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RESUMO 
 
Florações de algas nocivas - FANs - são eventos causados por microalgas, 
potencialmente nocivas aos animais aquáticos e/ou à saúde humana. Algumas 
espécies produzem ficotoxinas, que podem entrar em contato com organismos por 
meio de diferentes vias de exposição, desencadeando uma série de mecanismos 
toxicocinéticos (TK) e toxicodinâmicos (TD). O presente estudo teve como objetivo 
investigar as rotas que as ficotoxinas percorrem em anelídeos marinhos e os 
mecanismos de ação desencadeados. Por meio de uma revisão sistemática, 
identificamos e avaliamos estudos dos grupos de ficotoxinas: toxinas diarreicas 
(diarrhetic shellfish toxins-DSTs); toxinas paralisantes (paralytic shellfish toxins-
PSTs); brevetoxinas (brevetoxins-PbTXs); ácido domóico (domoic acid-DA); e 
palitoxinas e ovatoxinas (palytoxins -PLTX). Embora a literatura seja muito escassa 
para esses grupos químicos, há boas evidências de que os anelídeos podem ser 
indicadores destes compostos no ambiente marinho. Além de responsivos às toxinas, 
em níveis organísmicos e sub-organísmicos, os anelídeos podem ser facilmente 
encontrados e coletados durante eventos de florações tóxicas. Confirmamos que a 
literatura é composta somente de estudos pontuais, e que PbTXs, PSTs e DA parecem 
ser as maiores lacunas de conhecimento no que tange à TK em anelídeos, embora 
algumas informações relevantes sobre TD sejam relatadas. Toxinas mais potentes, 
como PLTXs e PbTXs, podem causar mortalidade e diminuição da abundância de 
anelídeos. Toxinas como o DST não promovem efeitos letais conhecidos. Nesse 
sentido, conduzimos um estudo de caso com o anelídeo Laeonereis acuta exposto a 
DSTs. O experimento em laboratório revelou um acúmulo significativo de ácido 
ocadaico relacionado à dose administrada, bem como efeitos subletais, como indicado 
pelos biomarcadores de estresse oxidativo glutationa-S-transferase (GST), catalase 
(CAT), glutationa reduzida (GSH) e peroxidação lipídica (LPO). Os vermes 
alimentados com células de Prorocentrum lima exibiram níveis mais elevados de LPO, 
que, juntamente com uma inibição de CAT e GSH, indicaram claramente uma situação 
de estresse oxidativo após exposição aos dinoflagelados produtores de DSTs. Em 
última análise, anelídeos se revelaram bons modelos para a avaliação da toxicidade 
de microalgas, sobretudo bênticas, em experimentos de laboratório de curta duração. 
Em especial, deve ser encorajado o uso de anelídeos em futuras investigações 
ecotoxicológicas que busquem avaliar os mecanismos de ação dessas algas 
formadoras de FANs em invertebrados marinhos. A escolha de espécies cosmopolitas 
e numericamente dominantes de anelídeos fortaleceria a validação e a extrapolação 
de resultados em análises de risco em diferentes regiões afetadas pelas FANs. 
 
Palavras-chave: anelídeos marinhos, ficotoxinas, dinoflagelados bênticos, 
biomonitoramento, biomarcadores, algas nocivas. 

 
 
 



 

ABSTRACT 
 
 

Harmful algal blooms - HABs - are natural events caused by planktonic and benthic 
microalgae, potentially noxious to aquatic animals. Phycotoxins can typically come into 
contact with organisms through various exposure routes that can be assessed by the 
toxicokinetic (TK) and toxicodynamic (TD) mechanisms. The present study aimed to 
investigate the routes of phycotoxins in marine annelids. Through a systematic review, 
we retrieved and assessed studies related to the diverse groups of phycotoxins: 
diarrhetic shellfish toxins (DST); paralytic shellfish toxin (PST); brevetoxins (PbTXs); 
domoic acid (AD); and pallitoxins and its congeners, the ovatoxins (PLTX). We found 
that although the literature is very sparse for these groups, there is good evidence that 
annelids may be reliable indicators of phycotoxins. As well as responding to harmful 
species at organismic and suborganismic levels, they are easily found in areas affected 
by algal blooms. We confirm that the literature mostly comprise punctual studies.  
PbTXs, PST, and AD seem to be largest gaps in TK in annelids, but some relevant 
information about DT is already available. More potent toxins such as PLTXs and 
PbTXs can cause mortality and a decrease in annelid abundance. Toxins such as DST 
do not promote known lethal effects. In our review, there is evidence of sublethal 
effects on annelid cells. In this sense, we carried out a  case study with the annelid 

Laeonereis acuta exposed to DST. Our ecotoxicological test revealed a significant 
accumulation of okadaic acid related to the administered dose and sublethal effects 
indicated by oxidative stress biomarkers-glutathione-S-transferase (GST), catalase 
(CAT), reduced glutathione [GSH], and lipid peroxidation (LPO). DST-fed worms 
exhibiting higher levels of LPO, together with inhibition of CAT and GSH, clearly 
indicate an oxidative stress situation in worms exposed to DST-producing 
dinoflagellates. Ultimately, annelids proved to be good models for evaluating 
microalgal toxicity, especially benthic, in short-term laboratory experiments. In 
particular, the use of annelids in future ecotoxicological investigations that seek to 
assess the mechanisms of action of these HAB-forming algae on marine invertebrates 
should be encouraged. The choice of cosmopolitan and numerically dominant species 
of annelids would strengthen the validation and extrapolation of results in risk analyzes 
in different regions affected by HABs. 
 
Keywords: Marine annelids, phycotoxins, benthic dinoflagellate, biomonitoring, 
biomarkers, biotoxins. 
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INTRODUÇÃO GERAL 

 

Eventos de proliferação de algas nocivas (HABs) ocorrem em todas as 

regiões geográficas, podendo afetar adversamente a saúde humana e dos mares. 

Organismos marinhos podem entrar em contato com as ficotoxinas,  toxinas 

produzidas por microalgas, por meio do contato com os compostos dissolvidos na 

coluna de água ou pela ingestão direta de células das microalgas em suspensão 

(Tsujino et al., 2004; Hegaret et al., 2007; Amado e Monserrat, 2010; Simonini et al., 

2011). 

As HABs vêm se expandindo geograficamente e se tornando mais 

frequentes nas zonas costeiras nas últimas décadas (Hallegraeff, 2010; Glibert et al., 

2014; Gobler et al., 2017). Embora essas tendências tenham também a ver com a 

melhoria nas estratégias de monitoramento, as mudanças climáticas e a poluição 

comprovadamente intensificam as florações de alguns táxons nos ecossistemas 

aquáticos (Anderson, 2012). Há um consenso científico de que os impactos das HABs 

sobre a saúde pública, recreação, turismo, pesca, aquicultura e os ecossistemas 

aumentaram consideravelmente nas últimas décadas (Gobler, 2020). Embora haja 

incertezas em relação à resposta das HABs às mudanças climáticas, eventos futuros 

ocorrerão em um oceano antropogenicamente alterado e, portanto, os impactos 

futuros serão certamente diferentes daqueles que conhecemos hoje. Além de se 

considerar as tendências globais relacionadas às mudanças climáticas, devemos 

buscar compreender os eventos individuais que são impulsionados por fatores locais, 

regionais e globais nas escalas espaciais e temporais apropriadas (Ralston and 

Moore, 2020). 

 Muitas espécies formadoras de HABs produzem ficotoxinas potentes que 

podem se concentrar em pescados marinhos, sobretudo nos tecidos de moluscos 

bivalves suspensívoros. O consumo de pescado com níveis elevados de toxinas por 

humanos pode resultar em intoxicações alimentares agudas que desencadeiam 

efeitos moderados a graves. Por exemplo, a diarrhetic shellfish poisoning (DSP) é uma 

síndrome causada pelas toxinas lipofílicas ácido ocadaico (AO) e seus análogos, as 

dinofisistoxinas (DTX), chamadas conjuntamente de toxinas diarreicas (DSTs). Estes 

poliésteres inibidores da proteína fosfatase causam sintomas gastrointestinais em 

casos de intoxicação aguda em humanos, e têm potencial de induzir citotoxicidade, 

neurotoxicidade, imunotoxicidade, genotoxicidade, além de promover a formação de 



 

tumores (Fu et al., 2019; Dominguez et al., 2010). Outra intoxicação comum associada 

a microalgas é a paralytic shellfish poisoning (PSP), provocada por toxinas 

paralisantes (PSTs) como a saxitoxina (STX) e seus derivados, que podem, em casos 

mais graves, causar paralisia e insuficiência respiratória em peixes, aves marinhas e 

humanos (Jester et al., 2009; Silva et al., 2013; Mello et al., 2018). Brevetoxinas 

(PbTXs) estão relacionadas à neurotoxic shellfish poisoning (NSP) em consumidores 

humanos de bivalves contaminados, além de eventos de mortalidade massiva de 

organismos marinhos e efeitos imunomoduladores subletais em golfinhos nariz-de-

garrafa Tursiops truncatus e peixe-boi Trichechus manatus (Plakas e Dickey, 2010; 

Fire et al., 2015; Gebhard et al., 2015). Outra ficotoxina que pode se acumular em 

organismos marinhos como peixes, crustáceos e moluscos bivalves é o aminoácido 

policíclico hidrossolúvel ácido domóico (DA). Além de causar mortalidade de 

vertebrados marinhos (e.g. Scholin et al., 2000), o DA pode provocar a intoxicação 

amnesic shellfish poisoning (ASP) em humanos consumidores de pescados 

contaminados, provocando sintomas gastrointestinais e neurológicos, como perda de 

memória de curto prazo, podendo evoluir à morte em casos graves (Wright et al., 1989; 

Mos, 2001). Por fim, as palitoxinas (PLTX) e seus congêneres, as ovatoxinas (OvTX) 

são potentes neurotoxinas que afetam severamente comunidades de organismos 

bênticos como caranguejos, ouriços-do-mar e bivalves, podendo ser letais para muitas 

dessas espécies (Ramos e Vasconcelos, 2010; Munday, 2011). Casos de intoxicação 

humana por ingestão de pescados contaminados por PLTX são raros, mas podem ser 

fatais (Alcala et al., 1988; Kodama et al., 1989, Onuma et al., 1999). 

Embora o monitoramento de HABs e de ficotoxinas esteja em constante 

expansão e aperfeiçoamento tecnológico, ainda pouco sabemos da toxicocinética-TK 

e toxicodinâmica-TD destes compostos em organismos aquáticos (Gobler, 2020). O 

entendimento correto da TK e TD dessas toxinas possibilitaria a construção dos 

modelos de efeitos mecanísticos (TKTD) (Ashauer et al., 2011). Esses modelos 

combinam um módulo toxicocinético e um toxicodinâmico para fornecer uma ligação 

entre as concentrações externas e os efeitos em pontos finais relevantes ao longo do 

tempo (Jager e Ashauer, 2018). Os modelos TKTD podem ser baseados em uma 

representação dos mecanismos fisiológicos de indivíduos afetados pelas HABs. Na 

prática, isso permitiria comparações valiosas entre espécies e toxinas, buscando-se 

extrair relações e padrões gerais e, esperançosamente, preditivos.  



 

Invertebrados bênticos são ótimos candidatos para o modelo TDTK voltado 

às ficotoxinas. Alimentam-se no fundo dos corpos d’agua, não são difíceis de 

identificar em laboratório no nível de grandes grupos, frequentemente vivem por mais 

de um ano e têm mobilidade restrita, caracterizando-se, portanto, como integradores 

das condições ambientais prevalecentes (Plafkin et al. 1989; Khatri e Tyagi, 2015). 

Organismos infaunais bênticos, componentes integrais dos ecossistemas aquáticos, 

são especialmente representativos neste contexto. Eles servem como presas para 

predadores demersais, além de contribuírem para a bioturbação do sedimento, 

permitindo que o oxigênio penetre a profundidades maiores e influenciando o ciclo 

biogeoquímico de materiais nos sedimentos (Aller 1988).  

Embora existam mais informações para espécies comerciais de 

invertebrados bentônicos, como moluscos bivalves e caranguejos (Rhodes et al., 

2002; Faimali et al., 2012; Gorbi et al., 2013; Mafra et al., 2015), outros animais 

potencialmente expostos às HABs tóxicas poderiam fornecer informações tão ou mais 

relevantes ecologicamente. Os anelídeos, por exemplo, são potenciais 

bioindicadores, em muitas regiões, nas quais são numericamente dominantes, 

podendo ingerir células de algas tóxicas, como filtradores ou detritívoros.  Por meio 

da escavação de sedimentos ou ingestão de sedimento superficial, como relatado 

para representantes da família Nereididae, ou por alimentação em suspensão como 

em espécies da família Sabellidae, anelídeos marinhos podem acabar ingerindo 

microalgas toxigênicas abundantes e ubíquas em ambientes costeiros, como os 

dinoflagelados Dinophysis acuminata e Prorocentrum lima (produtores de DSTs) e 

diatomáceas Pseudo-nizschia spp. (produtoras de DA; Baustian et al., 2018). Além 

disso, gramíneas marinhas, algas marinhas e detritos plásticos podem ser colonizados 

por microalgas tóxicas epibentônicas, tornando-se um vetor potencial de ficotoxinas 

para anelídeos marinhos raspadores ou herbívoros (Haska et al., 2011). 

Este trabalho pretende avaliar o uso potencial de anelídeos como uma 

ferramenta para melhor compreender a dinâmica das ficotoxinas marinhas – DSTs, 

PSTs, PbTX, DA e PLTX – em ambientes costeiros. Apresentamos e discutimos os 

diversos protocolos laboratoriais e de campo atualmente usados para avaliar os 

efeitos de microalgas tóxicas em anelídeos marinhos. As informações disponíveis na 

literatura indexada foram compiladas e analisadas sistematicamente, buscando-se 

identificar os mecanismos de ação e as rotas de diferentes ficotoxinas em anelídeos 

marinhos. Vieses e lacunas no conhecimento atual foram destacados, soluções 



 

potenciais foram apontadas e os benefícios do uso de anelídeos marinhos para se 

avaliar os efeitos deletérios de toxinas algais foram considerados. Por fim, como forma 

de testar experimentalmente esse potencial, conduzimos um estudo de caso que 

avaliou as respostas antioxidantes do anelídeo marinho Laeonereis acuta exposto a 

células de Prorocentrum cf. lima, além parâmetros cinéticos e dinâmicos relacionados 

a exposição às DSTs. As respostas foram avaliadas em diferentes densidades 

celulares de microalgas em tempos de exposição distintos ao longo de 72 horas, para 

testar a hipótese de que a ativação do sistema de defesa antioxidante em L. acuta 

estaria significativamente relacionada com o tempo de exposição e com a densidade 

celular do dinoflagelado produtor de toxinas. 
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IMPACTS OF ALGALS TOXINS IN MARINE ANNELIDS  

Estela Piresa, Paulo da Cunha Lanaa e Luiz Laureno Mafra Jr.a 

a Center for Marine Studies, Federal University of Paraná, Av. Beira Mar s / n, CEP 83255-

976, PO Box 61, Pontal do Paraná, Paraná, Brazil 

*Corresponding author: e-mail: estelapgirlare@gmail.com 

Abstract 

Harmful algal blooms - HABs - are natural events caused by potentially noxious 
planktonic and benthic microalgae. Phycotoxins can typically harm other organisms 
through various exposure routes that can be assessed by the toxicokinetic (TK) and 
toxicodynamic (TD) mechanisms. In this review, we aimed to investigate the routes of 
phycotoxins in marine annelids. Through a systematic review, we retrieved and 
assessed studies related to diarrhetic shellfish toxins (DST), paralytic shellfish toxin 
(PST), brevetoxins (PbTXs), domoic acid (AD), pallitoxins and its congeners, the 
ovatoxins (PLTX). We found that although the literature is very sparse, there is good 
evidence that annelids may be reliable indicators of phycotoxins. As well as fastly 
responding to phycotoxins at organismic and suborganismic levels,  annelids are easily 
found in areas affected by algal blooms. We confirm that the literature mostly 
comprises punctual studies.  The absence of data on  PbTXs, PST, and AD seem to 
be largest gaps in TK in annelids, but some relevant information about DT is already 
available. More potent toxins such as PLTXs and PbTXs can cause mortality and 
marked decreases in annelid abundance. Toxins such as DST do not promote known 
lethal effects.  We have also gathered evidence of sublethal effects on annelid cells. 
The use of annelids in future ecotoxicological investigations to assess the mechanisms 
of action of HAB-forming algae on marine invertebrates should be encouraged. The 
choice of cosmopolitan and numerically dominant species of annelids would 
strengthen the validation and extrapolation of results in risk analyzes in different 
regions affected by HABs. 
 
Keywords: Marine annelids; phycotoxins; benthic dinoflagellate; biomonitoring; 

biotoxins. 

 

1. WHY SHOULD WE CARE? 

Marine organisms can typically come in contact with algal toxins (i.e., phycotoxins) 

through direct contact with dissolved compounds  or particles in the water, including suspended 

and/or settled living microalgal cells and detritus (Tsujino et al., 2004; Hegaret et al., 2007; 

Amado and Monserrat, 2010; Simonini et al., 2011). However, defining exposure scenarios is 

not always so easy. The degree of toxin accumulation and the extent to which organisms will 

mailto:estelapgirlare@gmail.com
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be negatively affected by toxin exposure will depend on the amounts of toxin incorporated, the 

solubility of each compound, the physiological tolerances of each species, and the efficiency 

of detoxification mechanisms (Wells et al., 2015). In addition to the exposure pathways, several 

functional characteristics of both the algae species and the exposed organisms, such as life 

habits, ways of feeding, and body size, may influence the pathway of the algae and/or toxins.  

The diversity of exposure pathways makes the toxicokinetics (TK) and 

toxicodynamics (TD) of phycotoxins rather complex. Phycotoxins can accumulate in different 

tissues of marine consumers, such as suspension-feeding bivalves, crustaceans, fish, and 

zooplankton (e.g., Turner, 2014). Sedimentation of algal cell aggregates, algal-derived detritus 

and toxin-containing fecal material can make toxins available to benthic-feeding organisms 

during and after harmful algal bloom (HABs) events (Simonini et al., 2011; Meroni et al., 2018; 

Mafra et al., 2019; Gémin et al., 2020). Conversely, phycotoxins produced by harmful 

microalgal species can be transferred to pelagic predators through intricate trophic 

relationships mediated by key vector benthic organisms, such as mollusks and annelids 

(Berdalet et al., 2017; Li et al., 2021). In any case, top predators, including fish, cephalopods, 

seabirds, and cetaceans, can accumulate and/or be potentially subjected to negative health 

effects and different toxic compounds (e.g., Anderson and White, 1992; Scholin et al., 2000; 

Wells et al., 2004; Fire et al., 2007; Mafra et al., 2015; Gibble et al., 2021). Ultimately, ingestion 

of contaminated seafood (oral route), as well as recreational contact with seawater during 

HABs (cutaneous route) and exposure to toxin-containing marine aerosols (respiratory route) 

can lead to human intoxication (Fleming et al., 2005; Davidson et al., 2011; Moreira-González 

et al., 2021). The adverse effects of marine phycotoxins on human health are highly dependent 

on the causative toxic compound, and this study will focus on the following chemical groups 

involved in common human intoxications: domoic acid (DA) and its isomers -produced by 

diatoms, and the dinoflagellate compounds diarrhetic shellfish toxins (DSTs), paralytic 

shellfishtoxins (PSTs), brevetoxins (PbTXs), palytoxin and congeners (PLTXs). 

Exposure to DA can cause massive mortality of seabirds and marine mammals 

(Scholin et al., 2000). In humans, high DA levels can elicit Amnesic Shellfish Poisoning (ASP), 

inducing gastric and neurological symptoms with potential neuronal damage, especially 

associated with the hippocampus a brain region related to learning and memory processes 

(Wright et al., 1989; Grant et al., 2010). DSTs are composed of the lipophilic polyester okadaic 

acid (OA) and its analog dinophysistoxins (DTX), causative of food intoxication diarrhetic 

shellfish poisoning (DSP) in humans (Dominguez et al., 2010). These compounds are very 

selective phosphatase inhibitors causing gastrointestinal symptoms upon acute oral 

intoxication and potentially inducing cytotoxicity, neurotoxicity, immunotoxicity, genotoxicity, 

and tumor promotion in cellular and in vivo animal models (Valdiglesias et al., 2013; Fu et al., 

2019). PSTs, represented by saxitoxin (STX) and several analogs, bind with high affinity to 
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sodium channels present in cells of excitable tissues such as muscles and nerves, causing an 

imbalanced gradient of ions across cell membranes (Pearson et al., 2010). These compounds 

may cause muscle paralysis and respiratory failure in fish and, seabirds, as well as promote 

Paralytic Shellfish Poisoning (PSP) syndrome in humans (Anderson et al., 2009; Jester et al., 

2009; Silva et al., 2013; Mello et al., 2018). PbTXs are also neurotoxins, but unlike PSTs, they 

cause a prolonged opening of the sodium channel, leading to an uncontrolled influx of sodium 

ions and cell death in nerves and muscles  (Konoki et al., 2019). In addition to causing massive 

mortality and sublethal immunomodulatory effects in marine organisms such as fish, seabirds, 

bottlenose dolphins (Tursiops truncates) and the manatee Trichechus manatus (e.g., Dechraui 

et al., 1999; Plakas and Dickey, 2010; Fire et al., 2015; Gebhard et al., 2015), PbTXs may elicit 

neurotoxic shellfish poisoning (NSP) in human consumers of contaminated seafood and 

respiratory effects upon exposure to aerosolized toxins (Fleming et al., 2007). Finally, PLTX 

and its analogs (i.e., ovatoxins) are complex water-soluble molecules consisting of an aliphatic 

main chain that are partially unsaturated with cyclic ethers (Louzao et al., 2008). Relatively low 

doses of PLTXs-like compounds can cause severe ecotoxicological effects on sea urchins, 

crabs and bivalves (Ramos and Vasconcelos, 2010; Munday, 2011), and respiratory effects 

have been reported among beachgoers during blooms of the toxigenic dinoflagellate 

Ostreopsis cf. ovata (Durando et al., 2007). Cases of seafood intoxication by PLTXs-like 

compounds are rare, although they can be lethal (Alcala et al., 1988; Kodama et al., 1989, 

Onuma et al., 1999). 

Properly understanding the TK and TD of phycotoxins in marine animals enables 

the construction of mechanistic effect models (TKTDs). These models combine a toxicokinetic 

(TK) and a toxicodynamic (TD) module to provide a link between external concentrations and 

the effects on relevant endpoints over time (Jager and Ashauer, 2018). TKTD models are 

based on a representation of the physiologic mechanisms; they enable valuable comparisons 

between species and toxins, revealing general and  hopefully  predictive patterns. These 

models are usually developed based on toxin kinetics (e.g., distribution, metabolism and 

excretion) and dynamics (individual-level endpoints such as survival and reproduction) 

(Ashauer et al., 2011; Jager and Ashauer, 2018). 

Data on phycotoxins TK and TD in marine animals are mostly limited to commercial 

species of bivalve mollusks, fish, sea urchins, cephalopods and crabs (Rhodes et al., 2002; 

Faimali et al., 2012; Gorbi et al., 2013; Mafra et al., 2015). Additional information concerning 

other animals potentially exposed to toxic HABs in different marine habitats is therefore needed 

to build robust TKTD models. Annelids, for instance, may accumulate high levels of DSTs 

during intense dinoflagellate blooms (Reizopoulou et al., 2008; Alves and Mafra, 2018). These 

annelids do widely use as target organisms in ecotoxicological assessments of the effects of 

metals and hydrocarbons (Nahmani et al., 2007; Cesar et al., 2010; Nascimento, 2014). 
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However, there are few studies on the effects of phycotoxins on these animals, which could 

act as proxies or indicators of HAB-related threats to human health. 

This review will focus on HAB species and toxins already reported to interact with 

annelids in marine environments, including DA, DSTs, PSTs, PbTXs and PLTXs. We expect 

to (a) assess the state of global scientific knowledge  on laboratory and field protocols currently 

used to assess the effects of toxic microalgae on marine annelids from the indexed literature 

and (b) identify the main action mechanisms and routes of phycotoxins in marine annelids. We 

also highlight biases and gaps in current knowledge, identify potential solutions and evaluate 

the benefits of using marine annelids to assess the harmulf effects of phycotoxins. 

 

2. WHAT DO WE KNOW SO FAR? 

Routes of toxin exposure in annelids 

For annelids, toxin transfer can be foodborne, dermal via direct contact with the 

cells used for tube construction or waterborne, that is, via food web transfer or through 

exposure to toxins dissolved in water after cell release. Toxin transfer most likely occurs during 

blooms of toxin-producing algal species, thus achieving massive cell abundances – and toxin 

concentrations – in the water column and/or next to the bottom. However, there are several 

potential vectors of toxins, and their relative importance varies depending mainly on their life 

stage, physiological state, and ecology of the toxin-producing microalgae (pelagic or 

epibenthic), which affects the probability of exposure to the toxin. 

Exposure and subsequent absorption of DA by annelids can potentially occur in a 

wide range of geographical locations and marine habitats where at least 52 DA-producing 

species of the genus Pseudo-nitzschia occur worldwide (Bates et al., 2018; Schroeder et al., 

2015). The availability of DA to annelids depends mostly on the settlement of living Pseudo-

nitzschia chains of cells, together with aggregates and fecal pellets, mainly from copepods, 

which provide an essential food source for benthic organisms. Sinking DA-containing Pseudo-

nitzschia cells have been substantially and increasingly captured in sediment traps in coastal 

California waters over a 15-year data series (Sekula-Wood et al., 2007; Sekula-Wood et al., 

2009), and toxic cells can be abundantly detected even at depths down to 550 and 800 m 

following major toxic blooms (Schnetzer et al., 2007). As evidence that annelids can be 

potentially exposed to DA, Pseudo-nitzschia cells have been identified in the intestine of 

Paraprionospio pinnata individuals (Baustian et al., 2018). In fact, P. pinnata has been reported 

as the most abundant member of the benthic community during a Pseudo-nitzschia bloom in 

the northern Gulf of Mexico, ingesting algal cells and accumulating DA (Baustian et al., 2009; 

Baustian et al., 2018). 
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Adult annelids are expected to be exposed to DSTs upon ingestion of 

Prorocentrum or Dinophysis spp. cells while excavating sediment, as in the case of nereidids 

and sabellids (Almeda et al., 2011). The intake of DSTs-containing algal cells seems limited to 

earlier life stages of annelids. Trocophore larvae of Serpula columbiana, for instance, exhibited 

a marked preference for the consumption of nanoflagellates while seeming unable of ingesting 

the nontoxic Prorocentrum triestinum, probably due to a cell size constraint (Almeda et al., 

2011). Therefore, no relevant ingestion of similarly sized DSTs-producing dinoflagellates is 

expected at the early life stages of worms. In addition, seagrass, seaweeds and plastic debris 

can be potentially colonized by epibenthic toxic microalgae, becoming alternative vectors of 

toxins to marine worms (Haska et al., 2012). Annelids can quickly accumulate OA – the main 

DSTs – in their tissues, as previously reported for Laeonereis sp. (maximum = 164.5 µg total 

OA kg-1; Alves and Mafra, 2018) and Sabella spallanzanii (max. = 37.0 µg kg-1; Reizopoulou 

et al., 2008) during mid- and late bloom stages of the Dinophysis acuminata complex. Rapid 

accumulation of OA and, to a lesser extent, DTX-1 was confirmed in Laeonereis acuta under 

controlled laboratory exposure to Prorocentrum lima at cell densities of 2 × 10³ to 2 × 10⁴ cell 

mL-1 (see Chapter 2). 

In the case of PSTs produced by planktonic algal species, the largest number of 

cells is available in the water column during the early, exponential phase of the bloom until its 

abundance peaks  (Garcés et al., 2004). At this stage, cell ingestion can thus occur by 

suspension-feeding annelids or by deposit feeding epibionts living on organisms that permeate 

the water column. At final bloom stages, part of the microalgal cells is deposited on the bottom, 

allowing for their ingestion by deposit feeding annelids living mainly on the sediment. In this 

sense, epibiontic annelids and surface feeders, such as species of the genus Alitta, are thus 

expected to ingest higher PSTs loads by capturing toxin-containing cells with their proboscides 

during toxic blooms, as previously reported in the laboratory for Alitta succinea and Alitta virens 

exposed to Alexandrium monilatum and Alexandrium fundyense, respectively (Sievers, 1969; 

Haska et al., 2012). 

Over bloom development, PSTs-producing dinoflagellates of the genus 

Alexandrium may face adverse environmental conditions, such as nitrogen or phosphorus 

limitations and high temperatures, often triggering encystment (Ichimi et al., 2001). Cysts, 

which are dormant, nonmotile resisting stages with thickened and armored cell walls, settle 

quickly and can remain inactive for long periods in the sediment, eventually germinating when 

favorable environmental conditions are restored (Ichimi et al., 2001). The intake of 

Alexandrium cysts has been described for the nereidid Perinereis (Tsujino et al., 2004), 

although cyst digestion and toxin uptake from cysts have not been reported. Assuming that 

annelids can digest (albeit partially) the cysts, they could serve as a source of toxins to the 

worms since the cysts retain the toxins for long periods. However, annelids apparently excrete 
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intact cysts into the environment, and there is no indication that these organisms may play an 

active role in the germination of the cysts preceding toxic algal proliferation (Tsujino et al., 

2004). In fact, there is no report of PSTs accumulation in annelids, despite their capacity to 

ingest and digest toxigenic cells, as demonstrated under laboratory conditions (Tsujino et al., 

2004). 

Brevetoxins can be available for marine organisms as intra- or extracellular and 

dissolved in the seawater. Deposit-feeding annelids can accumulate toxins either via direct 

toxin absorption from the water or by excavating the sediment and ingesting settled K. brevis 

cells. Indeed, Bricelj et al. (2012) indicated rapid accumulation of the most abundant brevetoxin 

type (PbTX-3) by Mediomastus ambiseta annelids during a massive Karenia brevis bloom in 

Florida. At that opportunity, PbTXs levels in exposed annelids (~0.04–0.2 μg PbTX-3 eq. g-1 

(ww)) closely reflected bloom progression, even though toxin levels in their tissues were two 

orders of magnitude lower than those accumulated in cooccurring bivalves (1.9–2.8 μg PbTX-

3 eq. g-1 (ww)). 

Type-B PbTX metabolites have been extensively documented as products of 

oxidation, reduction, hydrolysis and conjugation in various species of mollusks and 

crustaceans following exposure to K. brevis toxins (Plakas and Dickey, 2010). However, these 

compounds have never been identified in annelids. Elimination of PbTXs from contaminated 

annelids can thus be assessed by measuring the concentration of toxic compounds over time. 

Bricelj et al. (2012) reported substantial toxin accumulation in annelids during the first days of 

exposure to a toxic bloom, followed by a rapid decrease after the fifth day of exposure, when 

bloom cell density also declined. Temporal variation in toxin levels in annelid tissues suggested 

fast elimination rates, reflecting changes in the availability of K. brevis cells in the environment 

(Bricelj et al., 2012). Similarly, rapid toxin elimination was suggested following exposure of the 

nereidid Alitta succinea to K. brevis in the laboratory. In this case, the annelid mobility pattern, 

initially affected by contact with toxic cells, was restored as the algal cell density decreased 

(Sievers, 1969). 

Cells of Ostreopsis species  producing PLTXs-like compounds can be available in 

large amounts to benthic organisms when forming dense microalgal films on the substrate 

(Giussani et al., 2015), including seaweeds that can also shelter annelids. In a recent study, 

Ternon et al. (2020) reported the co-occurrence of Ostreopsis cf. ovata cells with annelids, 

such as Platynereis dumerilii and Syllis pigmentata, on the brown seaweeds Dictyota 

dichotoma and Padina pavonica. The intake of toxin-containing Ostreopsis cells by annelids 

varies according to their feeding habits. Microphagous annelids such as Dimorphilus 

gyrociliatus, for example, use adhesive mucus on the outer wall of their bodies to trap cells of 

microalgae, including O. cf. ovata and transport them along their bodies to the mouth through 

and transport them along their bodies to the mouth through ciliary activity (Jennings and 
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Gelder, 1969; Simonini et al., 2011). In addition, this annelid species seems to selectively 

ingest O. cf. ovata cells over other microalgae, such as diatoms (Simonini et al., 2011). 

Digestion of captured algal cells is completely extracellular in these organisms. The activity of 

acid phosphatase is always present throughout the intestinal epithelium, and alkaline 

phosphatase is only activated while food is present in the intestine, reaching maximum activity 

in the intestinal wall 18 hours after feeding, suggesting relatively quick absorption of digestion 

products, including toxins (Jennings and Gelder, 1969). 

Phycotoxin Effects on Annelids 

Although the adverse effects of exposure to DA are poorly known, the presence of 

massive DA-producing Pseudo-nitzschia blooms can induce interspecific changes in annelid 

populations due to environmental oxygen suppression. For example, after a bloom event in 

the Gulf of Mexico, annelids dominated the benthic community (>50% of total abundance). The 

most abundant annelids were Armandia maculate, Magelona sp. and Paraprionospio pinnata, 

with the latter dominant in posthypoxic periods when the other three species decreased in 

number (Baustian et al., 2009). 

Being lipophilic in nature, DSTs accumulate in the tissues of annelids, which can 

activate antioxidant enzymes as a repair mechanism to avoid critical harmful effects. In this 

sense, the activity of catalase seems to have a reparative effect in the presence of OA in 

annelids exposed to high cell densities of P. lima (2 × 10⁴ cell mL⁻¹) for up to 24 h, suggesting 

its possible participation in OA detoxification (Chapter 2 herein). As reported in mussels, 

catalase participates in the transformation of H2O2 to H2O with parallel elimination of 

xenobiotics and byproducts of reactive oxygen species, for instance (Vidal et al., 2013). 

Transformation of OA and its subsequent elimination from exposed Laeonereis sp. 

individuals seem to occur at slow rates, as assumed from the toxin levels accumulated 

throughout a massive bloom of the D. acuminata complex in southern Brazil (Alves and Mafra, 

2018). From mid- to late bloom stages, annelids accumulated significant amounts of OA mainly 

in their original, non-transformed form. Annelids maintained the highest proportion of non-

transformed toxins and apparently exhibited the slowest toxin elimination rates at the late 

bloom period among all organisms examined, including bivalve mollusks, gastropods, 

crustaceans and fishes (Alves and Mafra, 2018). No lethal effects resulting from exposure to 

OA have been reported in annelids so far.  However, in Enchytraeus crypticus oligochaetes 

exposed to dissolved OA at concentrations up to 200 nM, sublethal effects were elicited at 

different molecular and cellular levels, including changes in cell morphology, enlarged 

epithelial cell layers and disorganization of the nephridial cords (Franchini et al., 2006; 2008). 

General cytotoxicity was reported (Franchini et al., 2006), and sublethal toxicity was affected 

by the age of exposed oligochaetes, with older individuals more sensitive to OA effects, 
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exhibiting an increase in tissue volume and numerous irregularly shaped cells (Franchini et al., 

2008). 

Unlike DSTs, PSTs may cause rapid lethality without affecting the mobility of 

annelids, depending on exposure time and dose. In this sense, 7 × 10⁶ cells L-1 Alexandrium 

monilatum killed 100% of the exposed nereidid Alitta succinea within 48 h, with no evident 

change in annelid motility (Sievers, 1969). In that same study, high lethality was also reported 

for annelid Polydora websteri after only 12 hours of exposure.  

The adverse acute effects of exposure to PbTXs are poorly assessed or 

documented in annelids. However, based on the limited information available, the effects are 

expected to be species-specific, depending on the dominant feeding habit. In this sense, 

Sievers (1969) described high mortality (~80%) of epibiont annelids and surface feeders, Alitta 

succinea, after only 24 hours of exposure to K. brevis at high cell density (1.2 x 10⁶ cell L-1). In 

contrast, no lethality was reported for selective surface deposit feeders of Polydora websteri 

under the same experimental conditions. In addition, the study described an apparent 

decrease in general mobility, irregular movement of parapods and total eversion of the 

proboscis in A. succinea, but only a decrease in palp mobility in P. websteri (Sievers, 1969). 

Furthermore, species of annelids seem to recover more quickly than the rest of the benthic 

community following exposure to PbTXs-producing algal species in the field. Following a 

Karenia brevisulcata bloom that occurred in New Zealand, the annelids Prionospio yourieu, 

Owenia petersenae, Maldane theodori and Terebellides stroemii became dominant 

components of the benthic community, indicating rapid recolonization, while other taxa only 

started to settle again and recruit after a long period following exposure (Kroger et al., 2006). 

Exposure to purified PLTX may be highly lethal to D. gyrociliatus annelids at high 

concentrations, killing all individuals exposed to 37 nM within 24 hours and yielding median 

lethal concentrations (LC50) of 9.6 nM after 96 hours of exposure (Simonini et al., 2011). 

Assuming the oral route as the main source of PLTX to annelids in the field, the ingested dose, 

and thus the extent to which exposed annelids will be affected, seems to be a combined effect 

of cell abundance and average intracellular toxin content. At early bloom, part of the 

Dimorphilus gyrociliatus annelids exposed to  O. cf. ovata cells (3500 cells mL-1) died after only 

2 hours, and all the exposed individuals died within 24 hours (Simonini et al., 2011). 

Conversely, no significant mortality was reported at lower cell density (150 cell mL-1) during 

the same exposure time, despite evident consumption of Ostreopsis cells by the annelid 

(Simonini et al., 2011). However, high cell density does not necessarily mean high Ostreopsis 

spp. toxicity for annelids, as reported for other microalgae. This decrease or lack of toxicity can 

be related to stress conditions to the microalgae, such as nutrient availability or, in the case of 

epiphytic cells on macroalgae, competition by nutrients, pH or allelopathy reducing the 

intracellular toxin content in O. cf. ovata (Gémin et al., 2020; Ternon et al., 2020). Moreover, 
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toxin profile and cell content may vary substantially among different populations representing 

different genetic subclades of O. cf. ovata (Tibiriçá, 2020). 

 

 

3. WHAT HAVE WE DONE HERE IN THIS REVIEW? 

 

How did we survey and analyze the current literature? 

The databases consulted were Web of Science, Google Scholar, ScienceDirect 

(Elsevier), PubMed, and Wiley Online Library. A search of the gray literature was carried out 

via Google and Google Scholar. We also checked the references of the selected articles to 

add relevant literature. Keywords used for research were harmful algal bloom, red tide, marine 

toxin, shellfish toxin, paralytic toxin, amnesic toxin, diatom, dinoflagellates, cyanobacteria, 

microalgae, phytoplankton, gymnodinium brevis, karenia brevis, Polychaeta, Oligochaeta, 

Annelida, worm, okadaic acid, brevetoxin, saxitoxin, yessotoxin, domoic acid, palytoxin, and 

ovatoxin. With the Boolean operators ‘AND’ and ‘OR,’ we made combinations between the 

keywords to get closer to the desired meaning (see Table A1 in Supplementary Material). We 

also performed a search with the full title of our article (‘Marine annelids as potential models 

for assessing the impacts of phycotoxins’) in Google and Google Scholar. Furthermore, we 

selected studies (e.g., articles, reviews, reports, dissertations, and theses) connected with 

HABs, toxins, or annelids and studies that evaluated the toxicokinetics and toxicodynamics of 

HABs in annelids. No language or date restrictions were used. The search ended on 27 August 

2021. 

In our systematic review, 5,277 articles were identified, and 215 were read in full 

to evaluate their eligibility. Ultimately, 35 studies were selected for inclusion in this review. We 

excluded fully read papers that did not include marine organisms or only reported other 

contaminants (e.g., metals, oil, microplastics). 

 

Data processing 

Data were categorized considering the classification and criteria detailed below. 

Study design and subject 

Study scenario Laboratory or field study 
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Type of study Descriptive studies - observations without any hypothesis testing on ecological 
standards (e.g., studies that only measure and report contamination in a given 
organism); 
Correlative - correlational or comparative studies that investigate patterns (e.g., 
comparisons between assembly structures between areas under HABs and without 
HABs or physiological responses to bloom exposure); 
Manipulative - studies that investigate the effects of one or more variables on ecological 
patterns through manipulations (e.g., manipulation of algal or biota toxins with 
measurements of responses). 

Experimental rigor of 
laboratory studies 

(as described in Hanson 
et al. 2017) 

Experimental design- the study does show hypotheses, proper number and type of 
controls, duration of exposure, number and type of treatment. 
Test compound source and properties- the study does show technical names. 
Test organism characteristics- if study does show name, source, and strain of species. 
The control performance. 
Experimental conditions- general test condition reported (Acclimation and feeding). 
Exposure confirmation- Method LOD and LOQ provided. Clear statement of which 
samples were analyzed. 

Purpose of the study Effects on biota - studies that focused on the impact of contaminants on biota or an 
ecological function; 
Environmental assessment - studies that use biota as an assessment tool for 
environmental quality; 
Validation assessment of particular organisms, such as biomonitors or bioindicators of 
environmental contamination. 

Taxonomic group Microalgae or cyanobacteria - taxonomic group targeted as a potential stressor. 
Marine annelids - taxonomic group targeted as potentially stressed. 

Toxicokinetics 

Intake 

 

Algal cells/cysts or purified toxin 

Exposure time Acute -for an identified single HAB exposure event 
Chronic - for studies where an assessment of exposure over time was made 
 

Absorption pathways Epithelial - absorption of toxin through the skin; 
Oral - absorption of the toxin following particle ingestion. 
Insufficient information for how absorption is done during exposure to microalgae or 
toxins. 

Body compartment region of the body affected by the toxin: 
 Cell; tissue; specific organ. 

Toxicodynamics 

Response level Molecular - response measured at the molecular level (e.g., neurotoxic, cytotoxic, 
genotoxic or mutagenic); 
Individual - responses measured in an individual organism (e.g., growth, osmotic 
regulation); 
Population - responses measured in a group of individuals of the same species (e.g., 
genetic structure, survival, fertility); 
Community-level - responses measured from a group of species (e.g., diversity, species 
composition, primary production) at a given location and time. 
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Indicators used - toxic 
effect qualified through: 

Variations in abundance and biomass 
Mortality rates 

Motility: swimming speed/remobilization rate 
Fertilization success 
Enzymatic stress 
Histology 
Toxin accumulation//transformation/elimination 

Type of response Protective - there is the activation of mechanisms to contain damages in organisms; 
Reparative - mechanisms are activated to repair existing damages. 

 

Data processing 

We used the data categories to address three main themes: (1) study design and 

subject; (2) toxicokinetic-TK; and (2) toxicodynamic-TD. To provide an overview of the 

characteristics of retrieved studies (i.e., study design and subject), we calculated the 

percentage of the categories of study scenario, purpose of the study, type of study, and 

experimental rigor.  

Sice the collected articles were connected with toxin-producing microalgae 

(grouped by chemical compounds in DA, DSTs, PSTs, PbTXs or PLTXs) and annelids, we 

represented the interactions between the taxonomic groups with a bipartite network. Bipartite 

networks provide a systematic way to describe data that consist of two distinct guilds, toxin 

groups and annelid groups. These networks are composed of nodes (represented here by 

toxin groups and species of annelids) connected by links (edges) representing the interactions 

between nodes. The degree of a node represents the sum of the links connecting the particular 

node to the nodes of the other guild. For example, the greater the number of lines of a specific 

toxic group correlated with different species of annelids, the greater the node for that group. In 

addition, studies with the same annelid species that interacted with the same toxic group 

showed larger sizes of nodes and a larger number of edges (i.e., lines) than the annelid species 

that interacted in just one study with a group of toxins.  

To identify possible relationships between groups of toxins and functional 

characteristics of annelids (feeding forms, habitat type, morphology and feeding structure, 

Appendix A2) reported in Jummar et al., 2015, we represent here the interactions between 

taxonomic groups and characteristic guilds with an incidence matrix, where the characteristic 

guilds are represented by lines and the Annelid groups by columns (Figure 2b). 

We applied multiple correspondence analysis or MCA (Husson et al., 2010) using 

the Burt table method (Burt, 1950) to assess categories Toxicokinetics-TK (intake, exposure 

time, absorption pathway and body compartment) and Toxicodynamics-TD (response level, 

indicators used, and type of response), combined with the annelid taxonomic group, toxin 

group, and study scenario (laboratory or field study). MCA is an extension of correspondence 
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analysis (CA), which elucidates the relationship patterns among several categorical dependent 

variables (Burt, 1950) and identifies and differentiates the TD and TK of toxic groups among 

marine annelids. The TD and TK categories listed above were entered into the MCA to visually 

assess existing standards and gaps in the literature. We analyzed the data with the packages 

“FactoMineR” (LE et al., 2008), “ggplot2” (Wickham, 2016), “factoextra” (Kassambara and 

Mundt, 2017), and “corrplot” (Wei and Simko, 2017) in the R environment (R development 

Core Team, 2018). 

Literature retrieved 

Thirty-five papers or other scientific contributions (dated from 1969 to 2020), were 

filtered for the analysis. Of these, 52.9% were field studies, and 47.1% were laboratory assays 

(Fig. 1). Most field studies (61.1%) were descriptive, reporting the contamination or occurrence 

of a given organism, and the main purpose of field studies (81.3%) was environmental 

assessment, using biota as an assessment tool. Unlike field studies, most laboratory 

investigations (81.3%) aimed at validation assessment using annelids as biomonitors, and the 

vast majority of them used manipulative methods (93.7%). Only 18.7% of investigations 

assessed the effect on biota and 6.3% of laboratory studies were correlative. 

Although some studies did not clearly indicate all criteria of their experimental rigor, 

some relevant points were informed. Most papers (81.2%) reported the source and properties 

of the tested compound(s), informing their technical names. In addition, most papers 

documented some essential items of the experimental design, such as the working hypothesis 

(93%), number of controls (75%) and treatments (93%), and length of exposure (90%). 

Most articles reported the general characteristics of the organisms, such as 

species name(s) (75%) and control performance (62.5%). On the other hand, although the 

general conditions during the exposure have been reported, the description of the acclimation 

procedure was often (50%) insufficient. Furthermore, only a few studies clearly reported 

aspects the exposure confirmation, reporting the LOD and LOQ values (6.2%) and/or 

identifying which samples were analyzed (12.5%). 



26 
 

 
Figure 1. Frequency (%) of study scenario types, purpose and type of study and an evaluation of the 

experimental rigor for scientific publications on microalgae correlated with annelids (from 1969 to 2020). 

Purple colors correspond to laboratory studies, and green colors represent field studies. 

 

 

Bipartite interaction networks: taxonomic groups and phycotoxins 

The algal species, grouped into five mais toxin groups,  interacted with 38 annelid 

taxa identified at the species level and four at the genus level (Fig. 2). Some organisms 

identified in the studies as “Polychaeta” were grouped here under a general “phylum Annelida” 

category. Most studies focused on PbTXs (n = 9) and PSTs (n = 13), while only one 

investigated the interaction with PLTXs. Most studies sharing the same taxonomic groups of 

annelids investigated their interactions with the same group of toxins, indicating patterns of co-

occurrence. However, some annelid groups were investigated along with different toxin 

groups. In other words, some annelid (probably cosmopolite) species may be present in 

different regions affected by blooms of different algal species and/or may be used as generalist 

bioindicators. The three species of annelids with the highest grades (number of studies) 

included Glycera dibranchiata, Alitta virens, and Alitta succinea. It is noteworthy that these 

organisms may be more recurrent due to taxonomic erros, the Alitta group for exemple is a 

known complex of species. Furthermore, “phylum Annelida” received the highest degree of 

interactions, indicating that some ecological studies lack a more refined taxonomic 

identification. 

Additionally, the greater occurrence of the groups listed above can be explained 

ecologically, such organisms are motile and epifaunal, with a diverse feeding mode, being able 
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to easily feed on the cells available in the substrate during flowering. However, these 

individuals were probably selected for characteristics other than ecological, these animals are 

large individuals and can be easily seen and collected (Figure 2). 

Although there is no evident correlation pattern between functional groups of 

annelids and  groups of toxins, some trends seem to be relevant during toxic algae blooms, 

regardless of the type of toxic group. In this sense, the second cluster formed (Figure 2) has a 

large amount of taxa whose characteristics seem to be individuals that can have easy access 

to algae in suspension or by capturing the surface, being epifaunal, discretely mobile or sessile 

and feeding through of palps. In the first and third clusters the trends are quite comprehensive, 

with individuals present and a great diversity of habitats, body size and form of feeding. Finally, 

the fourth cluster include small to medium sized infaunal animals which do not easily access 

microalgae, probably being little collected identified during flowering, as they are individuals 

that eat in a small particle size range through an eversible but not muscular pharynx.  
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Figure 2. A-Bipartite network of interactions between microalgae (clustered into five main toxin groups) 

and annelids identified in laboratory and field studies. Toxin groups (DSTs-diarrhetic shellfish toxins, 

PLTXs- palytoxin and congeners, PSTs- paralytic shellfish toxins, DA- domoic acid and PbTXs- 

brevetoxin) and respective microalgal taxa are shown on the top and annelid taxa on the bottom. Sizes 

of nodes and the number of edges (i.e. lines) represent the number of occurrences and interactions 

between algae and annelids, respectively. B-The other network is represented by the incidence matrix, 

where the guild characteristics are represented as rows and the annelid taxonomic group as columns. 

 

4. PATTERNS AND GAPS IN THE LITERATURE 

Studies on phycotoxin kinetics in annelids: patterns and gaps 

The patterns of toxicokinetic (TK) variables arising from the interactions between 

phycotoxin groups and annelid taxa were interpreted based on the MCA. The correspondence 

analysis plot explained 16.9% (Dim1) and 11.3% (Dim2) of the total variance of the data (Fig. 

3). Information on TK in annelids, as currently reported in the literature, is unbalanced. In these 

studies, all TK categories (absorption pathway, body compartment, intake, exposure time) 

were significantly separated (Table 1) and treated differently according to each toxin group 

(Fig. 3).  

 

 



29 
 

Table1. Categorical variables correlated (R2) with MCA Dimension 1 (X-axis) and Dimension 2 (Y-axis). 

Bold p-values are significant at the 0.05 level; ns: nonsignificant. 

 
Categorical variables 

Dimension 1 (16.9%) Dimension 2 (11.3%) 

R2 p-value R2 p-value 

Toxin group 0.68 <0.0001 0.28 ns 

Absorption pathway 0.61 <0.0001 0.36 ns 

Body compartment 0.47 <0.0001 0.34 ns 

Intake 0.46 <0.0001 0.30 ns 

Time exposure 0.34 ns 0.42 ns 

Study scenario 0.33 ns 0.44 <0.001 

Taxon annelids 0.84 ns 0.83 ns 

 

The grouping formed by DA, PbTXs and PSTs (x-axis in Fig. 3) reveals gaps in the 

literature regarding the absorption pathway, intake (algae or toxins) and body compartment 

(region of the body affected by the toxin): In this sense, DA seems to be the group with the 

least information in the literature regarding TK in annelids. For this toxin group, only field 

studies have been conducted, mostly evaluating the chronic effects of toxin exposure (i.e. 

chronic effects) in annelids. Although there are no studies clearly distinguishing annelid body 

compartments for PbTXs and PSTs, some of the studies described the form of absorption as 

“oral” and the type of intake as “whole algal cells”. For both toxin groups, acute and chronic 

exposure conditions were tested (Fig. 3). Additionally, in the first axis of the MCA, the separate 

grouping composed of DSTs and PLTXs reveals the existence of much more information on 

all TK categories for these toxin groups, except on absorption pathways for PLTXs. Both field 

and laboratory studies have been conducted with DSTs and PLTXs. The latter was identified 

in annelid whole bodies, mostly following intake as algal cells and over short-term (acute) 

exposure. For DSTs, toxin absorption in annelids was investigated both by oral and epithelial 

routes following intake from either algal cells or purified toxins under acute exposure. A single 

study on DSTs distinguished specific regions of the annelid body (Fig. 3). 
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Figure 3. Multiple correspondence analysis (MCA) was used to analyze the interactions between toxic 

groups (DA- domoic acid, PbTXs- brevetoxin, DSTs- diarrhetic shellfish toxins, PLTXs- palytoxin-like 

compounds and PSTs- paralytic shellfish toxins) and the categorization of toxicokinetic elements (toxic 

compound, exposure time, absorption pathways, body compartment, toxin transformation) in exposed 

annelids. In the lower plots, “NA” (in red) refers to the absence of data. 

 

Studies on phycotoxin dynamics in annelids: patterns and gaps 

The patterns of toxicodynamic (TD) variables for each toxin group interacting with 

the annelid taxa in the retrieved studies were interpreted using the MCA. The correspondence 

analysis plot explained 17.2% (Dim1) and 10.3% (Dim2) of the total data variability. All TD 

variables, namely, response level, indicators used and response level, as well as the study 

scenario, differed significantly (Table 2) and could be related to the distinct toxin groups 

investigated (Fig 4). 
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Table 2. Categorical variables correlated (R2) with MCA Dimension 1 (X-axis) and Dimension 2 (Y-axis). 

Bold p-values indicate significant p-values at 0.05; ns: nonsignificant. 

 

Categorical variables Dimension 1 (17.2%) Dimension 2 (10.3%) 

R2 p-value R2 p-value 

Toxin group 0.48 <0.0001 0.32 ns 

Response level 0.75 <0.0001 0.54 <0.0001 

Indicators used 0.79 <0.0001 0.83 <0.0001 

Study scenario 0.66 <0.0001 0 ns 

Type of response 0.68 <0.0001 0.54 <0.0001 

Annelid taxa 0.78 ns 0.73 ns 

 

Based on TD-related variables (indicators used, response level, and type of 

response), three toxin groupings were clearly distinguishable (DA and PbTXs; DSTs and 

PSTs; and PLTXs alone). While most studies on PSTs and DSTs were predominantly 

performed in the laboratory, DA and PbTXs studies were conducted in the field, separated by 

the x-axis of the MCA (Fig. 4). Studies on the interactions between DA and annelids used 

abundance/biomass as indicators to assess reparative responses at the community level. The 

few studies on PLTXs and most studies on PbTXs, in turn, used mortality and toxin 

accumulation to assess the interactions with annelids at the population level, while other 

studies on PbTXs used abundance/biomass to assess reparative responses at the community 

level (Fig. 4). In contrast, studies on PSTs and, to a lesser extent, on DSTs assessed protective 

responses at the individual and population levels. No response type was reported in several 

studies, especially in those involving PbTXs and PLTXs. When the type of response was 

informed in PbTXs studies, they consisted basically of reparative responses at the community 

level. (Fig. 4). In general, laboratory studies assessed toxic effects at the individual or 

molecular level using more specific indicators, such as mobility, fertilization, and histology. 

They usually reported either a protective response or no effect relative to the control group 

(Fig. 4). 
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Figure 4. Multiple correspondence analysis to analyze the interaction between toxic groups (DA- domoic 

acid, PbTXs- brevetoxin, DSTs- diarrhetic shellfish toxins, PLTXs- palytoxin and PSTs- paralytic shellfish 

toxins) and the categorization of toxicodynamic elements [response level, indicators used (qualified toxic 

effect) and type of response]. In the lower plots, “NA” (in red) refers to the absence of data. 

 

5. HOW WELL ARE WE PERFORMING? ARE WE MISSING ANYTHING? 

The observations of the impacts of harmful algae on annelids mainly come from 

simple field observations (descriptive), complemented by experimental manipulations. In 

evaluating the experimental rigor of laboratory studies, we found that although not all studies 

described all of our criteria (Figure 1), some essential quality points of experimental protocols 

were reported. On the other hand, our survey also highlights relevant gaps that may require 

improvement. The characterization of detection and quantification limits (LOD and LOQ), for 

example, are essential for annelids. Because annelids are small organisms, the limits of 

detection and quantification can vary significantly due to the low concentration of quantifiable 

toxins in their tissues (Armbruster and Pry, 2008). Finally, we note that just a few studies 
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provide all the information needed to carry out a comprehensive review, as we originally 

intended (e.g., through the availability of supplementary information). 

Consideration on marine annelids 

More annelid species have been used for the toxin groups PbTXs and STX (Fig. 

2); however, this does not necessarily mean a better knowledge of the impact of these toxin 

groups on annelids. Most occurrences were punctual, with only one study for each species. 

Although it is necessary to consider that the most recurrent species (mostly nereidids) may be 

groups with taxonomic biases, since in recent years a great taxonomic variety within a species 

complex has been revealed, this group has been of great relevance for ecotoxicology, because 

it is easy to see and collect in the environment and because of the high biomass in a small 

number of individuals, which facilitate the determination of toxins and molecular markers for 

algae, as seen above. On the other hand, other groups can be equally interesting, due to their 

ecological and physiological characteristics. For example, the digestive and excretory systems, 

reproduction, and development of spionid annelids are well known. Their digestive system is 

straightforward, and this can favor the accumulation of toxins (Jumars, 2015). Although 

oweniids have been correlated only with PbTXs, it is known that they live in many geographic 

areas and have a sizeable bathymetric range (Jumars, 2015). Similar to other polychaetes, 

they can be potential vectors of phycotoxins along the food chain due to their dominance in 

benthic associations and because they are consumed by fish that feed in the water-sediment 

interface (Jumars, 2015). 

PSTs affected the species Polydora websteri (Spionidae), Alitta succinea 

(Nereididae), Hediste diversicolor (Nereididae), Melina cristata (Meliniidae), and Nuntia 

perinereis (Nereididae) (Fig. 2). This indicates that PSTs are the group of phycotoxins more 

targeted in annelids. It is known, for example, that during microalgal blooms, nereidids can 

change their feeding behavior. Hediste diversicolor is considered omnivorous and uses its jaws 

to tear and capture food. However, food suspension is triggered by high concentrations of 

phytoplankton (Riisgård & Kamermans, 2001). In addition, H. diversicolor and other nereidids 

have been suggested for algae, and bacterial "gardens" and juveniles of H. diversicolor and A. 

virens have been documented to collect macrophyte fragments of many species and 

decomposition conditions and store them in their burrows (Olivier et al., 1995). A question 

raised about apparently herbivorous nereidids that live in seagrass beds is whether they ingest 

significant amounts of seagrass or specialize in epiphytes and other fouling organisms. Pardo 

& Dauer (2003) analyzed the intestinal content of A. succinea and found particles close to 20 

μm in diameter, including several diatoms. Swallowing very fine grains and much richer 

materials such as microalgae can make it very difficult to optimize the mixing of digestive 
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reagents, transporting digestive products to absorption sites and residence times in the 

intestine. 

The change in the mobility of spionid Polydora websteri when exposed to PSTs 

can be an exciting point for further investigation. These individuals can gather suspended or 

deposited food particles by moving their palps. Slow flows often cause a vertical palp posture 

that reaches high into the faster flowing water and, consequently, more significant flows of 

suspended particles. Conversely, faster flows often induce a palp posture with narrow helical 

coils held below the tube opening (Jumars, 2015). 

 

Considerations on kinetics and dynamics of  phycotoxins 

This paper proposed a systematic qualitative review of the literature on the TK and 

TD routes of phycotoxins in annelids based on specific criteria. We used statistical tools to 

detect and display the many gaps in the current literature. Dimension 1 of the MCA-TD was 

grouped with DA, PbTXs, and PSTs due to the lack of information. On the other hand, the toxin 

groups in dimension 1 have been modified in MCA-TK. This modification indicates that while 

the perception of toxin’s effects is of interest in the literature, the kinetic variable has a low 

contribution. Although the mechanisms of the absorption pathway of PbTXs, DSTs and PLTXs 

are known through oral ingestion of cells, there are still many unresolved problems associated 

with the form of ingestion through the dermis (Fig. 3). 

Furthermore, although there are tests that have evaluated the toxin concentration 

isolated from okadaic acid in annelids, they lack other toxins. This must be clarified since each 

algal species can produce different toxins, promote a synergistic effect, and modify 

environmental conditions. Moreover, we see that the groupings are unequal for TK, mainly 

because of the few data in the graphic models. On the other hand, the visual pattern in TD 

revealed correspondence between the categories. DA and PbTXs need to be better studied in 

the laboratory through more specific indicators, evaluating the individual markers that can 

respond to the toxins. PbTXs is known to produce  sublethal effects, such as alteration in 

mobility, so it may be an exciting way to further investigate these sublethal effects at the 

molecular and individual levels. There are only two studies on PLTXs, whose lethal effect has 

already been found. The accumulation in the tissue of polychaetes and possible sublethal 

effects remain to be better investigated. Finally, PSTs and DSTs seem to be the toxin group 

that have some TK information in different categories. However, information on TD is quite 

vague, which is shown by the cluster of insufficient information in indicators used, but their 

sublethal effects have been investigated. 

There is a direct correlation between the indicated behavior and the behavior of 

the DSTs, with no records of lethal effects. However, more general parameters of the toxin's 
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behavior in the field and less specific levels as in the community need to be evaluated. Finally, 

the type of response needs to be better investigated in all groups. For example, the DA and 

PbTXs grouping revealed reparative responses and DSTs protection. 
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Abstract 

We evaluated the accumulation of okadaic acid (OA), a diarrhetic toxin, and the antioxidant 
responses in the marine annelid Laeonereis acuta exposed to the benthic toxigenic 
dinoflagellate Prorocentrum cf. lima. Nontoxic Tetraselmis sp. was used as a control diet. 
Living cells of the two algae were supplied as food to animals kept in agar medium for 72 
hours. To assess the significance of the observed effects, our experimental design treated the 
algal species (diet), algal cell densities, and exposure time as fixed factors. Responses of the 
organisms were assessed through oxidative stress biomarkers (glutathione-S-transferase 
[GST], catalase [CAT], reduced glutathione [GSH] and lipid peroxidation [LPO]). Toxin 
accumulation was measured by LC-MS/MS in whole-body homogenates after 12, 24 and 72 
hours of exposure. Worms exposed to the toxigenic dinoflagellate gradually accumulated OA, 
with toxin levels directly related to the cell density of Prorocentrum cf. lima. Worms fed with 
Prorocentrum. cf. lima exhibited decreased CAT activity, increased LPO levels – both 
interactively affected by algal species and time – and decreased GSH levels, which were 
interactively affected by algal species and cell density. Higher LPO levels, along with the 
inhibition of CAT and GSH, clearly indicated an oxidative stress situation in worms exposed to 
the toxigenic dinoflagellate. Laeonereis acuta accumulated moderate OA levels and may act 
as a vector of OA to food webs in estuarine areas under high Prorocentrum cf. lima abundance. 

Keywords: biotoxins; toxicity; sublethal effect; marine annelids 

HIGHLIGHTS 

● We assessed the negative effects of Prorocentrum cf. lima on the annelid Laeonereis 

acuta 
● The accumulation of okadaic acid by L. acuta was directly related to exposure time and 

cell density 
● Antioxidant responses depended on the exposure time and algal cell density 
● We propose gelled agar as a cultivation medium in ecotoxicological assays. 
● Annelids can be vectors of okadaic acid to their consumers, posing a risk to marine 

fauna and human health 
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1. INTRODUCTION 

 

Harmful algal blooms (HABs) are natural events caused by microalgae that may 

become noxious to aquatic organisms upon reaching high cell densities (Lassus et al., 2016). 

In particular, marine benthic HABs have become more frequent and expanded their geographic 

coverage in recent years (Rhodes, 2011; Nakada et al., 2018, Tester et al., 2020). These 

events are mainly formed by dinoflagellates living on sediments, macrophytes, coral reefs and 

other hard substrata and can negatively affect marine fauna following the ingestion of toxin-

producing cells or contaminated material (Silva et al., 2015; Berdalet et al., 2017). 

Prorocentrum lima, one of the most widespread toxigenic species (Glibert et al., 

2012), is characterized by different morphotypes that can be genetically separated into clades 

within a single species complex, the so-called Prorocentrum lima species complex (Zhang et 

al., 2015; Moreira-González et al., 2018). These benthic dinoflagellates, along with planktonic 

species of Dinophysis, can produce the lipophilic toxin okadaic acid (OA) and their analogues 

dinophysistoxins or DTXs (Reguera et al., 2012; 2014; Hoppenrath et al., 2013; Ben-Gharbia 

et al., 2016; Chun-Hung Lee et al., 2016). During blooms of these dinoflagellates, increased 

numbers of toxin-producing cells can result in high concentrations of OA in several marine 

organisms, including invertebrates and vertebrates (Landsberg, 2002; Doucette et al., 2006; 

Prego-Faraldo et al., 2013; Reguera et al., 2014; Mafra et al., 2015a; 2019; Alves and Mafra, 

2018). When edible species are involved, toxin accumulation in marine organisms may 

become a serious threat to human health. Toxins comprising the OA group may cause severe 

gastrointestinal illness among consumers of contaminated seafood, an acute condition known 

as diarrheic shellfish poisoning, or DSP (Lee, 2016; Zohdi and Abbaspour, 2019). In addition, 

the role of OA as a tumor promoter in animal experiments, as well as its negative effects on 

cellular components and the immune and nervous systems, also represents a risk to human 

health, especially upon chronic exposure (Valdiglesias et al., 2013). 

The degree of toxin accumulation and the extent to which organisms will be 

negatively affected by toxin exposure will depend on the amounts of toxin incorporated, the 

solubility of each compound, the physiological tolerances of each species, and the efficiency 

of their detoxification mechanisms (Wells et al., 2015). When defense mechanisms are not 

able to control toxin levels, negative health effects may be elicited, ranging from subtle 

alterations at the cellular or tissue level to lethality (Prego-Faraldo et al., 2013). In the case of 

OA, the most common mechanism of action seems to be the inhibition of serine/threonine 

phosphatases, which are responsible for the regulation of essential cellular processes, 

including growth, division, and maintenance of the cytoskeleton (Fu et al., 2019). Alterations 

in protein phosphorylation can modulate the cell apoptosis process by modifying the main 

apoptogenic signaling pathways mediated by mitochondria, leading to cell destruction (Kinnaly 
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and Antonson, 2007). In this sense, a possible mechanism of apoptosis initiation by protein 

phosphatase inhibitors may be mediated through the control of the cell cycle, which requires 

the coordinated phosphorylation and dephosphorylation of regulatory proteins (Zezschwitz et 

al., 1997). Therefore, aquatic organisms can activate different biochemical or cellular defense 

mechanisms to prevent or minimize toxic effects. 

Organisms exposed to sublethal doses of biotoxins often suffer oxidative stress, 

classically defined as changes in the antioxidant and pro-oxidant balance of biomolecules, in 

favor of pro-oxidants (Sies, 1991). Increased levels of reactive oxygen species (ROS) are 

usually detected in organisms exposed to environmental changes, and/or contaminants can 

induce cellular changes (Monserrat et al., 2003; Lushchak, 2011). Among the cellular defense 

mechanisms, the enzymes superoxide dismutase (SOD), catalase (CAT) and glutathione 

peroxidase (GPx) act as antioxidants, while glutathione S-transferase (GST) is an indirect 

antioxidant. Glutathione (GSH), in turn, is a low molecular weight ROS scavenger and 

substrate for GST (Halliwell and Gutteridge, 2015). The synthesis of GSH in cells is normally 

regulated by the inhibition of the enzyme glutamate cysteine ligase (GCL) (Mather, 2005). In 

bivalve mollusks, for instance, exposure to OA changes the activity of important components 

of their antioxidant defense system, including the inhibition of glutathione reductase (GR) and 

increased levels of GST, CAT and total GPx (Vidal-Linan and Bellas, 2013; Prego-Faraldo et 

al., 2017). 

As a major food source to different predators, annelids may transfer algal toxins 

along the food web. Moreover, like other benthic animals, annelids also play an important role 

in the transport of organic matter within and at the sediment-water interface, making otherwise 

settled, toxin-containing algal cells available to epibenthic and pelagic organisms (Matisoff, 

1995; Piot et al., 2008). However, few studies have assessed the effects of algal toxins on 

marine annelids. Negative effects included high mortality of nereidids and dinophilids and a 

decrease in larval mobility and biomass of the serpulid Serpula columbiana during acute 

exposures to HABs (Simon and Dauer, 1972; Almeda et al., 2011; Simonini et al., 2011). 

Although species of the nereidid Laeonereis are susceptible to oxidative stress when exposed 

to cyanotoxins and blooms of cyanobacteria (Leão et al., 2008; Rosa et al., 2005), there are 

no studies focusing on the effects of OA-producing algae on these organisms. In estuaries 

along the Western Atlantic, an area recurrently affected by blooms of OA-producing 

dinoflagellates (Sunesen et al., 2021), species belonging to the complex Laeonereis 

(Nereididae) are often numerically dominant and highly abundant (Jumars et al., 2015). This 

knowledge gap is especially relevant in subtropical estuaries from southern Brazil, which 

harbor relatively high cell abundances of the toxigenic Prorocentrum lima species complex 

(Brustolin et al., 2014; Moreira-González et al., 2020), hereafter treated as Prorocentrum cf. 
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lima and are often exposed to high levels of OA and related compounds (Mafra et al., 2015a; 

2015b; 2019; Alves and Mafra, 2018). 

The present study aimed to experimentally evaluate the effects of toxins produced 

by the benthic microalgae Prorocentrum cf. lima on the annelid Laeonereis acuta (Treadwell, 

1923). For that, we measured toxin accumulation and evaluated the antioxidant responses of 

the marine annelid Laeonereis acuta experimentally exposed to OA-producing Prorocentrum 

cf. lima cells, using the nontoxic chlorophyte Tetraselmis sp. as control. Responses were 

examined across different cell densities of microalgae at distinct exposure times over 72 hours. 

We tested the hypothesis that the activation of the antioxidant defense system in L. acuta 

would be significantly related to the cell density of the toxin-producing dinoflagellate and its 

exposure time. 

 

2. MATERIALS AND METHODS 

2.1. Cultivation of Prorocentrum cf. lima and Tetraselmis sp. 

The algal strain LM-001 was previously isolated from the Paranaguá Bay estuarine 

complex (PBEC, Paraná State), located in southern Brazil (25° 30’S, 48° 30’ W). The strain, 

identified as Prorocentrum cf. lima “morphotype 5”, exhibited slightly shorter cells and distinct 

LSU rDNA and ITS1-5.8S rDNA-ITS2 sequences compared to those of typical Prorocentrum 

lima strains (Moreira-González et al., 2018). A single cell of Prorocentrum cf. lima was isolated 

under an inverted microscope (Zeiss® Axiovert 40C) and transferred to a 96-well plate 

containing 150 μL of sterile, 0.22 µm filtered seawater enriched with f/2 medium (Guillard, 

1975) at 30-32 salinity. After establishing the monoclonal, non-axenic culture, cells were 

successively transferred to culture plates and then to 50, 250 and 500 mL glass Erlenmeyer 

flasks containing 50% diluted culture medium (“f/4”). Additionally, a monoclonal culture of the 

nontoxic chlorophyte Tetraselmis sp. was obtained from the Algal Culture Laboratory of the 

Federal University of Santa Catarina (LCA-UFSC) and maintained in sterile 2 L glass flasks 

containing f/2 culture medium (30-32 salinity) under constant aeration (0.22 µm filtered air). 

Prior to the experiment, acclimatized cultures of both algal species were incubated at 25 °C 

and 100-140 μmol of photons m-2 s-1 under a 12:12 h light:dark cycle. Cells were harvested at 

late exponential growth phase. 

 

2.2. Sampling of Laeonereis acuta and acclimatization in the laboratory 

Approximately 400 adult individuals (~3 cm long) of L. acuta were collected from 

tidal flats around Cotinga Island (25°30’19.0” S; 48°28’14.9” W) in the outer section of PBEC. 

Individuals at reproductive stage were discarded. The animals were removed from the sandy-

muddy substrate, with the aid of shovels and sieves (250 µm), from an area characterized as 
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not contaminated by sewage or oil hydrocarbons (Barros et al., 2018; Sandrini-Neto et al., 

2016) in the outer estuarine sector, where the occurrence of P. lima has been previously 

reported (Brustolin et al., 2014; Moreira-González et al., 2020). 

At the laboratory, groups of 30 animals were randomly distributed in plastic flasks 

(1.5 L) containing 2/3 of water (1 L) and 1/3 of defaunated sediment (10 cm depth) from the 

sampling site and maintained under constant aeration for acclimatization over four days. 

During acclimatization, they were subjected to a 12:12 h photoperiod (light:dark) regime, 25 

salinity and 20 °C temperature, simulating the environmental conditions at the time of 

collection. Just before the beginning of the experiment, the animals were maintained for 4 h in 

trays (30 individuals each) containing 5 L of seawater at 25 salinity and 0.5 g of the 

antimicrobial agent LabconBacter® for decontamination. For the experiment, cultures were 

prepared in 122 cm2 Petri dishes containing 3% agar powder dissolved in 120 mL filtered 

seawater. Prior to agar gelling, we added cultures of either Prorocentrum cf lima or Tetraselmis 

sp. at 26°C, allowed the temperature to decrease to 20 °C and maintained the dishes under a 

12:12 h (light:dark) photoperiod. Cells were only added once, with no replenishment during the 

experiment. We opted to use a gelled agar medium rather than sediment or pure seawater so 

that the algae received the appropriate amount of light and remained homogeneously 

distributed and promptly available to the annelids over the entire experimental exposure. In 

addition, the use of a transparent medium allowed the visual assessment of the general health 

status of all annelids and facilitated their sampling and removal of eventually dead L. acuta 

individuals, avoiding excessive manipulation of the experimental units. We adapted the 

experimental protocol from that described in Franchini and Marchetti (2006), testing its 

feasibility in a series of pilot tests. 

 

2.3. Experimental design and toxicological test 

The negative effects of Prorocentrum cf. lima on L. acuta were evaluated 

considering three factors (Fig. 1): species of algae used as food, algal cell densities and 

exposure time. Three independent replicates were used for each algal density tested. 

In an air conditioning temperature-controlled room (22°C), animals (10 adults per 

experimental unit) were exposed to two distinct cell densities of each algal species in gelled 

agar, adjusted to 25 salinity. To compose each experimental unit, before agar gelation, the 

strains were slowly heated to 26°C so that they could be gelled together with the agar. Thus, 

2×103 Prorocentrum cf. lima cells mL-1, or the equivalent cell biovolume of the nontoxic algae 

Tetraselmis sp. (3.4×104 cells mL-1) were added for the low (L) cell density, and 2×104 

Prorocentrum cf. lima cells mL-1 – or 3.4×105 Tetraselmis sp. cells mL-1 – for the high (H) cell 

density. Biovolume equivalence was calculated after measuring the dimensions of 26 cells of 
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Tetraselmis sp. and Prorocentrum cf. lima each, using an inverted microscope (Zeiss® 

Axiovert) and imaging software (Zeiss® ZEN), and attributing a geometrical shape as in 

Hillebrand et al. (2002). This was necessary to ensure that the amount of food offered to L. 

acuta in the corresponding treatments was equivalent, as Prorocentrum cf. lima cells were 

almost 20-fold larger than their nontoxic counterparts. Cell density values were chosen based 

on previous laboratory and field studies to simulate high abundance/bloom conditions (e.g., 

Flórez-Barrós et al., 2011; Brustolin et al., 2014; Huang et al., 2015; Moreira-González et al., 

2020). All experimental units were maintained under low light (~25 µmol photons m-2 s-1) and 

a 12:12 h (light:dark) photoperiod and monitored daily for visual assessment of the health 

status of the organisms and survival. Dead animals were counted and removed from the 

sample units during the experiment. 

At each sampling time over the exposure period (12, 24 and 72 h), 3-5 individuals 

were collected from each dish for the analysis of oxidative stress biomarkers, and 2 other 

individuals were used to determine the concentration of diarrhetic toxins. Each experimental 

unit was sampled only once. Animals were immediately frozen and maintained at -80 °C until 

processing for further analyses. Finally, dissolved oxygen (DO), salinity and temperature were 

measured in the experimental units at 12 h, 24 h and 72 h of exposure using a multiparametric 

probe (pHenomenal® MU 6100 H). 

 

 

Fig.1. Experimental design used in this study. Values represent the algal cell densities used as food and 

the exposure time. 

 

2.4. Toxin analysis 

For each sample composed of a pool of organisms (~ 300 mg per replicate), 99.9% 

methanol (HPLC grade) was added in a 1:9 ratio (w:v). The animals were homogenized using 

a UNIQUE ultrasonic (220 W) cell disruptor for 1 minute. The homogenates were subsequently 
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centrifuged at 2000 x g for 10 min. Then, 1 mL of the supernatant was filtered through a 0.22 

μm PVDF syringe filter (13 mm diameter) and stored at -20 °C in an amber glass vial. 

Toxin analysis was performed by ultra-performance liquid chromatography coupled 

to tandem mass spectrometry (UPLC-MS/MS). Toxins were determined in a micro-LC system 

(MicroLC 200 Plus, Eksigent Technologies®) composed of a cooled 3-drawer PAL autosampler 

system, a binary gradient pumping system equipped with 50 μm i.d. tubing for flow rates 

between 20 and 200 μL min-1 and a column oven coupled to a triple quadrupole mass 

spectrometer (AB Sciex® Q-Trap 4500), following the protocol described in EURLMB (2015). 

High-purity air heated at 350 °C was used as the nebulizing gas. Chromatographic separations 

were performed on a Halo C-18 column (1.0 × 50 mm, 2.7 μm; Eksigent Technologies) at 35 

°C. As the mobile phase, (A) 100% water and (B) 95% acetonitrile were used, both with the 

addition of 2 mM ammonium formate and 50 nM formic acid. The following elution gradient 

(total flow = 70 µL min-1) was applied: 5% B for 0.5 min, rising to 90% B over 3.0 min, and thus 

maintained for 2.5 min before returning to the initial condition until the end of the analysis (total 

time = 7 min). Diarrhetic toxins (OA and DTXs) were scanned on the mass spectrometer, with 

parameters optimized for the toxins of interest in negative ionization mode (Table B1 in 

Appendix). Toxin identification was confirmed by comparing their retention times and MS 

spectra to those of the reference material (National Research Council, Canada) using Analyst® 

software. Concentrations of OA in its “free” (nonconjugated) form were determined based on 

the equation obtained by adjusting a linear regression (r² = 0.98) to the following concentrations 

of the reference material: 3.49, 13.96, 55.86 and 223.44 ng mL-1. After alkaline hydrolysis of 

the extracts, aiming at freeing the toxins from their possible conjugated forms, no additional 

levels of toxins were detected (i.e., toxins were only detectable in their free forms). The limits 

of detection (LODs) and quantification, as calculated statistically from repeated runs of the 

calibration solution at the minimum measurable concentrations of either OA (n = 4) or DTX-1 

(n = 3), corresponded to 0.17 and 0.57 pg OA mL-1 or 1.8 and 6.1 pg DTX-1 mL-1, respectively. 

 

2.5. Analysis of oxidative stress biomarkers 

To determine the enzymatic activity, L. acuta individuals weighing approximately 

100 mg were used per sample unit. The whole bodies of animals were homogenized in 

potassium phosphate buffer solution (1:3) composed of 20 mM Tris base, 1 mM EDTA, 1 mM 

dithiothreitol, 500 mM sucrose, 150 mM KCl and 0.1 mM phenylethylsulfonyl fluoride at pH 7.6. 

The samples were then centrifuged for 20 min at 9000 x g and 4 ºC, and the supernatant was 

separated for analysis. The concentration of total proteins was determined with a commercial 

kit that uses biuret reagent and bovine serum albumin solution as a standard. The remaining 

aliquot was then frozen (-80 °C) for further analysis. 
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CAT activity was determined following the method described by Beutler (1975), 

measuring the rate of hydrogen peroxide degradation (10 nM), which was 

spectrophotometrically monitored (240 nm). The enzymatic activity was expressed in CAT 

units present in the homogenate, defined as the amount of enzyme needed to hydrolyze 1 

μmol H2O2 mg protein -1 min-1 at 25 °C and pH 8.0. GST activity was determined according to 

Habig and Jakoby (1981). This assay was based on the conjugation of 50 mM glutathione with 

1 mM CDNB (1-chlorine, 2,4-dinitrobenzene), measuring the absorbance on a microplate 

reader (Victor 2, Perkin Elmer) at 340 nm for 2 min. The results were expressed in units of 

GST, defined as the amount of enzyme needed to conjugate 1 μmol CDNB min-1 per mg 

protein-1 at 30 °C and pH 7.0. 

LPO was determined according to the protocol of Hermes-Lima et al. (1995). For 

that, L. acuta individuals weighing approximately 70 mg were used per sample unit. The whole 

bodies of animals were homogenized (1:9; w:v) in cold methanol (4 °C). The homogenates 

were then centrifuged at 1000 x g for 10 min at 4 °C. The supernatant was immediately taken 

to quantify lipid peroxidation (LPO) on a microplate reader at 580 nm. Cumene hydroperoxide 

(CHP) was used as a standard, and the results were expressed as CHP equivalents by wet 

weight. 

Glutamate cysteine ligase (GCL) and reduced glutathione content (GSH) were 

determined according to White et al. (2003) using L. acuta individuals weighing approximately 

70 mg per sample unit. The whole bodies of animals were homogenized (1:9; w:v) in cold 

buffer (100 mM Tris base, 2 mM EDTA, 5 mM MgCl2, pH 7.6). Samples were then centrifuged 

for 20 min at 9000 x g and 4 °C. Protein concentration was determined as previously described, 

and the supernatant was frozen for further analyses (-80 °C). The method was based on the 

reaction of dicarboxialdehyde (NDA) with GSH – or gl-glutamyl cysteine residues – to form 

highly fluorescent cyclic products. The fluorescence intensity was measured at 472 nm 

(excitation) and 528 nm (emission) on a microplate fluorescence reader (Victor 2, Perkin 

Elmer) at 30 °C. GCL activity was expressed as GCL mg protein-1, and the GSH content was 

expressed in mg GSH mg protein-1. 

 

2.6. Data processing 

Variance analysis was applied to assess the statistical significance of the changes 

in physical-chemical variables and toxin concentrations. For significant terms (p < 0.05), post 

hoc comparisons were performed using the SNK-test, using the package “GAD”. 

The generalized linear model (GLM) method was applied to assess the statistical 

significance of the mortality rate and activity indexes of the antioxidant defense system. After 

defining the best distribution family, the structure of fixed effects was defined for the algal 
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species (toxic – Prorocentrum cf. lima and control – Tetraselmis sp.), algal cell density (L and 

H), exposure time (12, 24 and 72 h) and the interactions among them. The entire selection 

process was based on the significance of the terms of the Akaike Information Criterion (AIC). 

For significant terms (p < 0.05), post hoc comparisons were made using the package "lsmeans" 

with adjust "tukey". All statistical and graphical analyses were generated in R language (R 

Core Team, 2017). 

 

3. RESULTS 

3.1. Variations in salinity, temperature, and dissolved oxygen under 

laboratory conditions 

The temperature ranged from 22 to 24 °C, and the salinity varied between 26 and 

29 (Fig. 2-A). A posteriori comparisons indicated that the average temperature decreased from 

12 to 24 hours and increased back from 24 to 72 h of exposure (p < 0.001). In addition, the 

average temperature of sampling units containing Prorocentrum cf. lima was 0.5 °C above that 

measured for those containing Tetraselmis sp. (the control alga) during the first 12 hours. The 

average salinity values increased over time (p < 0.001), being, on average, 0.5 units higher in 

sampling units containing toxic algae than in those with control algae (p < 0.05; Fig. 2-B). 

Concentrations of DO varied between 3 and 10 mg L-1 during the experimental 

period (Fig. 2-C). Considering both algal densities (L and H), the average DO concentrations 

were significantly lower in sampling units containing toxic algae than in those with control algae 

(p < 0.05). In addition, the average DO concentration in the units containing toxic algae 

decreased significantly from 24 to 72 hours, and the average DO in sampling units containing 

Prorocentrum cf. lima was 5.3 mg L-1 lower than that measured for those containing 

Tetraselmis sp. at 72 hours (p < 0.001; see Table B2 in Appendix). 



46 

 

Fig. 2. Changes in temperature (A), salinity (B) and dissolved oxygen (C) in Laeonereis acuta exposed 

to the toxic microalgae (T) Prorocentrum cf. lima (orange columns) or to the control (C), nontoxic algae 

Tetraselmis sp. (green columns) at either low (L) or high (H; 10 times greater) cell densities after 12, 24 

and 72 hours of exposure. Lowercase letters denote significant differences by post hoc procedure; 

horizontal lines overlay bars that were not significantly different by post hoc tests. Significances 

considerate: p < 0.05. 

 

3.2. Concentration of algal toxins in annelids 

The diarrhetic toxins OA and dinophysitoxin-1 (DTX-1) were detected in the tissues 

of L. acuta individuals exposed to treatments with toxigenic microalgae. Animals exposed to 

the control alga, as expected, exhibited no detectable toxin levels. 

The average OA levels accumulated in L. acuta varied according to the different 

algal densities of Prorocentrum cf. lima and the exposure time (Table B3 in Appendix). 

Individuals exposed to the highest cell density of toxic algae accumulated greater OA levels in 

their tissue homogenates (p < 0.001). Moreover, average OA concentrations increased 

significantly after 72 hours of exposure in organisms exposed to both abundance levels of 

Prorocentrum cf. lima tested. At the lowest cell density, OA levels became detectable in L. 

acuta tissue homogenates after 24 h of exposure (mean ± standard error: 2.83 ± 4.89 ng g-1) 

and increased significantly from 24 h to 72 h (21.6 ± 14.3 ng g-1). At the highest cell density, 

the mean OA concentrations attained 43.8 ± 47.1 ng g-1 at 12 h and 24.3 ± 3.33 ng g-1 at 24 h 

and increased significantly thereafter (p < 0.05), reaching 83.8 ± 35.9 ng g-1 at 72 h (Fig. 3). 
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Concentrations of DTX-1 in L. acuta tissue homogenates were always below the 

quantification limit of the analytical method (LOQ: 0.06 ng g-1). Trace levels, i.e. DTX-1 (0.02 

ng g-1 to 0.06 ng g-1) was detected after 12 and 72 h in one of the replicates of the treatment 

containing the greatest Prorocentrum cf. lima cell density. 

 

Fig. 3. Concentration of okadaic acid (OA) accumulated in tissue homogenates on Laeonereis acuta 

exposed to the toxic microalgae (T) Prorocentrum cf. lima at either low (L) or high (H; 10 times greater) 

cell densities after 12, 24 and 72 hours of exposure. Lowercase letters denote significant differences 

by post hoc procedure. Significances considerate: p < 0.05. 

 

 

3.3. Negative effects: Mortality and oxidative stress 

Some individuals died during the experiment, especially at 72 h of exposure; 

mortality rates were much lower at the beginning of the exposure period (p < 0.0001) (Table 

B4 and B5 in Appendix). Mortality episodes affected all treatments indiscriminately, including 

individuals exposed to toxigenic microalgae (up 37% and 40% of the individuals at 72 h of 

exposure in L and H, respectively) and those fed nontoxic, control microalgae (up to 23% and 

30% at 72 h in L and H, respectively) (p >0.05; Table B5 in Appendix). 

There were substantial changes in the antioxidant defense system when diets 

(toxic vs. nontoxic algae), cell densities and/or exposure times were compared (Table B6 in 

Appendix). The average GST activity (Fig. 4) attained significantly (p < 0.001) greater values 

in animals exposed to higher cell densities and increased significantly (p = 0.05) from 24 to 72 

hours of exposure to both algae (Fig. 4). The mean CAT activity, in turn, differed significantly 

(p < 0.05) between algal species at the highest cell densities, being higher in animals exposed 

to toxic algae. 
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Fig. 4. Activities of glutathione-S-transferase (GST; A) and catalase (CAT; B) in Laeonereis acuta 

exposed to the toxic microalgae (T) Prorocentrum cf. lima (orange columns) or to the control (C), 

nontoxic algae Tetraselmis sp. (green columns) at either low (L) or high (H; 10 times greater) cell 

densities after 12, 24 and 72 hours of exposure. Lowercase letters denote significant differences by post 

hoc procedure; horizontal lines overly bars that were not different by post hoc tests. Significance was 

considered at p < 0.05 (significant p values – GST: algal density × time; CAT: algal density × species). 

 

The average levels of GSH (Fig. 5) were markedly lower (p < 0.0001) in individuals 

exposed to toxic microalgae than in those allocated to the control treatment, but no significant 

differences were noticed across cell densities, exposure times, or their interactions (Table 1). 

Similarly, GCL levels (Fig. 5) were generally lower in individuals exposed to toxic algae (p < 

0.001) than in their control counterparts, except at 72 h of exposure. Contrary to GSH and 

GCL, however, LPO attained the highest levels (p < 0.001) in individuals exposed to toxic algae 

compared with their control counterparts, except at 72 h of exposure (Fig. 5). At that time point, 

both the GCL and LPO levels increased in the control (p < 0.05 for GCL; p < 0.001 for LPO), 

similar to the levels measured in individuals exposed to toxic algae (Fig. 5; Table 1). 
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Fig. 5. Levels of reduced glutathione (GSH; A), glutamate cysteine ligase (GCL; B) and lipid peroxidation 

(LPO; C) in Laeonereis acuta exposed to the toxic microalgae (T) Prorocentrum cf. lima (orange 

columns) or to the control (C), nontoxic algae Tetraselmis sp. (green columns) at either GCL low (L) or 

high (H; 10 times greater) cell densities after 12, 24 and 72 hours of exposure. Lowercase letters denote 

significant differences by post hoc procedure; horizontal lines overly bars that were not different by post 

hoc tests. Significance was considered at p < 0.05 (significant p values – GSH: algal species; GCL and 

LPO: algal species × density × time). 

 

Table 1. Summary of the symmetric variance analysis performed using the GLS method for the activities 

of catalase (CAT) and glutathione-S-transferase (GST) and the levels of reduced glutathione (GSH), 

glutamate cysteine ligase (GCL) and lipid peroxidation (LPO) in Laeonereis acuta. The table lists the 

algal species (“Algae”: Prorocentrum cf. lima or Tetraselmis sp. ), cell density (“D_algae”: low or high) 

and exposure time (time: 12, 24 or 72 h). Significant p values (<0.05) highlighted in bold. 

CAT df p  GST df p 

       

Algae 1 0.432  D_algae 1 <0.001 

D_algae 1 0.726  Time 2 0.167 

D_algae × Algae 1 <0.01  D_algae × Time 2 .0.05 

       

       

LPO df p  GCL df p 
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Algae 1 <0.001  Algae 1 <0.001 

Time 2 0.099  Time 2 <0.001 

D_algae 1 0.660  D_algae 1 0.903 

Algae × Time 2 <0.001  Algae × Time 2 0.119 

Algae × D_algae 1 0.546  Algae × D_algae 1 0.077 

Time × D_algae 2 .0.05  Time × D_algae 2 0.147 

Algae × Time × D_algae 2 <0.01  Algae × Time × 
D_algae 

2 <0.01 

       

GSH df p     

       

Algae 1 <0.001     

Time 2 0.361     

Algae × Time 2 0.108     

       

 

4. DISCUSSION 

Worms accumulated low to moderate okadaic acid (OA) concentrations in their 

tissue homogenates during the experimental exposure to Prorocentrum cf. lima, depending on 

the availability of dinoflagellate cells in the substrate. Cell density values of Prorocentrum cf. 

lima used in this study were comparable to those reported in the field: 3 x 10³ cells cm-2 in 

superficial sediment (Brustolin et al., 2014) and 4 x 10³ cells g-1 on macrophytes (Moreira-

González et al., 2020) in southern Brazilian tidal flats. Therefore, in the present experimental 

study, OA levels detected in the animals may be representative of a natural process of toxin 

accumulation under high P. lima abundance. In the natural environment, OA has only been 

reported in two other species of marine annelids: in the sabellid Sabella spallanzanii at trace 

levels in Greece (Reizopoulou et al., 2008) and in the nereidid Pseudonereis palpata at levels 

up to 164.6 ng g-1 during a massive bloom (max. 4.3 x 105 cells L-1) of the planktonic Dinophysis 

acuminata in southern Brazil (Alves and Mafra, 2018). 

We detected OA in the tissues of L. acuta just 12 to 24 hours after the first contact 

with Prorocentrum cf. lima cells, indicating rapid toxin incorporation by this annelid species. 

Toxin levels continued to increase until the end of the exposure period (72 h). This suggests a 

high capacity for OA accumulation and, perhaps, slow toxin transformation and elimination by 

L. acuta, as indicated by the absence of conjugated toxin forms. Interestingly, at the highest 

cell density, the reduction in the OA content within 24 hours may indicate a defense capacity 

by L. acuta through the avoidance of toxic cells and/or possible detoxification mechanisms, as 

previously reported in bivalves (Vidal et al., 2014). On a longer timescale (2-3 weeks), the 

nereidid Pseudonereis palpata exhibited the slowest OA transformation and elimination rates 

among several marine organisms – including multiple invertebrates and fish – contaminated 

by OA during a D. acuminata bloom (Alves and Mafra, 2018). Taken together, these results 

suggest that marine annelids should be efficient vectors of diarrhetic toxins to higher trophic 
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levels during blooms of toxigenic microalgae, such as benthic Prorocentrum and planktonic 

Dinophysis species. In addition to OA, we also detected DTX-1 in annelids exposed to the 

greatest Prorocentrum cf. lima cell density, but only at trace levels. This was expected as the 

strain of Prorocentrum cf. lima used in the present study produces minor amounts of DTX-1 

(6–8% of total diarrheic toxins; Moreira-González et al., 2018). However, DTX may be 

produced at similar or higher levels by other strains (Tibiriçá, 2020). Thus, DTX accumulation 

in annelids may become relevant in other geographical regions, as DTX-1 exhibits a similar 

capacity for protein phosphatase inhibition and a higher cytotoxicity relative to OA (Rivas, 

2000; Soliño et al., 2015). Finally, L. acuta and other burrowing worms, which constantly 

remobilize sediment, may facilitate the transfer of toxic P. lima cells to the water-sediment 

interface (Piot, et al., 2008) and its subsequent availability to epibenthic and pelagic animals. 

In the present study, some of the animals died in different experimental units, 

especially at the end of the experiment. Sharp temporal variations in temperature and salinity 

may affect the antioxidant defense system of invertebrates in the field and even cause mortality 

(Amiard et al., 2006). During our experiment, however, variations in temperature and salinity 

were minor and comparable to daily fluctuations in the field (Lana et al., 2001). Thus, variations 

in temperature and salinity are not expected to explain the mortality episodes and the 

significant changes in biomarkers reported herein. Likewise, the drop in dissolved oxygen 

concentrations resulting from the decomposition of Prorocentrum cf. lima (Wang et al., 2021) 

after 72 h is also unlikely to be related to increased mortality, as estuarine annelids tolerate 

low oxygen levels (Dauer, 1984). More importantly, mortality was similarly recorded in control 

units, where DO concentrations remained relatively high. On the other hand, biomarkers seem 

to respond more to the presence of the algae toxin than to the DO resulting from its 

decomposition. For example, correlated with DO depletion, we observed a decrease in 

catalase. This inhibition was different from that reported for the annelid Nereis diversicolor. 

There is an increase in activity in places where DO depletion occurs. Inhibition is registered as 

a result of exposure to pollutants (Douhri and Sayah, 2009). 

The greatest mortality (30-40%) was recorded at the highest doses for both algal 

species. We hypothesize that the increase in mortality rates was related to the high cell density 

to which individuals were subjected. Even the low-dose control diet was composed of a 

relatively high number of cells, which was intentionally comparable in total biovolume (i.e. 

biomass) to the low dose of toxin-containing algal cells. Doses of P. cf lima, in turn, simulated 

bloom situations in the field, when negative effects on annelids are expected to be maximum. 

The responses of oxidative stress biomarkers in L. acuta differed significantly 

among animals experimentally exposed to different diets, depending on the microalgal species 

offered as food [Tetraselmis sp. (control) or Prorocentrum cf. lima (toxin-producing species)], 

cell density and exposure time, as anticipated by our working hypothesis. Notably, exposure 
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to OA-producing dinoflagellates, Prorocentrum cf. lima, significantly affected the activity of part 

of the antioxidant system in L. acuta. The health of aquatic organisms under toxic conditions 

produced by HABs is only possible under the joint interaction of antioxidant enzymes that 

provide a reliable and effective oxidative defense system that allows for the reduction or 

prevention of oxidative damage (Chen, Zeng and Cao 2012; Dickinson and Chang 2011). This 

system eliminates ROS and reactive nitrogen species produced during increased oxidative 

stress for organisms (Hellou, Ross and Moon 2012). This annelid species is already adapted 

to estuarine variability, suggesting a certain degree of tolerance to the stress associated with 

ROS generation (Geracitano et al., 2004). However, additional disturbances, as in the case of 

exposure to toxic algal blooms, can modify the activity of their oxidative system, as reported 

herein. 

Changes in CAT activity were dose-dependent. Slightly increased CAT activity at 

the beginning of the exposure period (12–24 hours) was observed in worms exposed to the 

highest densities of Prorocentrum cf. lima. In Vero cells, SOD + CAT, a combined scavenger 

of active oxygen radicals, partially prevented the inhibition of OA-induced protein synthesis. 

This may indicate that the formation of highly reactive oxygen free radicals could be one of the 

ways by which this biotoxin induces its toxicity (Matias et al., 1999). The excess ROS ultimately 

causes oxidative damage, as evidenced by the greater LPO levels. Conversely, the decrease 

in CAT from 24 to 72 hours of exposure, coincident with a marked increase in OA levels in the 

annelid tissues, may indicate an inhibition or limited availability of CAT at that stage. Inhibition 

of CAT activity has been suggested as an explanation for the decreased CAT levels reported 

in the fish Sparus aurata exposed to OA (Souid et al., 2018; Figueroa et al., 2020) 

Glutathione plays an important role in the second detoxification stage (Lushak, 

2011) and acts as a redox buffer to prevent oxidative damage (Van der Oost et al., 2003). In 

this context, reduced levels of GSH, as measured in worms fed Prorocentrum cf. lima, may 

indicate that exposure to toxic algae induced tissue damage in the experimental animals used 

in the present study. Furthermore, reduced GSH levels also suggest that the stimulated ROS 

production exceeded the neutralizing capacities of the antioxidant system in this annelid. 

Conversely, a significant increase in the levels of GSH reflected the upregulation of this 

antioxidant defense in the fish S. aurata (Souid et al., 2018). In the bay scallops Argopecten 

irradians, high concentrations of OA (100–500 nM) induced a drastic reduction in GSH levels 

after 24 to 48 hours of exposure (Chi et al., 2016). This may indicate that an overloaded 

antioxidant capacity can lead to bulk oxidation of GSH, thus reducing the intracellular GSH 

levels while the oxidized molecule (GSSG) is excreted from the cell (Hannam et al., 2010). 

Our results suggest that high cell density may be a cumulative stressor 

independent of toxic exposure. Specifically, GST activity differed between the low and high 

cell densities of both algal species, mainly at 72 hours of exposure, and LPO levels increased 
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in L. acuta individuals exposed to the highest cell density of Tetraselmis sp. at 72 hours. Even 

in the absence of known toxic compounds, algal blooms can increase the cycle of 

hyperoxygenation and hypoxia in water. During hyperoxia, L. acuta must consume more 

oxygen, thus increasing the rate of ROS generation. Repeated cycles of hyperoxygenation and 

hypoxia due to high algal cell densities may induce oxidative stress, as evidenced by the high 

levels of LPO and GST activity in L. acuta during a nontoxic cyanobacterial bloom in a southern 

Brazilian estuary (Rosa et al., 2005). At a shorter temporal scale, a cycle of hyperoxygenation 

and hypoxia was also experienced at the end of 72-hour assays by L. acuta individuals 

exposed to the highest abundance of Prorocentrum cf. lima in the present study. 

Although the toxic effects observed herein were not severe, with no mortality 

clearly related to Prorocentrum cf. lima under acute exposure, potential chronic health effects 

cannot be disregarded. Cells belonging to the Prorocentrum lima complex, as well as moderate 

levels of OA in multiple marine organisms, can be found year-round in southern Brazilian 

estuaries (Brustolin et al., 2014; Mafra et al., 2015a; Alves et al., 2020; Moreira-González et 

al., 2020). Okadaic acid has been indicated as a potential tumor promoter in animal 

experiments and may negatively affect different tissues and biological functions, including the 

immune and nervous systems, thus representing a health risk, especially upon chronic 

exposure (reviewed in Valdiglesias et al., 2013). Behavioral, immunological, morphological and 

histopathological alterations have been observed in fish and bivalves exposed to OA (Ajuzie 

2008; Neves et al. 2019; 2020; Corriere et al. 2021; Faustino et al., 2021). Therefore, possible 

negative health effects on annelids should be investigated in the field in areas where P. lima 

is frequently present and sometimes abundant. Moreover, considering that annelids can 

accumulate relatively large amounts of OA (Alves and Mafra, 2018; present study), their role 

as potential vectors of diarrheic toxins in coastal food webs and associated implications for 

human health must be considered. 

 

5. CONCLUSIONS 

 

We reported, for the first time, sublethal effects in the marine annelid Laeonereis 

acuta exposed to the OA-producing dinoflagellate Prorocentrum cf. lima, in parallel to toxin 

accumulation in tissue homogenates. Inhibition of CAT with a consequent increase in LPO 

content due to treatment with P. cf. lima suggests the important role of antioxidant protection. 

Therefore, CAT is an effective and reliable indicator of enzyme biomarkers during exposure to 

algae P. cf. lima contains toxins of the OA group in adult individuals of the marine annelid 

Laeonereis acuta. Further field experiments are needed to understand these responses under 

more realistic environmental conditions. 
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CONCLUSÕES GERAIS 
 

O presente trabalho teve como objetivo investigar o conhecimento global 

sobre os mecanismos de ação das ficotoxinas (intoxicação diarreica de moluscos - 

DST; toxinas paralíticas de moluscos - PST; ácido domóico - DA; brevetoxinas - BTX 

e palitoxinas e congêneres - PLTXc) em anelídeos marinhos.. Análises 

ecotoxicológicas dos efeitos de ficotoxinas em anelídeos são relativamente recentes. 

Os estudos mais antigos eram de campo e descritivos, com o relato da presença de 

anelídeos, sempre presentes e em grande número,  em comunidades afetadas pelas 

florações. Embora Silver (1969) já tivesse investigado os efeitos do PST e BTX sobre 

anelídeos, seu trabalho pioneiro não explorou suficientemente a metodologia 

experimental. Muitos textos ecotoxicológicos vêm sendo realizados  nos últimos 15-

20 anos, com metodologias mais robustas e registros mais precisos de ação das 

ficotoxinas. Apesar disto, estas abordagens permanecem pontuais, com poucos 

estudos mais abrangentes e nenhuma revisão sistemática do conhecimento.  

Observamos muitas lacunas nos estudos envolvendo todos os grupos de 

ficotoxinas. O mecanismo toxicocinético é o menos estudado e conhecido. 

Observamos a falta de informação principalmente nos grupos PST, BTX e DA. Por 

outro lado, por ser mais facilmente avaliado por questões logísticas e visivelmente em 

experimentos, alguns elementos da toxicodinâmica são mais bem estudados, sendo 

já possível reconhecer padrões de resposta com as informações atuais, incluindo 

mortalidade, mobilidade dos indivíduos e variações de densidades populacionais. 

Estudos em níveis suborganísmicos, como o molecular, são mais raros. 

Nesse contexto, não foi possível identificar respostas reparativas para os grupos, 

identificando-se com indicadores mais específicos. Uma das exceções de estudos em 

que podemos identificar o tipo de resposta é o do nosso segundo capítulo, em que 

utilizamos marcadores enzimáticos para identificar efeitos subletais, sendo possível 

observar que as enzimas ativam diversos mecanismos para tentar evitar estresse nas 

células do anelídeo Laeonereis culveri. 

Apesar da escassez de informações, alertamos para o grande potencial 

que os anelídeos têm como organismos-alvo de futuras investigações 

ecotoxicológicas das HABs ou para o monitoramento ambiental em geral. Mais 

estudos devem ser realizados para avaliar os mecanismos de ação e as rotas das 

toxinas das algas formadoras das HABs.  Espécies de anelídeos numericamente 
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dominantes, cosmopolitas ou de ampla distribuição, devem ser priorizadas para 

validar as análises de risco ou avaliação de impactos das HABs em distintas regiões 

do globo.  
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Apêndices 

Appendix A. Supplementary data [Capítulo 1] 

Table A1. Selection of the articles: The table show combinations between the keywords used for research with the 

Boolean operators ‘AND’ and ‘OR,’; total articles collected (Collected); Articles excluded when titles and abstracts 

are read and do not meet our criteria (Excluded 1): Articles excluded when read in full and do not meet our criteria 

(Excluded 2); Articles that included in the data analysis (Analyzed). 

Keywords with Boolean operators Collected Excluded 1 Excluded 2 Analyzed 

annelid AND harmful algal bloom 402 340 43 19 

dinoflagellate AND annelids 1003 963 36 4 

red tide AND annelida OR polychaeta OR oligochaeta OR 
worms 

300 290 10 0 

marine toxin OR palytoxin OR shelfish toxin AND annelida 
OR polychaeta OR oligochaeta OR worms 
 

811 801 10 0 

ostreopsis OR ovatoxin OR palytoxin AND annelida OR 
polychaeta OR oligochaeta OR worms  

171 151 19 1 

okadaic acid OR brevetoxin OR dinophysistoxin OR 
saxytoxin OR domoic acid OR yessotoxin AND annelida OR 
polychaeta OR oligochaeta OR worms 

133 129 4 0 

brevetoxin OR gymnodinium brevis OR karenia brevis AND 
annelida OR polychaeta OR oligochaeta OR worms 

160 150 7 3 

okadaic acid OR dinophysistoxin OR dinophysis OR 
prorocentrum AND annelida OR polychaeta OR oligochaeta 
OR worms 

503 530 27 5 

ciguatera AND  annelida OR polychaeta OR oligochaeta OR 
worms 

155 142 13 0 

shellfish toxin OR paralytic toxin OR amnesic toxin OR 
diarheic toxin AND annelida OR polychaeta OR oligochaeta 
OR worms 

1000 975 23 2 

domoic acid OR pseudo-nitzschia AND annelida OR 
polychaeta OR oligochaeta OR worms 

639 615 23 1 
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Table A2. Annelids identified in field or laboratory studies that interacted with toxic microalgae, their morphological 

characteristics (Body size; Feeding structure), Habitat and Feeding type. In taxonomic group, families are named 

in bold. 

Taxonomic group Body size Feeding type Habitat type Mobility Feeding structure 

 

(S=smal(<2
cm);M=mé
dium;L=larg
e(>20cm) 

 
 
 

(I=micro; 
A=macro;O= 
omnivore;S=o

smotroph; 
P=parasitic) 

 
 

P=pelagic; 
E=epifaunal; 
I=infaunal; 

S=symbiotic 
 
 
 

M= motile; 
D= discretely 

totile; S= 
sessile 

 
 
 

T = tentacle/palps, M 
= mucus net; P = 

muscular eversible 
pharynx, N = 
nonmuscular 

eversible pharynx; R 
= ramified or lamellar 
surfaces; O = other 
(e.g., non-eversible 

pharynx) 

Capitellidae S,M I I M N 

Mediomastus ambiseta      

Mediomastus californiensis      

Cirratulidae M I E S T 

Aphelochaeta    D,S T 

Dinophilidae      

Dimorphilus gyrociliatus S I I M  

Enchytraeidae      

Enchytraeus crypticus      

Glyceridae M,L A I D,M P 

Glycera americana  A  M P 

Glycera capitata M,L A  M  

Glycera dibranchiata M I  M P 

Goniadidae M A I,E D,M P 

Glycinde armigera      

Spionidae M,L A,I I,E M,D P 

Scoletoma tetraura      

Magelonidae S I,A I M,D T 

Magelona      

Maldanidae S,L I I D N 

Clymenella mucosa    D,S  

Maldane theodori      

Melinnidae      
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Melinna cristata  I  D,S P 

Nephtyidae S,L A I M,D P 

Nephtys caeca M,L A E,I M P 

Nereididae M,L O M,D I,E P 

Alitta succinea M,L I,A,O E,I M P 

Alitta virens M,L I,A,O   P 

Perinereis nuntia     P 

Pseudonereis     P 

Gymnonereis crosslandi      

Hediste diversicolor M,L I,A,O E,I M P 

Laeonereis acuta      

Laeonereis culveri      

Onuphidae L A,O I,E D,M P 

Diopatra cuprea      

Onuphis eremita      

Opheliidae M I I M N 

Armandia maculata      

Orbiniidae S,M I I M N,P 

Scoloplos  I  M N 

Leitoscoloplos fragilis      

Leodamas rubrus      

Oweniidae S,M I I D T 

Owenia petersenae      

Sabellidae S,L I E,I S T 

Sabella spallanzanii   E,I  T 

Serpulidae S,L I E S T 

Serpula columbiana      

Spionidae S,M I I,E,S D,M,S T 

Carazziella calafia      

Paraprionospio alata      

Paraprionospio pinnata    D,M,S  

polydora   E,I D,S T 

Polydora websteri      
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Prinospio pygmaeus     T 

Prionospio yuriel      

Scolelepis squamata M,L I  D,M,S N 

Scolelepis texana      

Spiophanes duplex      

Trichobranchidae M I I M,D T 

Terebellides Stroemii M I E,I  T 

 

Appendix B. Supplementary data [Capítulo 2] 

 

Table A1. MRM transitions and mass spectrometry (MS/MS) system conditions selected for detecting the presence 

of diarrhetic toxins. Q1: first quadrupole, Q3: third quadrupole, DP: declustering potential, CE: collision energy and 

CXP: collision cell exit potential. 

Toxin Q1 (m/z) Q3(m/z) DP (v) CE (v) CXP (v) 

OA 803.3 255.0 -180 -62 -13 

 803.3 112.6 -180 -102 -11 
DTX-1 817.3 255.0 -180 -62 -13 

 817.3 112.6 -180 -102 -11 
DTX-2 803.3 255.0 -180 -62 -13 

 803.3 112.6 -180 -102 -11 
DTX-3* 1041.6 255.0 -180 -62 -13 

* DTX-3 was screened as 7-O-palmitoyl OA, which is often the most common DTX-3 form (Kameneva et al., 2017) 

 

 

Table A2. Summary of the symmetric variance analysis performed by the GLS method for the environmental 

parameters measured during the experiment. The table shows the factors Alga (Prorocentrum. cf. lima and 

Tetraselmis sp.), time (12, 24 and 72 hours of exposure) and algal density (Dose; L and H). Statistically significant 

differences (p < 0.05) are highlighted in bold. 

Temperature df F p  Dissolved oxygen df F p 

         

(Intercept) 1 191767.71 <.0001  (Intercept) 1 1662.99 <.0001 

Dose 1 4.67 0.04  Dose 1 1.17 0.28 

Time 2 70.07 <.0001  Time 2 12.29 <0.001 

Alga 1 14.29 <.0001  Alga 1 46.15 <.0001 

Dose:Time 2 4.74 0.01  Dose:Time 2 0.07 0.93 

Dose:Alga 1 0.00 1.00  Dose:Alga 1 6.97 0.01 

Time:Alga 2 4.43 0.02  Time:Alga 2 25.47 <.0001 

Dose:Time:Alga 2 0.43 0.65  Dose:Time:Alga 2 1.49 0.24 
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Shapiro-W   0.02  Shapiro-W   0.11 

         

Salinity df F p 

    

(Intercept) 1 34938.81 <.0001 

Time 2 13.54 <0.001 

Alga 1 6.69 < 0.01 

Shapiro-W      0.31 

    

 

 

Table A3 Mean values (mean ± standard deviation) of toxins measured in whole (homogenate) organisms of the 

marine annelid Laeonereis acuta. Each sample was composed of three pooled individuals. The table shows the 

algal species (Prorocentrum cf. lima and Tetraselmis sp.), cell density (Algal_D; low and high), and time (12, 24 

and 72 hours of exposure). nd: not detected. 

Algae Algal_D Time OA ng mL-¹ 

Prorocentrum 

cf. lima 

low 

12 nd 

24 2.83 ± 4.89 

72 21.64 ± 14.32 

high 

12 43.82 ± 47.07 

24 24.33 ± 3.33 

72 83.79 ± 35.90 

Tetraselmis sp. 

low 

12 nd 

24 nd 

72 nd 

high 

12 nd 

24 nd 

72 nd 

 

 

Table A4. Percent mortality of the marine annelid Laeonereis acuta over the experiment. In the table, the algal 

species (Algae; Prorocentrum cf. lima and Tetraselmis sp.), cell density (Algal_D; low L and high) and exposure 

time (Time; 12, 24 and 72 hours) are indicated. 

Algae Algal_D Time Mortality (%) 

Prorocentrum 

cf. lima 

Low 

12 7 

24 17 

72 37 

High 

12 13 

24 13 

72 40 

Tetraselmis sp. 

Low 

12 7 

24 7 

72 23 

High 

12 17 

24 7 

72 30 
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Table A5 Summary of the symmetric variance analysis performed by the GLS method for the mortality of L. acuta. 

The exposure time factor is indicated in the table (12, 24 and 72 hours of exposure). Statistically significant 

differences (p < 0.05) are highlighted in bold. 

Mortality df F p 

    

(Intercept) 1 200.77 <.0001 

Time 2 42.90 <.0001 

Shapiro-W   0.08 

 

 

 

Table A6 Mean values (mean, ± standard deviation) of the enzymatic activity of catalase-CAT, glutathione-S-

transferase-GST, lipid peroxidation-LPO, acetylcholinesterase-AChe and propionylcholinesterase-PChe measured 

in whole (homogenate) organisms of the marine annelid Laeonereis acuta. In the table, the algal species 

(Prorocentrum cf. lima and Tetraselmis sp.), cell density (Algal_D; low and high) and time (12, 24 and 72 hours of 

exposure) are indicated. 

Algae Algal_D Time CAT GST LPO 

Prorocentrum 

cf. lima 

Low 

12 0.37 ± 0.23 9.73 ± 2.31 749.52 ± 345.54 

24 0.32 ± 0.15 7.78 ± 3.91 985.68 ± 163.86 

72 0.42 ± 0.30 7.39 ± 3.37 791.84 ± 643.09 

High 

12 0.54 ± 0.21 11.09 ± 5.36 680.58 ± 293.63 

24 0.62 ± 0.21 9.47 ± 1.33 951.24 ± 186.98 

72 0.24 ± 0.13 19.25 ± 3.65 927.39 ± 118.75 

Tetraselmis sp. 

Low 

12 0.52 ± 0.35 9.06 ± 6.33 527.90 ± 586.73 

24 0.50 ± 0.15 5.61 ± 1.52 284.81 ± 223.59 

72 0.38 ± 0.07 6.04 ± 2.19 558.88 ± 419.76 

High 

12 0.30 ± 0.10 10.39 ± 3.63 96.55 ± 47.90 

24 0.37 ± 0.07 9.99 ± 3.11 151.35 ± 144.33 

72 0.26 ± 0.06 12.77 ± 8.00 978.92 ± 141.60 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


