of
the blooms (Paerl et al., 2008; Paerl and Huisman, 2009).
Planktothrix agardhii was the single dominant that formed prolonged
bloom in Lake Sirvys, where IP ranged from 0.011 to 0.052 mg P L™
and IN from 0.17 to 0.33 mg N L. Similarly, the species tend to
dominate at IP concentrations 0.020-0.158 mg P L™ in other
European lakes (Yéprémian et al., 2007; Toporowska et al., 2018).
The current experimental study proved that species growth was the
best under eutrophic-hypertrophic conditions at N:P ratio 30:1.

Another native species Aphanizomenon gracile was the dominant
in Lake Jieznas, when IP was 0.021 mg P L, and IN concentration
0.070 mg N L. Statistical analysis in the studied lakes and nutrients
experiment showed that IP had the strongest possitive relationship to
biomass of A. gracile (Fig. 7.). A. gracile growth rate gradually
raised with increasing IP concentrations, however, N:P ratio effect
was insignificant (Fig. 8.). According to Dolman et al. (2012), A.
gracile grow well over a wide range of N and P, suggesting that
species is highly adapted to various environmental conditions.

The nutrients experiment revealed that IP was significant factor
for Sphaerospermopsis aphanizomenoides growth rate increase and
the effect was greater than for Chrysosporum bergii. This is in
agreement with Sabour et al. (2009), who have shown experimentaly
the maximum growth rate of S. aphanizomenoides under the highest
nutrients concentrations. This also supports the findings by
Budzynska and Goldyn (2017) from the field studies as S.
aphanizomenoides is characterized as high nutrient demand species.
The analysis of environmental studies performed by Kokocinski and
Soininen (2019), also have shown C. bergii preference of higher total
phosphorus concentration. However, the performed experiments in
the current study revealed species indifference to the increase of
nutrients.
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Stoichiometric theory (Van der Waal et al., 2014) have stated that
N and/or P limitation cause production of different type of secondary
metabolites. Several studies have suggested that under N enrichment
conditions, toxic blooms are more expected due to faster growth of
toxic strains than non-toxic (Vézie et al., 2002) and higher MCs
production (Welker et al., 2007; Davis et al., 2010). The studies in
Lakes Sirvys and Jieznas revealed that N:P ratio was a significant
factor for the amount of cyanotoxins and bioactive NRPs (Fig. 6),
and correlated negatively with total MCs, dmMC-RR, dmMC-LR,
APs and AERs. Similarly, experimental testing of Planktothrix
agardhii demonstrated strong negative relationship of IP
concentration and the amount of dmMMC-RR, APs and CPs (r = -0.86,
r=-0.81 and r = -0.85, p < 0.05, respectively).

Kellmann et al. (2008) concluded that availability of phosphate
and other environmental factors probably regulate STX production.
The results of the current study showed that STX positively
correlated with IP concentration in field samples. The regression
analysis did not reveal a relationship of Aphanizomenon gracile
growth rate, IP concentrations, N:P ratio to STX concentrations
during experiments.

2.5. Combined effect of environmental factors on
interspecies competition

Eutrophication and climate warming simultaneously affect
cyanobacteria community in natural ecosystems (O’Neil et al.,
2012), therefore, more complex controlled experimental systems
with multiple factors and mixes of species could give better
understanding about the role of abiotic and biotic variables for the
harmful algae blooms. In order to elucidate competitive abilities
between native bloom-forming and alien cyanobacteria species in
studied lakes, strains were co-cultured under eutrophic and
hypertrophic conditions at ambient (20°C) and warming scenario
(24°C) simultaneously.
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The performed experiments revealed that nutrient concentration
had the greatest effect on species biomass formation and interspecies
competition (Fq, 112) = 29.50, p < 0.001), but temperature and species
origin were important at some extent also (F, 112 = 23.10, p < 0.001
and F(3 112 = 14.02, p < 0.001, respectively). Experiments of the
similar type are very limited, therefore, the obtained results are
further compared to the data from field studies. The multi-lake study
performed by Rigosi et al. (2014) has proved nutrients as a more
powerful predictor of cyanobacterial biomass than temperature.

In the performed experiment, native P. agardhii and A. gracile
species competed mainly for nutrients. It is likely that nutrients
predetermined the dominant species and P. agardhii would be
outcompeted by A. gracile under nutrients limited conditions.
According to Dolman et al. (2012), both species grow well over a
wide range of N and P concentrations, however, A. gracile forms the
highest biomass at high nitrogen relative to phosphorus
concentration. Non-diazotroph P. agardhii is able to store N and P
(Reynolds, 2006; Van de Waal et al., 2010) and this way withstand
nutrient limitation periods.

Ma et al. (2015) have found that allelopathic effect is likely to
play a role in driving the seasonal alteration of dominant
cyanobacteria species. Several studies has been proved importance of
secondary metabolites to interspecies competition among
cyanobacteria (Rzymski et al., 2014; Ma et al., 2015; Briand et al.,
2018). It was first time demonstrated that native A. gracile
cyanobacteria suppressed biomass formation of native P. agardhii
and both alien species likely due to alelopathic effect. Competition
more accurately than monoculture experiments reflected the situation
in the lakes, showing that alien species establishment was mainly
suppressed by native species.
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CONCLUSIONS

1. Cyanobacteria biomass in Lakes Sirvys and Jieznas exceeded high
alert level for bathing waters (up to 29.2 and 24.7 mg L%,
respectively) and species belonging to the Nostocales and
Oscillatoriales formed blooms from July to September/October.
Nineteen species of potential cyanotoxin producers altogether
constituted up to 76-98% of total phytoplankton biomass.
Planktothrix agardhii was a single dominant (up to 28.1 mg L) in
Lake Sirvys, whereas several species Aphanizomenon gracile (up to
12.7 mg L), Limnothrix planctonica (up to 7.5 mg L?) and
Planktolygbya limnetica (up to 5.5 mg L) composed the bloom in
Lake Jieznas.

2. Maximum concentration of the particular intracellular cyanotoxin
did not exceed recommended values for freshwaters; however, the
effect of co-occurring cyanotoxins can pose threat to humans and
biota. Hepatotoxins microcystins (MCs) reached up to 16.72 ug L*
in Lake Sirvys (dominant dmMC-RR) and up to 0.96 pug L™ in Lake
Jieznas (dominant MC-RR) in September/October. Saxitoxin (STX),
anatoxin-a (ATX-a), cylindrospermopsin (CYN) and bioactive non-
ribosomal peptides (NRPs) were detected in Lithuanian lakes for the
first time. Concentrations of STX (up to 1.06 ug L), ATX-a (up to
0.97 ug L) and cytotoxin CYN (up to 0.38 pg L) were the highest
in July/August. Total amount of NRPs was 3.5 times higher in Lake
Sirvys. Anabaenopeptins and aeruginosins prevailed in the lakes.

3. Investigations of the environmental samples and the strains
confirmed that Planktothrix agardhii and Aphanizomenon gracile
were the main producers of MCs and STX, respectively. mcyE gene
was found in 93% of the tested P. agardhii strains, while 17% of A.
gracile strains contained sxtA gene and produced toxin. MCs
production was also detected in Microcystis viridis, M. aeruginosa
and M. flos-aquae strains. NRPs synthesis was confirmed for A.
gracile, Dolichospermum lemmermannii, P. agardhii and
Microcystis spp. Producers of ATX-a were not determined. Alien to
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Europe cyanobacteria  Sphaerospermopsis  aphanizomenoides,
Raphidiopsis mediterranea, Chrysosporum bergii were non-toxic.

4. Native cyanobacteria species were characterized by the similar
growth rate under experimentally tested temperatures from 18°C to
30°C. Alien species reached maximum growth rate at the highest
temperature, however, Sphaerospermopsis aphanizomenoides had
wide temperature tolerance range (20°C-30°C). Under all tested
nutrient concentrations, the highest growth rate was determined for
Aphanizomenon gracile and S. aphanizomenoides followed by
Chrysosporum bergii strains. All species grew apparently better at
elevated inorganic phosphorus concentrations, and only Planktothrix
agardhii growth was suppressed by nutrient limitation and low N:P
ratio.

5. Significant negative correlation between the temperature and the
amount of total MCs and NRPs in the biomass of Planktothrix
agardhii was determined during laboratory experiments. No
relationship was detected between STX concentrations in the
biomass of Aphanizomenon gracile with the tested temperature and
nutrients concentration.

6. Nutrient concentration had the greatest effect on interspecies
competition, whereas temperature and species itself were important
to some extent also. Native Planktothrix agardhii and
Aphanizomenon gracile competed mainly for nutrients, but native
and alien species co-cultured acted differently. A. gracile suppressed
the growth of native and alien species. Also, P. agardhii growth was
suppressed by alien Sphaerospermopsis aphanizomenoides.

7. Owverall, interrelated field and laboratory studies confirmed
inorganic phosphorus as more significant factor than the temperature
for growth and biomass formation of potential cyanotoxin producers.
Both nutrients and temperature modified the profile of cyanotoxins
and NRPs.
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