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RESUMO 

 

O oceano contém muitos organismos por explorar com características adaptativas que os permitem 

prosperar no seu meio ambiente. Eulalia viridis é um desses organismos. Esta poliqueta verde clara 

é predador do intertidal rochoso sem mandibulas, equipado dum muco tóxico, permitindo assim 

predar invertebrados maiores extraindo pedaços de tecido através da sucção. Motivado pelo valor 

das toxinas como substâncias bioreactivas e pela ambição da UE de conduzir a Estratégia para o 

Crescimento Azul, à qual a vasta ZEE portuguesa oferece grandes perspetivas, o potencial 

biotecnológico desta espécie foi analisado. A análise microanatómica desta minhoca revelou 

adaptações cruciais na alimentação: existência de papilas sensoriais e células responsáveis pela 

secreção de muco e toxinas. A sequenciação completa do transcritoma e ensaios toxicológicos 

revelaram um complexo padrão de toxinas proteicas e enzimas com diversas funções: 

permeabilização de tecidos, anti-coagulação e bloqueio da atividade neuromuscular. As principais 

neurotoxinas da Eulalia, “filotoxinas”, são proteínas ricas em cisteínas, que atuam como agentes 

imobilizadores em mexilhões e outros invertebrados, que são administradas por contacto através do 

muco. Por sua vez, uma maior toxicidade para com a linha celular do cancro do ovário (A2780) do 

que células normais, demonstraram propriedades citotóxicas e citoestáticas através da paragem do 

ciclo celular e indução de morte celular programada pela via extrínseca. As proteínas responsáveis 

por estes efeitos foram identificadas, através de transcritómica e proteómica. As secreções mucosas 

da minhoca contêm também complexos proteicos internalizáveis que apresentam fluorescência, 

cuja emissão é reversivelmente regulada pelo estado redox. Resumindo, as características 

encontradas nas secreções de uma espécie demonstram o vasto potencial biotecnológico de 

anelídeos marinhos, como uma fonte valiosa de bioreactivos, mesmo em águas temperadas. O 

percurso metodológico utilizado, a combinação da ecologia, toxicologia e biologia molecular, 

permitiu contornar dificuldades da bioprospecção marinha, revelando ser um importante contributo 

para exploração sustentável de novos biorecursos marinhos. 

 

Palavras-chave: Economia Azul; Ensaios in vitro; Muco; Filotoxinas; Proteómica; Transcritómica. 
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ABSTRACT 

 

The ocean’s vastness holds still many unexplored organisms with unique adaptive features that 

enable them to thrive in their environment. Eulalia viridis is one of them. This uncanny bright green 

worm is a predatory marine Polychaeta of the rocky intertidal that lacks jaws, but it is equipped 

with a toxin-containing mucus that enables predating larger invertebrates from which soft tissue is 

extracted through suction. Motivated by the high-value of toxins as bioreactives and by the 

European Union’s ambitions of leading the Blue Growth Strategy, for which Portugal’s vast EEZ 

offers high perspectives; a case-study to explore the biotechnological potential of this species was 

undertaken. The worm’s microanatomy revealed key adaptations for feeding such as special 

sensorial papillae and cells responsible for the secretion of mucus and toxins. Whole-transcriptome 

sequencing and toxicity assays yielded a complex pattern of proteinaceous toxins and enzymes with 

several functions: tissue permeabilization, coagulation impairment and blocking of neuromuscular 

activity. The main neurotoxins, “phyllotoxins”, found to be cysteine-rich proteins, act as 

immobilising agents against mussels and other invertebrate prey and are delivered by contact with 

mucus. In turn, higher toxicity towards ovarian cancer cell line (A2780) than normal cells, involved 

cytotoxic and cytostatic properties through cell cycle arrest and extrinsic programmed cell death. 

Several proteins involved in these effects were identified by combining transcriptomics and 

proteomics. The worm’s mucosecretions also hold internalisable proteinaceous complexes that 

display fluorescent properties and whose emission is reversibly switched by redox status. 

Altogether, the features found in the secretions of a single species disclose the immense 

biotechnological potential of marine annelids, and invertebrates in general, as source of valuable 

bio-reactives, even in temperate waters. The methodological pipeline, combining ecology, 

toxicology and molecular biology, circumvented many difficulties of marine bioprospecting and is 

an important contribution for the sustainable exploitation of novel marine bioresources. 

 

Keywords: Blue Economy; in vitro assays; Mucus; Phyllotoxins; Proteomics; Transcriptomic. 
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CHAPTER 1 - Introduction  

 
Part of the literature review in this chapter has been published in the following review paper: 

 

Rodrigo AP, Costa PM (2019). The hidden biotechnological potential of marine invertebrates: The 

Polychaeta case study. Environ Res 173, 270–280. 
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1.1. Introduction 

 

1.1.1. Natural products for biotechnological applications 

 

Natural products (NPs) can be defined as structures or compounds of biological origin that have 

been evolutionary perfected to interact with several key targets for defence or predation purposes 

(Koehn and Carter 2005). For this reason, natural products have been explored for medicinal usage 

for centuries by virtually all cultures, from Ancient Egypt to modern China and India (see the review 

of Rao et al. 2019). However, it was not until the 1950s that NPs, especially of microbial origin, 

have first been isolated, identified and engineered for therapeutic applications by Western medicine 

and biomedical research, reaching a first momentum in the 1970s and 1980s, motivated by cancer 

research, when the interaction of NPs in the immune response, cell cycle and cell death began to be 

unravelled (Koehn and Carter 2005, Rao et al. 2019, Xu et al. 2020). The search for NPs had some 

ups and downs, being however, difficult to measure, due to the time necessary from the discovery 

of NPs to their commercialization (Koehn and Carter 2005). Nevertheless, natural products remain 

very appealing to a variety of fields, from plague control, as insecticide, to therapeutic agents, as 

drugs (see, for instance, Wang et al. 2017). In the latter, their attractiveness is due to their ability to 

bind in the active sites of enzymes, acting as inhibitors of catalysis, bind to a variety of protein 

domains and folding motifs, to modulate or inhibit protein–protein interactions. As such, substances 

isolated from marine organisms, plants, fungus are now being used as sedatives, antimalarial, 

antifungal and even as cholesterol-lowering drugs (see the reviews of Koehn and Carter 2005 and 

Rao et al. 2019 for more details). Overall, NPs have shown to be great alternatives to the synthetic 

counterparts, due to better safety concerns for the environment, when using the synthetic compound 

and even during the synthesis. The costs of production are evidently, also a key factor for the 

appealing of the natural products. 

 

Nowadays the search for natural products continues, but it requires faster screening and more 

detailed and efficient techniques. The major steps (extraction, concentration, fractionation and 

purification) are now simplified due to the vast techniques available to facilitate the process, such 

as HPLC-mass spectrometry (HPLC-MS), spectroscopic techniques (like NMR technologies), 

genomics, bioinformatic, metabolic engineering and chemical synthesis (Koehn and Carter 2005). 

Even though all these techniques boosted the discovery of substances, there are still several 

constraints mainly in the separation and purification processes and in the quantities necessary to 

perform all the techniques. Even though a large number of bioactive natural products have been 

discovered and isolated, few of their pharmacological targets have been clearly confirmed (Rao et 

al. 2019). In fact, several compounds have their therapeutic effects from the combined action of 

multiple components through their respective targets and pathways, being able to be approved as 
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drugs as a whole, instead of the components in separate (Koehn and Carter 2005; Rao et al. 2019). 

Despite all the scientific advances since the first discoveries, more molecular tools and strategies 

are still needed to make the search of natural product discovery more efficient (Xu et al. 2020).  

 

1.1.1. Marine bioproducts and the Blue Growth Revolution 

 

Marine biotechnology has gained focus over the past few years, even though the number of effective 

commercial applications of marine bioproducts can be, at first, somewhat disappointing, especially 

those from eumetazoans. In fact, motivated by the ocean’s vast and ancient biodiversity, great 

efforts are being applied to discover new products for a wide range of potential applications, from 

biomedicine and foodstuff to eco-friendly pesticides, anti-foulants and cosmetics (see Molinski et 

al. 2009; Freitas et al. 2012; Martins et al. 2014). This endeavour has not been set astray from need 

to direct the exploitation of marine resources into the pathway of sustainability as an alternative to 

traditional invasive economic activities such as fishery. This premise, combined with the expansion 

of biotechnological enterprises and their demands for new bio-reactive compounds, placed the focus 

on that seemingly endless source of novel compounds – the seas. With such motivation at hands, 

the European Union (EU) introduced Blue Biotechnology as one of the pillars for the Blue Growth 

Agenda, whose ultimate goal is to ensure purposeful and sustainable usage of marine resources 

(Lillebø et al. 2017). However, more than a decade after the initial boost, the translation of research 

into commercial products is lagging (Mayer et al. 2010). It should not be a surprise that one of the 

reasons for the distance between bioprospecting and industry relates to difficulties in exploring such 

immense biodiversity and translating existing data into application. 

 

1.1.2. Toxins take the lead in drug development from natural products 

 

The search for new drugs placed the spotlight on organisms that developed chemical weapons for 

various purposes, since toxins have evolved to interact with specific ligands (e.g. enzymes and ion 

channels) and disarrange neuromuscular and cardiovascular systems, blood coagulation and general 

homeostasis, for instance (Calvete et al. 2009). It is thus far from unimaginable that the time-

consuming, risky and expensive process of designing synthetic compounds is merely recapitulating 

the work already done by means of natural selection. Not surprisingly, some of the most studied 

marine organisms for biotechnological purposes are the ones that secrete venoms and poisons. 

These are usually complex proteinaceous secretions, produced in specialised glands, that contain 

molecules aiming at disrupting physiological processes in target organisms via binding to specific 

targets (Fry et al. 2009; Casewell et al. 2013). For disambiguation purposes Nelsen et al. (2014), 

suggested differentiating venoms from poisons based on the previous being injected into the target 

via an inflicted wound. The same authors introduced the term toxungen, which applies to toxin-
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bearing secretions that are delivered without injury and by surface contact. These secretions are 

believed to hold a defensive function in most animals, to which is added an important role in 

predation, competition and chemical signalling as well (Calvete et al., 2009; Escoubas et al., 2008; 

von Reumont et al., 2014a). Altogether, the diversity and polyphyly of toxin-secreting animals 

suggest convergent evolution (Fry et al. 2009). 

 

The reduced number of effective commercial applications of marine animal bioproducts, makes the 

painkiller Prialt (Ziconotide), developed from the venom of Conus magus, arguably the most 

prominent example (Olivera 2000; Safavi-Hemami et al. 2018). There are, however, other products 

from various marine animals already approved or in the queue for clinical trials and approval. 

Among these, the emphasis goes to sponges and anti-cancer drugs (refer to Mayer et al. 2010 for 

further details). Even though many of these potential pharmaceuticals are derived from poisons and 

venoms (von Reumont et al. 2014b; Hornbeak and Auerbach 2017), there is growing awareness 

that bioproducts of interest can be retrieved not only from other endogenous secretions but also 

from symbiotic microorganisms, encompassing a range of functions between protein inhibitors and 

biocides (Proksch et al. 2002; Freitas et al. 2012). Altogether, the identification of interesting bio-

reactive compounds from taxa as distinct as Cephalopoda (Ueda et al. 2008), Cnidaria (Schlesinger 

et al. 2009) and Asteroidea (Karasudani et al. 1996) steers bioprospectors into thinking that we may 

be facing the sheer tip of the iceberg of novel compounds from the vast and rather unique diversity 

of marine invertebrates (Kastin 2006).  

 

1.1.3. Why marine Polychaeta? 

 

The Polychaeta are a major group among Annelida, forming a diverse, ubiquitous and ecologically-

relevant group of aquatic invertebrates (see Struck et al. 2011). In the oceans, they occupy nearly 

every marine habitat, from the intertidal to deep-sea vents. However, research on marine Polychaeta 

for biotechnological purposes is relatively recent when compared to terrestrial or continental water 

annelids (mostly Oligochaeta). Indeed, biotechnology-oriented research on the latter already took 

the lead, at least with respect to anti-microbial compounds (Milochau et al. 1997; Bruhn et al. 2006) 

and anticoagulants from the freshwater Hirudo (see Basanova et al. 2002 for a compilation). Still, 

the first steps on biotechnological research on the Polychaeta has been motivated by incidental 

nefarious interactions with humans. It is the case of fireworms (Amphinomidae), a family that holds 

urticarial chaetae that cause injury to bathers, and bloodworms (Glycera) that, with their venomous 

jaws, are known to harm fishermen during handling as bait (Smith 2002; Hornbeak and Auerbach 

2017). As more organisms from this taxon are being prospected, other types of potential bioproducts 

asides toxins and related come into focus, such as bioluminescent probes from Chaetopterus 

(Branchini et al. 2014), as compiled in Fig. 1.1. Altogether, these clues suggest that the diversity 
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and abundance of Polychaeta can make them an invaluable case-study for marine bioprospecting 

for a wide range of biotechnological purposes. 

 

 

Figure 1.1. Identification of bioproducts that can be retrieved from polychaetes (red circles and arrows) 

and the respective applications (in grey). The example is illustrated with a Polychaeta belonging to 

the genus Ophryotrocha. 
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1.2. Bioproducts from Polychaeta: properties and potential applications 

 

As the wide variety of bioproducts that can be retrieved from marine Polychaeta likely associate 

with their uncanny diversity, it is seemingly difficult to summarise their biotechnological deterrent 

by species or even chemical classes. On the other hand, some secretions, especially venoms, poisons 

and toxungens, are complex cocktails of individual substances that can, on their own, hold different 

functions (Fig. 1.2).  

 

 

Figure 1.2. Mode-of-action of venoms from Polychaeta, identified from predator-prey interactions 

 

There are various applications for already extracted and some synthesized products from Polychaeta 

sources (see Table 1.1). These applications are numerous, from pigments and anti-foulants to 

various type of drugs. 
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1.2.1. Luminescent and fluorescent probes 

 

Despite the value of natural pigments as industrial, foodstuff and histological dyes, there is wider 

biotechnological potential for luminescent and fluorescent probes, part due to much enhanced 

signal-to-noise ratios, part to the ability to switch on/off light emission via fine control of some sort 

of chemical reaction or photoexcitation. Applications of fluorophores are devised not just for 

imaging but also the development of micro- and nanoscale bioanalytical sensors. Among these, 

microarrays and next-generation sequencers are included, along with state-of-the-art in vivo and ex 

vivo micro-imaging techniques (Roda et al. 2004). Decades ago, the search for natural luminescent 

and fluorescent probes began with luciferins (luminescent photoproteins) and GFP (green 

fluorescent protein). These, albeit mostly commercialised as recombinant forms, were retrieved 

from many aquatic and terrestrial organisms, with the marine cnidarian Aequorea victoria, 

becoming notorious for GFP. Nowadays, the search for novel probes accommodates a large portion 

of the interest in natural products. 

 

Bioluminescence had long been investigated in marine organisms, among which the dinoflagellate 

Noctiluca and many deep-sea fish are illustrious representatives (see Haddock et al. 2010 for a 

review). Albeit less mediatic, luminescence in the Polychaeta has also received some attention. 

Even though its adaptive value remains largely unknown, intraspecific communication and even 

anti-predatorial defence (as the uncanny case of luminescent “bombs” dropped by Swima 

bombviridis) have been disclosed (Zörner and Fischer 2007; Osborn et al. 2009; Francis et al. 2016; 

Oba et al. 2017). Many Polychaeta seem to produce bioluminescence by processes somewhat 

different to the luciferin-luciferase system. In fact, in most cases, instead of a continuous glow, 

flashes of light are emitted by action of photoproteins. Photoproteins were actually first described 

from the mucus of a polychaete, Chaetopterus (Shimomura 2006; Deheyn et al. 2013; Branchini et 

al. 2014). Another example for photoprotein-based bioluminescence comes from the syllid 

polychaete Odontosyllis phosphorea, adequately termed fireworm (Deheyn and Latz 2009). 

Conversely, the luminescence of the congeneric O. enopla and O. umdecimdonta has been 

associated to luciferin-luciferase reactions (Shimomura et al. 1963; Schultz et al. 2018). To add 

further confusion, luminescent secretions can also exhibit fluorescence per se, as for the case of 

scaleworms (Aphroditidae) and Chaetopterus (Kennedy and Nicol 1959; Fresneau et al. 1984). 

Still, in most cases, the molecular structure of these compounds is not known and in many situations 

the distinction between luciferase- and photoprotein-based bioluminescence in the Polychaeta is 

not clear. Altogether, luminescence in the Polychaeta seems to be more common than anticipated, 

inclusively in shallow water species. 
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Rather comprehensive research has been conducted on polynoidins (a type of photoproteins) in the 

photosomes (luminescent organs) of scaleworms by Nicolas et al. (1982) and latter by Bassot and 

Nicolas (1995). These authors revealed that polynoidins are specifically activated by oxygen 

radicals and can be controlled ex vivo through electrical signalling, which should involve Ca2+ 

channels. This led the authors to propose application of these photoproteins in the detection of 

superoxide radicals in cells, discussing that they could hold more specificity then other 

photoproteins. Similarly, luminescence dependent of L-type calcium channels (and therefore 

nicotinic cholinergic receptor-controlled) was found in the deepsea planktonic polychaete 

Tomopteris helgolandica, producing precisely-controled flashes of yellow light, a colour which is 

not common in luminescent sea animals (Gouveneaux and Mallefet 2013). 

 

1.2.2. Painkillers and anaesthetics 

 

There is a nearly constant demand for safer and non-addictive painkillers and anaesthetics for 

biomedical use. Asides the case of Prialt mentioned earlier, investigating marine bioproducts for 

the purpose seems primordial. However, recent findings suggest that the Polychaeta may offer great 

possibilities in this area, as further neurotoxic properties of toxins and venomous secretions are 

unveiled. Glycerotoxin (first described from Glycera spp.) is a proteinaceous neurotoxin, found to 

be a Ca2+ channel agonist, whose effects were first verified in Daphnia (Michel and Keil 1975). 

Research on Glycera was recently complemented by “omics” that allowed a molecular overview of 

its full venom (Von Reumont et al., 2014b). In fact, “venomics” in Glycera and other few 

Polychaeta, namely fireworms (Amphinomidae), disclosed several neurotoxins similar to beta-

adrenoreceptors-like, turripeptides and neurotoxins holding a ShKT domain (a general term for 

domains similar to that of a peptidic toxin from the anemone Stichodactyla helianthus). These 

neurotoxins are able to induce muscle relaxation and paralysis trough the blocking of 

neuromuscular transmission and K2+ channels (Suadicani et al., 1993; Von Reumont et al., 2014b; 

Verdes et al., 2018). The fact that the effects of glycerotoxin appear to be fully reversible (Meunier 

et al. 2002) gives it added value for biotechnology. Besides these examples, evidence for 

neurotoxins has been found in the poisonous mucus of Halla parthenopeia (Oenonidae), which also 

show various toxic effects against other polychaetes, rotifers, crustaceans, molluscs and even 

bacteria, even though the mechanisms are not fully understood in any case (Iori et al. 2014). All in 

all, much work needs to be done to isolate and characterise novel painkillers and anaesthetics from 

Polychaeta. However, as the current state-of-the art reveals a range of substances that allows 

predator species to immobilize their prey and enjoy their often-oversized meal, it is clear that these 

organisms can, in the future, offer a myriad of compounds of interest. 

 



CHAPTER 1 

43 

 

1.2.3. Anti-cancer therapy 

 

As cancer is acknowledged as one of the epidemics of our century, the search of novel therapeutics, 

especially those less aggressive and more effective than traditional methods such as radiation 

therapy, is a constant (see Ruiz-Torres et al. 2017). Marine bioproducts have not been neglected for 

the purpose, and, in fact, much, if not one of the biggest efforts in the field has been dedicated to 

find new anti-cancer drugs (Mayer et al. 2010; Giordano et al. 2018). Despite the infancy in this 

area of marine biotechnology, there is evidence for the potential of marine bioproducts as potential 

anti-cancer drugs. In a recent example, Asselman et al. (2019), found that natural sea spray aerosol, 

which is mostly comprised of salts, also contains bio-reactive compounds, especially algal toxins, 

that can interact with the mechanistic Target of Rapamycin (mTOR) in human lung cancer cells, 

de-regulating cell cycle and promoting apoptosis. Recent research on the Polychaeta has been 

providing hints on this matter as well, such as proteases from Nereis capable of inducing apoptosis 

in human lung cancer cells (Tang et al. 2017). Also, the recently-discovered peptide, nicomicin, 

retrieved from the small artic worm Nicomache minor, showed differential toxicity towards cancer 

and normal cell lines, potentially yielding stronger effects onto the former, depending on dose 

(Panteleev et al. 2018). In another example, Kuzmin et al. (2018) tested anti-microbial peptides 

from several marine invertebrates, including the toxin arenicin from the Polychaeta Arenicola 

marina, which exhibited varying pro-apoptotic effects on various human cancer cer lines, however 

having haemolytic properties as well. Notheless, the exact mechanisms underneath cytotoxicity are 

not yet understood in any of these cases. Altogether, the available information indicates that the 

variety of marine products that can have differential effects on normal and neoplastic cells is just 

beginning to be unravelled, which seemingly applies to Polychaeta as well. New developments on 

in silico methods for predicting the targets of marine bioproducts with anti-cancer properties (Chen 

et al. 2017) reflect the acknowledged potential of marine life as source of novel anti-tumour drugs 

and can point the path for more efficient bioprospecting. 

 

1.2.4. Anti-haemostatic and anticoagulant drugs 

 

Natural substances that can be anti-haemorrhagic (i.e. promote haemostasis) can, conversely, 

prevent coagulation, which holds high relevance for biomedical applications as anti-clotting agents 

and related. In fact, one of the best-known pharmaceutical drugs is the anticoagulant hirudin 

retrieved from the leech Hirudo spp. (see Basanova et al. 2002 for a review). Animal venoms can 

have several substances whose specific function is to prevent clotting (therefore being anti-

haemostatic) and healing, for better feeding efficiency, such as the serine protease inhibitors 

(serpins) found in the venom of some ticks and snakes (Serrano and Maroun 2005; Maritz-Olivier 

et al. 2007). Similarly, serine proteases retrieved from polychaetes were found to have anti-
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coagulant activity (Kim et al. 2018) in vitro and in vivo in mammals (Yeon et al. 2017). In 

Polychaeta with already characterised venoms, these haemostatic disruptive proteases were also 

present, such as in bloodworms and fireworms (Von Reumont et al., 2014b; Verdes et al., 2018), 

which, once more, indicates strong evolutionary convergence of venoms and poisons. In their turn, 

mucus secretions of sabellids have been found to contain thermolabile haemolysins (Canicatti et al. 

1992). Expectedly, this is an area that will mostly likely experience a boom in the next few years. 

 

1.2.5. Anti-inflammatory substances 

 

Several marine bioproducts with pharmacological interest as anti-inflammatory drugs have already 

been identified, with emphasis on those collected from a few soft corals and sponges (see, for 

instance Mayer et al. 2013). Also, the mucus of some echinoderms has glycoproteins that are able 

to block the adhesion of mammalian leukocytes (Bavington et al. 2004). Although very distant from 

the Polychaeta, this example shows the potential of invertebrate mucins as source of bioproducts 

that can interfere with the immune system. Even though no such substance from the Polychaeta is 

in any phase of testing or approval for commercialisation, there are a few promising case-studies, 

even though the direct effects of secretions of Polychaeta onto defence cells remain unknown. 

Curiously enough, toxins with pro-inflammatory properties (related to complanines) have been 

described in fireworms, presumably by interfering with TNFα-mediated pathways (Nakamura et al. 

2008, 2009). 

 

1.2.6. Antimicrobial properties: biocides and antibiotics  

 

As major health issues resulting from the surge of multi-resistant pathogens keep making the 

headlines, the search for novel bactericides and antibiotics in general is given a new momentum. 

Part due to the characteristics of their habitats, such as sediments and rocky substrates covered with 

bacterial biofilms, for instance, part due to their relatively simple immune system, the Polychaeta 

must be very effectively able to defend against microbial pathogens. Naturally, the simplest, yet 

effective, adaptation for the purpose is the development of chemical warfare. Interestingly, some 

authors analysed the egg masses of some polychaetes and found that they possess substances that 

inhibit growth of a broad-spectrum of human pathogenic bacteria (Benkendorff et al. 2001). In fact, 

secretions such as crude mucus are known to hold anti-bacterial and anti-fungal properties, even if, 

in most cases, the exact substances have not been identified (Stabili et al. 2011; Iori et al. 2014). 

Still, it was suggested that the lysosomes in mucus secretions of sabellids are major players in the 

defence against pathogenic bacteria (Giangrande et al. 2014). 
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Proteinaceous compounds seem, so far, to form the bulk of compounds from Polychaeta revealing 

interesting antimicrobial properties. It is the case of a novel natural product from Polyphysia crassa, 

which has activity against both gram-positive and -negative marine bacteria (Emrich et al. 1990). 

Similar results were found for the peptide retrieved from Arenicola marina, arenicin (Ovchinnikova 

et al. 2004; Shenkarev et al. 2011; Maltseva et al. 2014). Nonetheless, arenicin has also been found 

to interfere negatively with the human complement system at high doses (Umnyakova et al. 2018). 

To the list is added perinerin, harvested from the clamworm Perinereis aibuhitensis, which, besides 

activity against both gram-positive and -negative, was found to have anti-fungal properties as well 

(Pan et al. 2004) (see Table 1.1 for further details). Another proteinaceous toxin, hedistin is another 

novel antimicrobial peptide, being extracted from Hediste diversicolor (Tasiemski et al. 2007). In 

most cases, the mode-of-action of these substances is not known. There are, nonetheless, efforts to 

provide a more comprehensive characterisation of these substances and their effects using the 

screening power of RNAseq. It is the example of potential pore-forming proteins and peptides from 

the venom of Glycera (Von Reumont et al., 2014b). 

 

There are also non-proteinaceous anti-microbials from the Polychaeta. Some of the most interesting 

examples come from photosensitisers described above. It is the case of the effects of photoactivated 

chlorins and hematoporphyrins from Bonellia viridis onto gram-positive bacteria (Gauthier and 

Giudici 1983). Also, a brominated metabolite, named thelepin (produced by the Terebellidae 

family), was found to have similar characteristics of antimycotics from Penicillium (Higa and 

Scheuer 1974). 

 

It must also be noted that the Polychaeta may have adaptations to cope with microorganisms that 

reach beyond anti-microbial substances. It is the case of Branchiomma luctuosum, a polychaete 

found in very polluted locations and known to form associations with all sorts of microorganisms, 

with emphasis on autochthonous bacteria, presumably as a defence against environmental 

chemicals, to which is added its ability to digest coliforms (Licciano et al. 2007). This unveils the 

potential of this worm as biofilter, providing yet an innovative approach to the possible 

biotechnological purpose for the Polychaeta. 

 

1.2.7. Antivirals 

 

So far, most animal bioproducts with antiviral properties were found in venoms (see da Mata et al., 

2017, for more details). In most cases, these bioproducts were found to compete with viral particles 

for receptors, thus inhibiting infection (Mata et al. 2017). Antiviral properties have been widely 

neglected in the Polychaeta but the rising number of venomous species being discovered is likely 

to produce interesting outcomes in the near future. Still, lectins from Chaetopterus variopedatus, 
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which initially revealed reactivity toward ß-galactose, and agglutination of all type of human 

erythrocytes (Mikheyskaya et al. 1995), were also found to possess anti-HIV-1 activity, precisely 

by hindering the entry of viral particles into host cells (Wang et al. 2006). 

 

 

1.3. The ecological value of Polychaeta 

 

Polychaeta is a vast, seemingly polyphyletic class that encompasses species, from benthic 

macrofauna from the intertidal zone down to abyssal plains and deep-sea hydrothermal vents and 

are fundamental links in the food chain. They are in fact the most frequent and abundant marine 

metazoans in benthic groups (Fauchauld & Jumars 1979). Such habitat diversity is paramount for 

answering questions about their wide morphological and adaptive diversity, as well as clarifying 

evolutionary trends and their complex phylogenetic relationships that, in many cases, remain 

obscure and subject of constant systematic redefinition (Bartolomaeus et al. 2005; Struck et al. 

2011). As long as there are large knowledge gaps on something as basal as morphology, polychaete 

evolution can hardly be unravelled (Bartolomaeus et al. 2005). This is the reason why the division 

Errantia and Sedentaria polychaetes is still in use despite its null taxonomic value. The Errantia 

consists of mostly vagile and free living polychaetes, while Sedentaria in semi-sessile, sessile and 

mostly tubicolous polychaetes (see Bartolomaeus et al. 2005, for a review). Despite the same 

conserved body plan, the vast polychaete biodiversity is noticeable by the diversity of sensory 

structures and sense organs in polychaetes (Purschke 2005), the structure of the epidermis, for 

instance, which precludes a wide range of supportive cells, gland cells and sensory cells (e.g. 

Hausen 2005a) and specially by the variety of epidermal extracellular structures, named chaetae, 

that shows patters specific to each species (Hausen 2005b). Indeed, annelid phylogeny is one of the 

largest unresolved problems within the Metazoa. Adding to the taxon’s ancient radiation and 

diversity, discussion persists on its positioning relatively to Arthropoda, which are traditionally 

hypothesized to be the sister taxon to the Annelida, mostly due to being segmented (see 

Bartolomaeus et al. 2005). 

 

Polychaeta class has an ancestral body plan, with a biphasic life cycle: the 

acoelomate/pseudocoelomate larva and the coelomate adult (reviewed by Rieger & Purschke 2005). 

The adult polychaete possesses chemical signals and chemoreception that mediate ecologically 

important behaviours, including reproduction, larval settlement, metamorphosis, recruitment and 

feeding (Lindsay 2009). Reproduction is also controlled by environmental factors, while spawning 

and mating behaviours in some species are coordinated through various chemical signals including 

pheromones (see the review of Lindsay 2009, for further details). Polychaetes show great diversity 

in fertilization mechanisms, but are fundamentally gonochoristic, being only a small number of 
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species hermaphrodite (Giangrande et al 1997). While some species lack a defined ovary, most 

have ovaries, even if location varies. The oogenesis can be extraovarian and accompanied by 

somatic cells (previtellogenic oocytes are released into the coelom) or intraovarian, where the 

oocytes undergo vitellogenesis within the ovary (Dorresteijn 2005; Eckelbarger 2005). In some 

groups, as the case of Phyllodocidae, the oocytes can even sprout from still unknown tissues and 

undergo previtellogenic and vitellogenic development in a free-floating condition within the 

coelomic fluid (Dorresteijn 2005). Naturally, mature ova display a wide range of egg envelope 

morphologies that often show some intrafamilial similarities (Eckelbarger 2005). The sperm has 

also great variations within form, function and maturation location, and has even proven to be of 

great assistant in polychaete phylogeny (Rouse 2005). 

 

Another key aspect of Polychaeta ecology is the feeding biology. The feeding system can be grossly 

divided into two modes (macrophagy and microphagy), five submodes (herbivores, carnivores, 

filter-feeders, surface deposit-feeders, and burrowers) and a dozen of morphological subgroups 

(Fauchauld & Jumars 1979). The alimentary canal follows the feeding system variability, with a 

wide variety of food sources, structures involved in feeding and numerous specializations (Tzetlin 

& Purschke 2005). Besides the diversity of feeding type, most polychaetes feed on detritus, dead or 

moribund preys, thus giving an important contribute to the ecosystem (Checon et al 2016). They 

are also key food supplies for a variety of organisms, like fish and other invertebrates (Nelson & 

Capone 19990). Polychaeta are so diverse and abundant that being referred as a whole englobes 

always a variety of factors. 

 

 

1.4. The Eulalia viridis case study 

 

The marine annelid Eulalia viridis (Polychaeta: Errantia, Phyllodocidae) inhabits rocky intertidal 

shores, especially mussel beds (Fig. 1.3), seeking protection during the high tide underneath pebbles 

and clumps of mussels (Emson 1977). This species is reported to have a wide distribution, from the 

north Atlantic to the Mediterranean Sea and all the American Atlantic coast until central America, 

to which are added reports from the Alaska. This wide distribution is indicative of possible 

overlapping of species or subspecies. In fact, the species reported as Eulalia viridis in the north of 

France was found to be most likely Eulalia clavigera (Bonse et al. 1996). Like this study, there are 

others that indicate that the genus Eulalia is still poorly studied and identification down to the 

species level can be dubious. Whether the species present in the coast of Portugal is E. viridis, E. 

clavigera or a complex of both remains uncertain and thus, the name of the species in the following 

sections will be retained as E. viridis, as traditionally accepted, for the sake of simplicity. The 

breading season reported for this species, when collected in the United Kingdom, is from July to 

August. The species is gonochoristic and there are no differentiated gonads. Instead, gametocytes 
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derive from undifferentiated roaming coelomic cells (Olive 1975b, a). Eulalia viridis is believed to 

be an opportunist forager, since scavenger, detritivore and predator behaviours have been reported 

(Emson 1977; Fauchald and Jumars 1979; Morton 2011). It is acknowledged that E. viridis feeds 

mostly on barnacles, mussels and other worms, even from the same species (Emson 1977; Morton 

2011). The worm, as other phyllodocids, makes use of its proboscis for collecting food items 

through suction, relying on strong axial musculature, instead of jaws, a typical characteristic of this 

family (Michel 1964; Tzetlin and Purschke 2005). 

 

 

Figure 1.3. Eulalia viridis in natural habitat, surrounded by barnacles and limpets. The worm roams 

between puddles of rocky beaches at low tide. Photo obtained at Parede beach (38°41'42" N; 09°21'36"W). 

 

 

1.5. Scope of the thesis 

 

The main objective of this thesis is to contribute to the exploitation of marine invertebrate’s 

potential as source of novel bioactives for biotechnological applications. To accomplish that, we 

will study a somewhat neglected but highly promising polychaete, Eulalia viridis. In a country like 

Portugal, where the exploitation of the seas is historically and culturally linked to fisheries, marine 

bioprospecting can offer fresh perspectives towards the sustainable exploitation of novel high-value 

bioresources, therefore in line with the European Union’s ambitions of leading the “Blue Growth 

Revolution”. The thesis is therefore designed as a tiered approach to comprehensively characterise 

the toxin-bearing secretions of Eulalia, from their natural origin and function to toxicity and their 

potential application in biomedicine. As such, the detailed objectives of the thesis are described as: 

 

• Identify toxin-secreting organs and cells in the worm and how target substances are secreted 

and delivered. 

• Unravel the ecological role of toxins secreted by E. viridis, as an adaptative feature for 

Eulalia’s natural habitat and predatory behaviour. 

• Disclose the chief composition of Eulalia’s venomous cocktail, as well as the identification 
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of key components of the toxin mixture that hold biotechnological potential. 

• Investigate the toxins’ main effects under an ecologically-relevant perspective as a means 

to understand its adaptive value 

• Assess the effects and mechanistics of toxins in vitro on human cell lines as a mean to 

explore potential biomedical applications, with emphasis on anti-cancer therapeutics. 

• Evaluate the fluorescent properties of Eulalia’s secretions and their biotechnological 

potential as natural molecular markers. 

• Contribute to develop a methodological pipeline for toxin identification and 

characterisation of mode-of-action based on transcriptomics and its cross-validation with 

proteomics. 

 

The steps taken to achieve the proposed goals, and their association to methods and procedures are 

summarised in Fig.1.4.  

 

 

Figure 1.4. Flowchart describing the fundamental organization of the thesis. 
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CHAPTER 2 - Morphological characterisation of the epidermis and proboscis of 

Eulalia viridis 

 

This chapter has been published in the following paper: 

 

Rodrigo AP, Martins C, Costa MH, Alves de Matos AP, Costa PM (2018) A morphoanatomical 

approach to the adaptive features of the epidermis and proboscis of a marine Polychaeta: Eulalia 

viridis (Phyllodocida: Phyllodocidae). J Anat 233:567–579. 
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2.1. Abstract 

 

Eulalia viridis is a marine Polychaeta of the rocky intertidal that, despite its simple anatomy, is an 

active predator of much larger invertebrates, from which it extracts pieces of soft tissue through 

suction. This uncanny feeding strategy triggered the pursuit for the morphological mechanisms that 

enable adaptation to its environment. The evaluation of the worm anatomy and microanatomy, 

combining electron and optical microscopy, revealed a series of particular adaptations in the 

epidermis and in the proboscis (the heavily muscled eversible pharynx). Besides its function in 

feeding, the proboscis is the main sensory organ, being equipped with numerous sensorial papillae 

holding chemoreceptors. Additionally, the proboscis possesses tentacles that become exposed when 

the organ is everted. These provide fast release of mucus and toxins, from mucocytes and special 

serous cells, respectively (the latter involving both merocrine and apocrine processes), whenever 

contact with a prey occurs. In its turn, the epidermis provides protection by cuticle and mucus 

secretion and has a sensorial function that may be associated to the worm’s uncommon green 

pigment cells. Eulalia viridis presents a series of elegant adaptive tools to cope with its environment 

that are evolutionarily designed to counterbalance its relatively simple body plan. 

 

 

2.2. Introduction 

 

The Polychaeta are one of the most diverse and widespread group of aquatic animals, occupying 

ecological niches as distinct as deep-sea vents to rivers and lakes. They play a very important role 

in the ecosystem, virtually at all levels of the food web, from symbiosis with primary producing 

bacteria to nutrient recycling in sediments and predation (e.g. Hutchings 1998; Glasby and Timm 

2008). Despite sharing the same relatively simple body plan, the extraordinary diversity of 

polychaetes implies specific adaptations to habitat and ecological niche, at both macro- and 

microscopical levels. The functional perspective on adaptive traits reveals several important and 

distinctive characteristics of these organisms. Dales (1962), for instance, even differentiated several 

Polychaeta families according to the proboscis (also called “trunk” or “eversible pharynx”), which 

shows radiated adaptation to multiple feeding and sensing strategies. Likewise, the epidermis of 

these animals requires special adaptations to provide protection and sensing abilities that must 

match the species’ ecology (see Hausen 2005, for a review). In fact, the epidermis of these animals 

has been revealing a complex arrangement of secretory cells whose function can vary from the 

release of inorganic compounds to mucopolysaccharides (Dorsett and Hyde 1970a, 1970b). Other 

types of cells, such as specialised pigment cells, are also common (see Bandaranayake 2006).  
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Eulalia viridis (Linnaeus 1767) is a phyllodocid, equipped with an eversible proboscis devoid of 

jaws or similar structures. Yet, the species is mostly carnivore and able to predate on live and larger 

prey, including mussels, barnacles, gastropods and even other annelids, seemingly by extraction 

(via suction) of pieces of flesh (Emson 1977; Morton 2011). These odd features, together with its 

uncanny green coloration (provided by unknown green pigments), led to some important past works 

that provided the first description of its anatomy (Michel 1964, 1968, 1969, 1970). The existence 

of specialised serous-like cells in the proboscis was first highlighted by Michel (1964, 1968), who 

then hypothesized their role in digestion. These cells were thought to secrete digestive enzymes 

such as trypsin, similarly to other Polychaeta like the better-known predator Nereis virens (Michel 

1970; Michel and DeVillez 1980). Similarly, despite the work that has been made to describe the 

epidermis of Polychaeta (Bubel 1983; Tzetlin et al. 2002), little focus has been given to Eulalia. 

Still, pigment cells in E. viridis were noticed in sensorial papillae and the pharynx (Michel 1964). 

The presence of pigments and their transformation processes in the intestine have been investigated 

as well (Rodrigo et al. 2015). However, the function of pigments cells and sensory organs in the 

epidermis of this worm remains, to date, conjectural.  

 

The secretion of toxins by marine invertebrates is a matter of great interest, owing to the growing 

attention on these compounds for biotechnological purposes. The most prominent examples are 

conotoxins, produced by Conus snails (see Kumar et al. 2015 for a review). In annelids, the presence 

of peptidic toxins was first described in specimens that are equipped with dedicated glands, such as 

Glycera (Bon et al. 1985). However, detailed data from Eulalia is essentially lacking. In general, 

more focus has been given to mucous secretions as a defensive mechanism than toxin delivery in 

the Polychaeta (e.g. Prezant 1980). Altogether, the current state-of-the-art in Polychaeta 

morphology and microanatomy is mostly based on aged literature that still presents many gaps 

regarding function. The present work aims at exploring the anatomical and microanatomical 

features of the proboscis and epidermis of E. viridis in face of their function and adaptive value, 

enabling it to be such a successful predator of the rocky intertidal along European shorelines. 

 

 

2.3. Material and methods 

 

Adult worms were collected from the Parede beach, Western Portugal (38°41'42" N; 09°21'36"W), 

a rocky intertidal beach with large patches of barnacles and mussels upon which the worm is known 

to feed. The animals ranged between 50 and 120 mm in length and weighted about 250 mg. 

 

The animals were fixed in 2% v/v glutaraldehyde (in 0.2 M sodium cacodylate buffer, pH 7.4) and 

Zenker’s (2.5% m/v potassium dichromate, 3% m/v mercury chloride, 1% m/v sodium sulphate and 
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5% v/v glacial acetic acid). Fixation was done at room temperature for 2 h in both cases, after which 

worms were divided in serial sections. Fixation in glutaraldehyde was followed by washing in 

cacodylate buffer (3 × 15 min), overnight post-fixation in 1% m/v osmium tetroxide (OsO4) in 0.2 

M cacodylate buffer (pH 7.4), in the dark, and washing in milliQ-grade ultrapure water (3 × 10 

min). A first set of these samples was dehydrated in a progressive series of ethanol (30 - 100%), 

intermediately infiltrated with xylene and embedded in paraffin (Paraplast) wax. Paraffin-

embedded samples were sectioned (5 μm thickness) with a Jung RM2035 model rotary microtome 

(Leica Microsystems). A second set was embedded in Epon resin, following Luft’s mixture (Sigma-

Aldrich, St. Louis, MO, USA), after being dehydrated in acetone. Intermediately infiltration was 

done with Epon : Polypropylene oxide 1:2, 1:1 and 2:1 (30 min each). Semi-thin (200 - 500 nm) 

and thin ( 100 nm) sections were obtained using an 8800 Ultrotome ultramicrotome (LKB 

Bromma). 

 

Histological and histochemical analyses, both in paraffin and resin sections, were performed using 

a tetrachrome (TC) technique based on Alcian Blue (AB) for acidic sugars (pH 0.5 – 2.5 to indicate 

sulphated and carboxylated mucins, respectively), Periodic Acid/Schiff’s (PAS) for neutral 

polysaccharides, Weigert’s iron Haematoxylin (WH) for chromatin and Picric Acid (PA) for muscle 

and cytoplasm, following Costa and Costa (2012), with modifications (Costa et al. 2014; Rodrigo 

et al. 2015). Resin sections required permeabilization using a saturated solution of potassium 

hydroxide in ethanol 100% during 5 min followed by 2 min of 2% m/v borax (sodium borate) just 

before staining. Other general staining procedures were applied to enhance specific details, such as 

Toluidine Blue (TB), Paragon, van Gieson’s trichrome (VG), Coomassie Blue, Acridine Orange 

(AO) and special combinations such as PAS-TB. Details of the procedures can be found in Costa 

(2018). Histological analyses, focused on epidermis and proboscis, in both paraffin and resin 

sections, were done with a DMLB model microscope adapted for epifluorescence with an EL6000 

light source for mercury short-arc reflector lamps. The microscope was equipped with A, N2.1 and 

I3 filters (corresponding to blue, red and green channels, respectively). All equipment was supplied 

by Leica Microsystems. 

 

Thin resin sections were analysed by Transmission Electron Microscopy (TEM). For this purpose, 

sections were collected onto copper or nickel mesh grids and stained with 2% m/v aqueous Uranyl 

Acetate and Reynold’s Lead Cytrate (Venable and Coggeshall 1965). Analyses were done using a 

JEOL 100-SX model TEM operated at 80 keV. 

 

External structure was analysed by Scanning Electron Microscopy (SEM), following the protocol 

described by Inoué and Osatake (1988), with modifications. In a first approach, samples were fixed 

in 2% v/v glutaraldehyde (in 0.2 M sodium cacodylate buffer, pH 7.4), followed by post-fixation in 
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1% m/v osmium tetroxide (OsO4) in 0.2 M cacodylate buffer (pH 7.4). The strategy yielded good 

structural detail, but the worm’s epidermis and overlying cuticle became wrinkled. This issue was 

solved using Zenker’s as fixative, albeit with loss of some detail. After fixation, all samples intended 

for SEM were dehydrated in a progressive series of ethanol (30 - 100%), infiltrated with tert-butanol 

(3 × 15 min at 40 °C) and allowed to freeze overnight at 4 °C. Tert-butanol was then sublimated 

under vacuum till complete dryness. Finally, the specimens were mounted on an aluminium disc 

for gold coating using a JOEL JEE-400 vacuum evaporator. Analyses were performed in a JEOL 

JSM-5400 Scanning Microscope operated at 15 and 35keV. 

 

 

2.4. Results 

 

2.4.1. General Anatomy 

 

In the head, or prostomium, SEM revealed a single antenna, one pair of simple eyes, one pair of 

ciliated nuchal organs positioned dorsolaterally and two pairs of palps, but no jaws or similar 

structures (Fig. 2.1A). Four pairs of long tentacular cirri were found in the subsequent segments: 

one pair in the first segment, two pairs in the second and one pair in the third (Fig. 2.1A). The 

worm’s retractile pharynx, the proboscis (“trunk”), was externally covered with sensorial papillae 

(Fig. 2.1B). The eyes were found to possess lenses and to be deeply embedded within the head, 

being covered with skin cuticle. The eyes are internally lined with a layer of melanocyte-like cells 

holding brown-blackish pigments (Fig. 2.1C), which is in accordance with the observations by 

Whittle and Goldin (1974). E. viridis, like most Errantia, has one pair of locomotor parapodia per 

segment composed by one single lobe, the neuropodium, with a central cylindrical structure 

supported by a central chaeta, named aciculum, surrounded by numerous small chaetae that end in 

a hook (Fig. 2.1D). From the centrum of the neuropodium two cirri emerge, a small ventral cirrus 

and a larger elongated and flattened dorsal cirrus that displayed numerous mucocyte-like cells 

arranged transversally (Fig. 2.1E).  
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Figure 2.1. General anatomy of the Polychaeta Eulalia viridis. (A) First segments of the worm imaged 

with SEM, showing four pairs of long tentacular cirri (tc) and the parapodia (pd) in the remaining segments 

(seg). The worm is fitted with a single antenna (an), one pair of eyes (ey) and one pair of ciliated nuchal 

organs (no). Two pairs of palps (pal) are located near the mouth, through which the proboscis is extended 

(pr). Papillae are absent from this image due to incidental loss of proboscidial epidermis. (B) Tip of the semi-

extended proboscis (pr), highlighting its numerous papillae (pap) covering its fibrous epidermis (SEM). (C) 

Resin section (Toluidine Blue stain) across one of the eyes (ey) of the worm, showing the densely-packed 

layer of melanocyte-like pigment cells (pc) underneath the photoreceptor layer. (D) SEM image of parapodia, 

showing a pair of parapodia (pd) per segment (seg). Note chaetae (ch) emerging from neuropodia, the small 

ventral cirri (vc) and the larger, elongated and flattened, dorsal cirri (dc). (E) Transversal section of the dorsal 

cirrus of a parapodium, highlighted with a circle in panel D (paraffin section stained with van Gieson’s 

trichrome), exhibiting the particular distribution of mucus cells (mc). 

 

2.4.2. Epidermis 

 

The epidermis (Fig. 2.2) covers the entire body, with the exception of the proboscis. It is comprised 

of a pseudostratified epithelium formed by clearly distinct cell types. This epithelium is protected 

by a collagenous cuticle and an external epicuticle. Cuticle and epicuticle were found to be reactive 

to Periodic Acid/Schiff’s (PAS-positive) and to Alcian Blue (AB-positive), respectively. Histology 

showed that the thickness of the epidermis is variable between body areas, being thicker in the 

ventral area and around parapodia. From the histochemical appraisal three main types of cells were 

identified: supportive cells (responsible for the secretion of cuticle and epicuticle), mucocytes 
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(mucous-secreting) and green pigment cells. Basal (replacement) cells could be distinguished 

attached to the basal lamina, easily spotted due to their pyramidal shape (Fig. 2.2A, inset).  

 

The supportive cells were thin and elongated, had a distinctive crypt opening to the outside through 

a thin channel and numerous granular inclusions that shared the histochemical signature of cuticle 

and epicuticle, i.e., PAS-positive (strong pink) and AB-positive (blue), respectively (Fig. 2.2A). 

The latter case is indicative of acid sugars of mucins or the glycocalyx bound to the microvilli of 

epithelial cells. The fluorescence signature of supportive cells under UV light, after AO staining, 

also confirmed their association to and cuticle and epicuticle (Fig. 2.2B). Consequently, cuticle and 

inclusions associated with supportive cells were AO metachromatic (yellowish-green) whereas the 

epicuticle was AO orthochromatic (reddish), as shown in Fig. 2.2B (inset). The supportive cells 

were disseminated throughout the epidermis, albeit in larger numbers in the ventral area. 

 

 

Figure 2.2. Cuticle and epicuticle secretory cells in epidermis. (A) Resin section (tetrachrome stain) across 

the ventral epidermis of E. viridis, showing the granules in supportive cells responsible for cuticle production 

(ctc), which presented the same PAS-positive (pink) reaction of the cuticle (ct). Similarly, granules of 

supportive cells responsible for epicuticle production (ectc) and epicuticle (ect) shared the same AB-positive 

(blue) reaction. Inset: TEM image (Toluidine Blue stain) of the epidermis showing three basal cells (bc), in 

which the third started already to differentiate into a pigment cell (pc). (B) Cuticle-secreting cells presented 

Acridine Orange fluorochrome (AO) metachromasia (yellowish-green) while epicuticle secretory cells were 

red-fluorescent (AO orthochromasia), seen in this image from a paraffin section. Inset: Detail of the 

metachromatic cuticle and orthochromatic epicuticle. 

 

Mucocytes were present in large numbers and evenly distributed along the epidermis. The 

cytoplasm was mostly occupied by saculi whose size and histochemical signature was used to 

distinguish between the cells’ three main maturation stages (Fig. 2.3A). At stage 1, 

mucopolysaccharides in saculi were TB metachromatic (reddish), electron-dense (Fig. 2.3B) and 

reactive to PAS as well. Cells at this stage were consistently closer to the basal lamina of the 
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epithelium. At stage 2, mucus cells had more TB-orthochromatic saculi (blue-purple), albeit with 

varying colour intensity and size. The saculi became then mostly electron-transparent (Fig. 2.3C) 

and more reactive to AB, regardless of pH, indicating likely blend of carboxylated and sulphated 

mucosubstances. Finally, stage 3 mucus cells were only mildly AB reactive and held large and 

electron-transparent saculi (Fig. 2.3D). Mucus cells in stages 2 and 3 were seen to possess crypts 

that formed narrow channels toward the surface, just as cuticle- and epicuticle-secreting cells (Fig. 

2.3E). Mucin-producing cells were noted to bare an important structural function in parapodia as 

well. At the basis of each parapodium there was a structure holding numerous mucus cells in the 

three stages. Additionally, a two-layer supporting structure was observed in the dorsal cirrus of the 

parapodia, each layer being formed by densely-packed mucus cells at stage 2 (recall Fig. 2.1E). In 

either case, these mucocytes were devoid of conspicuous crypts. 

 

 

Figure 2.3. Mucus cells in the epidermis of E. viridis. (A) Resin section (Toluidine Blue) showing the three 

stages of mucus cell maturation: stage 1 (mc1), stage 2 (mc2) and stage 3 (mc3). (B) Stage 1 revealed electro-

dense saculi (sa) in TEM. (C) Saculi in stage 2 were mostly electron-transparent (TEM). (D) In stage 3, the 

cells possessed larger and electron-transparent saculi (TEM). (E) SEM image of the epidermis, fixated with 

glutaraldehyde, showing openings (op), or crypts, of mucus and cuticle- or epicuticle-producing supportive 

cells. 
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Pigment cells did not appear to hold a secretory function but were seemingly responsible for the 

production and/or transformation and storage of pigments in granule-like structures. Pigment cells 

appeared in large numbers throughout the epidermis and were easily identified without the use of 

dyes (Fig. 2.4A). They possessed heavily electron-dense granules that remained green regardless 

of histological dye, in both paraffin and resin sections, as previously described by Rodrigo et al. 

(2015). The pigment cells were compressed between the remaining epidermis cells, to which they 

were bound with “cuff” links. Nuclei were positioned basally. The cells were attached to the cuticle 

by microvilli, forming an apical branch-like structure (Fig. 2.4A, inset). They were also found to 

bear several cilia that protruded through the cuticle (Fig. 2.4B). 

 

 

Figure 2.4. Typical green pigment cells (pc) that give the worm its distinctive coloration. (A) Green 

pigment granules (gp) inside pigment cells (pc) visible in an unstained paraffin section. Inset: TEM image of 

the apical section of a pigment cell bearing electron-dense intercellular “cuffs” (c) of adherens junctions. The 

cell is anchored in the cuticle with numerous microvilli (mv). ct) cuticle; ect) epicuticle. (B) TEM image 

showing the sensorial cilia (sci) of pigment cells protruding through the cuticle (ct) and epicuticle (ect). 

Evidence for a cuff (arrow) connecting a pigment cell (pc) with a mucocyte at the left. mv) microvilli. 

 

2.4.3. Proboscis 

 

The proboscis is a heavily-muscled eversible pharynx that was found to be lined with an integument 

different from the epidermis, as it was essentially fibrous and elastic and bearing numerous sensorial 

papillae (Fig. 2.5). When the proboscis was extended, the papillae were exposed to the environment, 

as well as a series of tentacles arranged in a crown around the gut opening (Fig. 2.5A). The proboscis 

was comprised of two main layers: inner (mostly muscular) and outer (epidermis), as shown in Fig. 

2.5B. These layers were not bound by connective tissue. Instead, the space between them allowed 

retaining coelomic fluid during the extension process, generating hydrostatic pressure. 
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Figure 2.5. Microanatomy of the proboscis in Eulalia viridis. (A) Longitudinal section across the retracted 

organ. The outer layer is formed by a fibrous epidermis (ep), very distinct from the epithelium of the main 

body skin. The integument presented numerous sensorial papillae (pap) and a thin muscle layer underneath. 

The inner layer, inside which the specialised tentacles for toxin delivery are shown (arrow), forms a rosette 

attached to the strong pharynx musculature (phm). Paraffin sample, tetrachrome stain. (B) Transversal section 

of the proboscis. outl) outer layer; inl) inner layer where the pharynx cavity (ph) is highlighted. pap) papillae; 

phm) pharyngeal musculature; tm) transversal muscle bundles. Paraffin section, tetrachrome stain. Inset: 

Magnification of nervous fibres (nf) and nervous cord (nc) connected with all the papilla. Paraffin sample, 

tetrachrome stain. (C) SEM image (sample treated with Zenker’s fixative) of papillae on the surface of the 

proboscis. Cilia and other details are not visible due to their reduced size and sample treatment with mercury 

chloride, which enhances structure integrity (note absent wrinkling), albeit at prejudice of some detail. (D) 

Transversal resin section of papillae highlighting mucus cells (mc), cuticle-producing supportive cells (ctc) 

and pigment cells (pc). Toluidine Blue. Upper inset: Chemoreceptor on a papilla. Note high concentration of 

pigment cells (pc) and the crown of cilia (cl). Resin section, tetrachrome stain. Lower inset: Large openings 

(arrow) in papillary chemoreceptors (SEM). ct) cuticle; ect) epicuticle; op) secretory cell openings/crypts. 

 

The outer layer is essentially constituted by cuticle, epicuticle, fibrocytes and fibres. The papillae, 

which displayed a complex arrangement of different cells plus connective and nervous fibres (Fig. 

2.5B, inset). They formed conspicuous rounded domes on the epidermis (Fig. 2.5C). They were 

also lined by epicuticle and cuticle. The major cell types in papillae could be identified as 
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mucocytes, pigment cells and the supportive cells responsible for the production of cuticle and 

epicuticle (Fig. 2.5D). Each sensorial papilla had chemoreceptors that bore pigment cells and cilia 

(Fig. 2.5D, upper inset) around openings (Fig. 2.5D, lower inset). The inner layer of the proboscis 

was lined internally by the pharynx epithelium, which consisted of a pseudostratified layer of 

pigment and serous cells, covered with cuticle and epicuticle as well (Fig. 2.6A, B). Special serous 

cells (toxin-secreting) were densely packed at the base of the tentacles mentioned earlier. The tips 

of the tentacles were chiefly comprised of mucus cells, mostly in stages 2 and 3, with visible crypts 

(Fig. 2.6C). Secretion of mucus formed domes that were easily detected by SEM (Fig. 2.6D). 

 

 

Figure 2.6. Description of the proboscidial inner layer and tentacles at the edge of the pharynx. (A) 

Longitudinal section (paraffin) of the pharynx (internal) epithelium with serous cells (sc), which are mildly 

PAS-positive and stained by Picric Acid as well. pc) pigment cells; phm) pharynx musculature. Resin section, 

tetrachrome stain. Inset: The vesicles of serous cells (sc) were densely stained by Coomassie Blue, indicating 

proteinaceous materials. (B) The base of a tentacle (tb) is characterised by densely-packed serous cells (sc) 

intercalated with a few pigment cells (pc). Resin section, Toluidine Blue. (C) Longitudinal section across the 

tentacles, which are divided in a basal area (tb) with numerous serous cells (sc) and neuronal fibres (nf), and 

the tentacle tip (tt), with few serous cells and numerous mucocytes (mc). Paraffin sections, tetrachrome stain. 

(D) SEM tentacle surface with visible domes extruding from secretory cells (arrows). 
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Toxin-secreting cells were easily identifiable by their idiosyncratic chalice-like shape (Fig. 2.7A). 

The apical part of the cell, closer to the cuticle, presented numerous electron-dense vesicles lined 

by a double membrane (Fig. 2.7A, inset). The nucleus was found closer to the basal lamina, as well 

as a well-developed rough endoplasmic reticulum (Fig. 2.7A) and numerous mitochondria. Vesicles 

were densely stained by Coomassie Blue, indicating proteinaceous material (Fig. 2.6A, inset). The 

protein vesicles were also PAS-positive (Fig. 2.6A) and TB orthochromatic (Fig. 2.6B). Different 

staining intensities revealed cell maturation stages and the loss of cellular material after toxin 

secretion (Fig. 2.7B, C). Whereas multivesicular bodies (MVBs) were a common feature in 

maturing toxin cells (Fig. 2.7C), mature cells held mostly electro-dense and Coomassie Blue-

positive vesicles whose size prevented them from crossing the cuticle (Fig. 2.7D, E). 
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Figure 2.7. Toxin cells and toxin secretion processes. (A) Toxin cells (TEM micrograph), showing their 

typical chalice shape, electron-dense (mature) toxin vesicles (tv) and a well-developed rough endoplasmatic 

reticulum (rer). Inset: Higher-power TEM magnification of the mature toxin vesicles (tv) with double 

membrane. ct) cuticle; ect) epicuticle. (B) Semi-thin section (resin) of the pharynx epithelium in the proximity 

of the tentacles shown at Fig. 2.5A, presenting mature (mtc) and immature (itc) toxin cells (Toluidine Blue 

stain). ct) cuticle; ect) epicuticle; phm) pharyngeal musculature. (C) Detail of a maturing toxin cell (mtc) with 

multivesicular bodies (mvb) and fully mature toxin vesicles(tv), the latter holding electro-dense, highly 

concentrated, proteinaceous materials (TEM). Maturing vesicles are essentially multivesicular bodies that 

may originate exosomes or progress into mature toxin vesicles. pc) pigment cell. (D) Merocrine secretion (via 

exocytosis) of exosomes (ex) (TEM). ct) cuticle; tv) mature toxin vesicles. (E) Merocrine secretion in mature 

toxin cells (TEM). ct) cuticle; ect) epicuticle; ex) exosomes; tv) toxin vesicles. (F) Microvilli-like expansions 

(arrows) in the apical membrane of toxin cells formed during apocrine secretion (TEM). Inset: Detail of the 

apocrine and merocrine secretion processes occurring simultaneously at the surface of the epicuticle. Note 

profusion of exosomes and more electro-dense apocrine blebs (arrow). ct) cuticle; ect) epicuticle; tv) toxin 

vesicles. 
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Secretion from toxin cells was found to occur by two processes. Under steady-state conditions, 

exocytosis was a continuous process from maturing cells (merocrine secretion), with exosomes 

being released mostly from MVBs (Fig. 2.7D, E). However, sections from the everted proboscis 

revealed an apocrine-like process in mature cells, during which the apical portion of the cytoplasm 

and mature toxin vesicles were subjected to internal and external pressure, generating evaginations 

that cross the cuticle (Fig. 2.7F). These microvilli-like expansions contain the same electro-dense 

materials found in mature toxin vesicles (Fig. 2.7F, inset). In Fig. 2.8 the two processes are 

summarised, highlighting that the apocrine process is seemingly responsible for rapid secretion of 

toxins and associated molecules when the tip of the everted trunk contacts a target. 

 

 

Figure 2.8. Simplified diagram illustrating the two main toxin secretion pathways. Toxins and 

accompanying proteinaceous materials are initially produced in the rough endoplasmic reticulum (RER), 

concentrated in the Golgi apparatus (GA) and allocated in multivesicular bodies (MVBs). These will either 

partake in the formation of exosomes or further develop into vesicles with high toxin concentration. In the 

first case, secretion occurs via simple exocytosis (merocrine process), when MVBs merge with the cells’ 

apical membrane. This process is continuous, occurring in steady-state maturing and mature toxin cells. When 

fully mature toxin cells are subjected to pressure, they will rapidly release the stored, highly-concentrated, 

materials via an apocrine process. The internal pressure derives from increasing size and number of toxin 

vesicles. Extracellular pressure is caused by a combination of trunk muscle contraction, increased hydrostatic 

pressure when the proboscis is everted and by the direct contact between the tip of the proboscis (where toxin-

delivery tentacles are located) and prey. The compression leads to the formation of microvilli-like expansions 

that rapidly protrude through cuticle and epicuticle.  
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2.5. Discussion 

 

Eulalia viridis is an active predator that, like the remaining members of the family Phyllodocidae, 

is characterized by its strong muscular proboscis albeit being devoid of jaws or similar structures. 

This latter aspect is compensated by the ability to immobilise prey (such as mussels and other 

polychaetes) and extract a portion of soft tissue. Immobilisation requires only the direct contact 

between the specialised tentacles and prey as they are projected outward when the proboscis is fully 

everted (own observations). The process is assisted by the particular features of the proboscis that 

make it the species’ main sensory organ. Altogether, the animal’s adaptations to its feeding strategy 

are well reflected into its anatomy and microanatomy.  

 

The proboscis alone is a major adaptive trait since: i) it is strongly muscular, allowing action as a 

suction pump; ii) it has a dense battery of sensory organs, specifically chemoreceptors, and iii) the 

copious production of mucins is linked to the secretion of toxins and proteolytic enzymes. The 

suction action of the proboscis and the secretion of mucins and enzymes have only been briefly 

addressed by Michel (1970). Despite these previous works, there is still little information on 

Polychaeta regarding their feeding strategies. Nonetheless, the basic morphoanatomy and function 

of the proboscis appear to be well conserved among the Polychaeta (Dales 1962). On the other 

hand, Eulalia presents the overall typical epidermis of an errant polychaete, i.e. thicker in the ventral 

side, with a sturdy cuticle. This arrangement is ideal to scavenge through the rocky intertidal (see 

the review by Hausen 2005). The epidermis that lines the proboscis is, nonetheless, morphologically 

very distinct from the epidermis that covers the rest of the animal’s body and will be dealt with 

separately.  

 

Two main functions are attributed to the skin epidermis. The first is protection and is adjuvated by 

the secretion of cuticle and mucus. The second is sensorial, albeit more elusive in this species. 

Sensing is probably associated to the same pigment cells that give the worm its characteristic green 

colour. Due to the absence of blood vessel networks (in parapodia, inclusively), the role of the 

epidermis as “gills” (Tzetlin et al. 2002) is excluded in this species. The secretion of simple 

substances via epidermis (acting, e.g., as pheromones), cannot be entirely dismissed. Nonetheless, 

the existence of multicellular glands, such as the spiral glands of Nereis (Dorsett and Hyde 1970b), 

is overruled. 

 

Besides the usual sensory organs in the prostomium (antennae, nuchal organs, cirri and eyes) used 

by polychaetes to sense the environment (see Purschke, 2005 for a review), Eulalia uses its 

extended proboscis as main sensory organ, as it is used to scan the environment as the worm scouts 

through rocks, mussels and barnacles. When the worm encounters a prey, the proboscis is everted 
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via muscular action and increased hydrostatic pressure of the coelomic fluid, then externalising the 

specialised tentacles shown in Fig. 2.5. As these structures touch the prey, they administer a 

proteinaceous toxin (or toxins) accompanied by digestive enzymes (Rodrigo et al. 2014). The exact 

nature of these substances is still being investigated. However, they seem to immobilise prey while 

partially digesting the tissue at the contact area, thus enabling extraction of tissue via suction in 

absence of jaws or analogous structures. The serous cells in the pharynx, particularly those densely 

packed near the base of the tentacles, are seemingly involved in the production of the proteinaceous 

components of the toxin. The mucus, secreted by the mucocytes that are present throughout the 

animal and present in large numbers in the tips of tentacles, acts like the conveying vehicle (i.e. the 

carrier fluid) of toxins (recall Fig. 2.6). Michel (1968) hypothesised an “adhesive” function for the 

tentacles (hitherto referred to as “grosse papille”) on the account of mucus secretions. However, the 

mucus does neither have adhesive properties, nor the existence of toxin secretions was then 

suspected in the aforementioned work. The function of these special tentacles is assisted by a dense 

complex of neuronal fibres (Fig. 2.5B, inset), which could indicate mechanoreception. It must be 

noted, though, that this is a sensorial function not well understood in marine invertebrates, 

particularly in the Annelida. Altogether, the role of the proboscis in sensing of the environment 

makes it a crucial feature for an active forager. The sensorial papillae (the “petite papille” referred 

by Michel 1964) are attached to the fibrous outer epidermis of the proboscis. The associated 

chemoreceptors (taste buds) have many of the species’ uncanny pigment-bearing cells, which adds 

to the hypothesis that the green pigments may be associated to sensory functions, as discussed 

further below. 

 

Toxin secretion has been hypothesized for other phyllodocids, particularly in species with 

specialised glands, such as in some Glycera (Michel 1970; Bon et al. 1985; Bӧggemann, et al. 

2000). In E. viridis, however, there are no complex multicellular glands in the proboscis or 

epidermis. Even though serous cells lining the epithelium of the pharynx have been associated to 

the production of digestive enzymes (Rodrigo et al. 2015), these cells, especially those located in 

the vicinity of tentacles, are thus likely associated to toxin secretion. 

 

Michel (1969, 1970) hypothesised that the secretion of proteolytic enzymes in Polychaeta is 

essentially merocrine, without, however, clearly identifying how the process occurs. The present 

findings suggest that secretion in serous toxin cells is merocrine during resting, as seen in similar 

vertebrate cells (Hussein et al. 2015). Nonetheless, when the worm makes contact with prey, 

apocrine secretion is set into motion, caused by changes in internal cell pressure, which enables 

faster release of highly-concentrated products (recall Fig. 2.8). For a review on the secretion of 

exosomes and related processes see van Niel et al. (2018). The ability to rapidly deliver the complex 

cocktail of toxins, permeabilizing enzymes and other substances that comprise animal poisons is an 
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advantage for a small predator that reaches for its targets using the proboscis as it is moved to sense 

the environment. 

 

The coexistence of both apocrine and merocrine secretion has already been reported to occur in 

gland cells of higher-order vertebrates, from eyes to reproductive organs (Groos et al. 1999; Hussein 

et al. 2015). Rather than shifts in osmotic pressure, as proposed by Michel (1969), apocrine 

secretion in serous cells of the proboscis is trigged by the combination between: i) mechanic 

pressure exerted by contact with prey; ii) increased hydrostatic pressure within the proboscis, and 

iii) contraction of adjacent musculature (e.g. during suction). In fact, serous cell turgidity caused by 

water intake was not observed. Additionally, increased cell-cell and cell-cuticle spacing, which 

could indicate fluid retention, was noticed only when serous cells were empty. However, these 

features may result from fixation artefacts. 

 

The epidermis of E. viridis is a well-developed organ that suits the habits of an Errantia, which 

implies not only defence against macro- and microorganisms, but also sensing the environment and 

protection during locomotion. In addition, it is possible that the epidermis is involved in chemical 

signalling, similarly to the alarm cells of fish (Chivers et al. 2007), as animals in captivity have 

been observed to react negatively to the proximity of an injured conspecific (own observation). The 

main cells in the epidermis of E. viridis are involved in the secretion of cuticle, epicuticle and 

mucus. The distribution and number of these cells varies between body regions. In the ventral area, 

more subject to abrasion with the rocky substrate, the epidermis is thicker, which is accompanied 

by increased numbers of supportive cells responsible for the production of cuticle and epicuticle, 

consistent with reports from other Phyllodocida (Tzetlin et al. 2002). In parapodia, mucus cells are 

abundant and hold important roles in structure and locomotion (lubrication).  

 

The co-existence of supportive cells responsible for the production of cuticle (PAS-positive) and 

epicuticle (AB-positive) has been described for several polychaetes (e.g. Dorsett and Hyde 1970b, 

Richards 1974, Bubel 1983). Their commonness led to being simply named “epidermal cells” in 

the past (Krall 1968; Burke and Ross 1975). Our results are accordant with the findings by Bubel 

(1983) on the polychaete Pomatoceros zamarckii, who suggested that cuticle and epicuticle are 

originated from cytoplasmic granules arising from the Golgi apparatus. The collagenous nature of 

the cuticle of the Phyllodocida (Michel 1969; Kimura 1971; Hausen 2005) is accordant with the 

fibre arrangement typical of the Errantia (Westheide and Rieger 1978; Storch 1988). This pattern, 

which was in the past associated to body size, is now thought to be linked to mobility, as it 

safeguards both resistance and elasticity (see Goodman and Parrish 1971; Westheide and Rieger 

1978). In addition, Bubel (1983) sustained that cuticle and epicuticle are supported by the microvilli 

of epidermal cells, a role that, in Eulalia, is seemingly secured by pigment cells. Due to the potential 
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role of these cells in sensing, it is possible that the function of microvilli extends to sensory as well, 

as discussed below. Altogether, the junction between epidermis and cuticle in annelids remains 

unknown, which has been pointed out since the work by Krall (1968), and it is possible that it holds 

significant variability between taxa. 

 

Mucus cells, in their turn, have been extensively studied in invertebrates (Storch and Welsch 

1972a), including both errant and sedentary polychaetes (Mastrodonato et al. 2005, 2006), as well 

as phyllodocids (Ushakov 1972). The function and processes underlying mucus secretion in 

Polychaeta are, however, highly variable according to species’ ecology. Specifically, mucocyte 

function varies greatly from coastal sedentary (see Storch 1988; Hausen 2005 and Mastrodonato et 

al. 2005 for more details) to errant Polychaeta, especially those inhabiting intertidal areas. In this 

latter case, mucosubstances are involved in thermal regulation (Ushakov 1972), prevention from 

desiccation, lubrication for locomotion, egg protection and also as part of defence and predation 

mechanisms (Storch and Welsch 1972b; Prezant 1980; Storch 1988; Mastrodonato et al. 2006). All 

these functions can thus be justifiably applied to E. viridis. To these are added the structural function 

of mucosubstances in parapodia (recall the stage 2 mucus cells in dorsal cirri) and as carriers of 

toxins, which is secured by stage 3 mucus cells in the tentacles.  

 

The ultrastructure of mucocytes in E. viridis agrees with previous research on aquatic invertebrates 

(McKenzie and Hughes 1999; Mastrodonato et al. 2005). Moreover, the present findings agree with 

earlier postulates for the existence of two major type of mature mucocytes in Polychaeta (Storch 

and Welsch 1972a; Storch 1988). Besides differences in mucus chemistry, in Eulalia, stage 2 cells 

extrude the contents of saculi, while in stage 3 mucins remain internalised. Our findings suggest 

that both stage 2 and stage 3 mucus cells arise from cells identified as stage 1 (see Fig. 2.3). This 

demonstrates the link and ontogeny of mucus cells proposed by some authors (Storch and Welsch 

1972a; Bubel 1983; Mastrodonato et al. 2006), in contradiction with the hypothesis that these 

constitute, in fact, different cells (Ushakov 1972). 

 

It has long been suspected that certain types of microvilli-bearing cells in the epidermis of 

polychaetes and other annelids hold a sensorial function, being able, inclusively, to trigger the 

secretion of substances (such as mucins) from adjacent cells (Lent 1973; Schlawny et al. 1991). The 

microvilli appear to be the key ultrastructural feature, as they transverse the cuticle and become in 

direct contact with the environment (revised by Hausen 2005 and Purschke 2005). It may thus be 

inferred that the special, microvilli-bearing pigment cells in the epidermis and proboscis of Eulalia 

possess a sensorial function. In the papilla, in particular, pigment cells form part of chemoreceptors 

(which was first reported by Michel 1964, albeit without a functional explanation), reinforcing the 

notion that they play a role in sensing the environment. Also, asides the presence of pigment 
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vesicles, pigment cells resemble the mechanoreceptors described for the epidermis of other species 

of Polychaeta, with particular respect to shape, positioning, distribution, microvilli surrounding 

special cilia and the electro-dense “cuffs” of adherens-like junctions (Jouin et al., 1985; Schlawny 

et al., 1991). It must be noted that mechanoreceptor cells in the Annelida can be extremely 

diversified (see Purschke, 2005). Altogether, it is most likely that the sensorial function of the 

epidermis is triggered by the combination between mechanical and biochemical stimulation in 

microvilli and cilia. However, other functions for pigments cells must not be discarded. Even 

though the worm’s bright green colour is unlikely to act as camouflage, these uncanny green 

pigments may offer protection against UV light, similarly to melanins (see Riaux-Gobin et al. 

2000). Even though the nature of the green substances has not yet been disclosed, they most likely 

result from haem breakdown (Lederer 1939; Kennedy 1975; Rodrigo et al. 2015). Another possible 

function of these pigments can be aposematism, i.e., the association between the animal’s bright 

green coloration and its toxicity, therefore warning off attackers (see for instance Bandaranayake 

2006, for a review).  

 

 

2.6. Conclusions 

 

Eulalia viridis compensates its simple morphoanatomy, with a series of subtle microanatomical 

features that provide adaptation to its environment and fit its predatorial behaviour. These include 

the sensorial papillae of the proboscis, which, being fitted with taste buds, are the main sensorial 

organs of the worm, without prejudice for eyes and cirri in the Prostomium. Special pigment cells 

in papillae and epidermis likely act as mechanoreceptors. This latter feature can represent a major 

adaptive trait, as it allows a fast, involuntary response to external stimuli. These adaptations, 

combined with the differentiated secretion of mucus, cuticle and toxins (the latter of which able to 

be discharged rapidly), render the species a very effective predator of the rocky intertidal, where it 

forages for invertebrate prey, which encompasses larger molluscs and even other Polychaeta, its 

conspecifics inclusively. It has thus been demonstrated that a large part of the evolutionary success 

of protostomes, in spite of their simple body plan, is enabled by subtle anatomical features that 

establish an inconspicuous but very efficient link between the animals’ behaviour and their habitat. 
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3.1. Abstract 

 

The growing number of known venomous marine invertebrates indicates that chemical warfare 

plays a key role in adaptation to diversified ecological niches, even though it remains unclear how 

toxins fit into the life history of these animals. Our case study, the Polychaeta Eulalia viridis, is a 

predator that compensates lacking jaws by secreting an immobilizing cocktail proven by ecological 

assays. Whole-transcriptome sequencing of E. viridis revealed the pattern of proteinaceous toxins 

behind the effects previously noticed. The toxins are secreted by specialised serous cells in the 

proboscis and delivered by mucus. They evolved from non-toxin homologs to promote 

permeabilization, coagulation impairment and blocking neuromuscular activity of prey upon which 

the worm feeds by sucking pieces of live flesh. The main neurotoxins (“phyllotoxins”) were found 

to be cysteine-rich proteins, a class of ubiquitous substances among venomous animals, vertebrates 

included. Albeit similarities with other Polychaeta, the sequences of most toxins were not 

immediately related to the Mollusca or more ancient groups, such as Cnidaria. The toxins of Eulalia 

and other Polychaeta may have evolved from non-toxin homologs that were recruited at different 

stages without the reduction in molecular mass and increased specificity of more recent substances, 

like conotoxins. By comparing to eumetazoan homologs, we show that the proteinaceous toxins of 

Eulalia evolved independently, as known for other organisms, e.g. from different rate of gene 

mutation, duplications and differential regulation of expression, to favour reduced specialisation 

towards prey or foe. 

 

 

3.2. Introduction 

 

The recent discovery of the first crustacean venom (von Reumont et al. 2014a) is a compelling 

evidence for the commonness of chemical warfare amongst marine eumetazoans. It adds to already 

famous taxa such as cnidarians, cone snails, cephalopods and fish, as well as a recent entry: the 

Polychaeta (von Reumont et al. 2014b). Since such forms of chemical warfare constitute a simple 

but efficient strategy for survival, it is not surprising to find venoms, which are usually complex 

cocktails of salts and proteinaceous compounds, in ancient groups. Indeed, addressing the evolution 

of venoms, involves understanding how this mixture emerged to provide adaptive leverage as a 

predator, prey, parasite or host. However, and despite the biotechnological potential of conotoxins 

(Williams et al. 2008), marine invertebrate toxinology is still lagging behind its terrestrial 

counterpart. 

 

Assisted by next-generation sequencing, “venomics” enables discovery and molecular 

characterisation of multiple venom proteins and peptides, including in organisms with incipient 
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genomic annotation (Francischetti et al. 2013; Vonk et al. 2013; von Reumont et al. 2014b). It has 

already been offering an evolutionary insight on convergent or divergent recruitment of protein 

families into venoms of terrestrial animals (Fry et al. 2009; Casewell et al. 2013), providing answers 

to questions such as the importance of orphan genes, neofunctionalization of duplicates by amino 

acid substitution and the evolutionary pressures regulating the optimal use of metabolically 

expensive resources (Fry et al. 2009; Khalturin et al. 2009; Chang and Duda 2012; Morgenstern 

and King 2013). Indeed, it has been shown that snake venoms evolved from proteins holding non-

toxin functions toward the “three-finger toxin” group that includes neurotoxins, anti-coagulants and 

cytotoxins (Fry et al. 2009; Kini and Doley 2010). Accordingly, the first insights into Polychaeta 

toxins are revealing a wider span of species than anticipated, including glycerids (bloodworms), 

and amphinomids (especially fireworms) (von Reumont et al. 2014b; Verdes et al. 2018). Even 

though information on toxin activity is scarce, the search for homologs suggests a combination of 

cytotoxins, hemotoxins, neurotoxins and venom-specific proteolytic enzymes (see Chapter 1 for 

specifics) that, as for other invertebrates like octopuses, should permeabilise the tissue of their prey 

(Whitelaw et al. 2016). 

 

Eulalia viridis (Phyllodocidae), a toxin-secreting intertidal predator rather inconspicuous asides its 

bright-green colour, secretes toxic mucus whose noxious proteins (hitherto termed “phyllotoxins”) 

assist its uncanny feeding behaviour: the worm stuns its prey and sucks a piece of flesh with its 

powerful proboscis, albeit devoid of jaws and complex glands. It must therefore be noted that 

phyllotoxins are not injected, therefore the secretions do not really constitute a venom. Also, since 

no wound is actually inflicted to deliver the noxious substances then, as Nelsen et al. (Nelsen et al. 

2014) suggested, the novel term “toxungen” is actually more accurate, as the toxins are applied via 

surface contact whereas poisons, by definition, lack delivery structures altogether. However, 

Eulalia possesses specialised tentacles at the tip of the proboscis, equipped with mucocytes and a 

layer of calix-like cells that, when subjected to pressure, e.g. by direct contact with prey, rapidly 

release toxins from dense intraplasmatic vesicles (as described in Chapter 2). It must be noted that 

the presence of lytic enzymes in the proboscis has earlier been described decades ago (Michel 1968, 

1969, 1970), although toxins were then not referred. The Polychaeta are as diverse as 

phylogenetically complex, seemingly not monophyletic, with many groups lacking clear 

evolutionary positioning and lacking support from molecular systematics (Bartolomaeus et al. 

2005; Struck et al. 2011). Similarly, there is little information on the recruitment of protein-

encoding genes into the composition of venoms in these protostomes (Fauchald and Jumars 1979; 

McHugh 2000). The present work aims at identifying the main toxin homologs secreted by Eulalia 

and compare them to representative homologs among known venomous taxa.  
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3.3. Material and methods 

 

3.3.1. Animal collection 

 

Eulalia viridis ( 120 mm total length and weighting  250 mg) were collected from a rocky 

intertidal beach in Western Portugal (38°41'42" N; 09°21'36"W). Animals were kept in a mesocosm 

environment recreating their natural habitat, consisting of dark-walled glass aquaria equipped with 

constant aeration and recirculation, fitted with natural rocks and clumps of mussels to provide 

shelter and feed, as set-up by Rodrigo et al. (2015). Salinity, temperature and photoperiod were 

restrained within 35, 16 °C and 12:12 h, respectively. 

 

3.3.2. RNA extraction and high-throughput sequencing (RNA-seq) 

 

To identify mRNAs coding for putative proteins in the proboscis, which is involved in toxin 

secretion and delivery, the body wall (which includes skin and underlining musculature) was taken 

as reference organ. Worms were dissected for the excision of proboscis and body wall. Extraction 

of total RNA was done on portions infiltrated with RNALater using the RNeasy Protect Mini Kit 

coupled with in-column DNA digestion using a RNAase-free DNAase set (all from Qiagen, Hilden, 

Germany), following manufacturer instructions. Quantification of total RNA and initial quality 

assessment was performed using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, 

Wilmington, DE, USA). Samples were stored at -80 °C until further analysis. The RNA integrity 

number (RIN) for each sample was determined in an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA), with all samples being found within suitable parameters, i.e. 

intact or partially degraded samples with RIN ≥ 7, input of ≥ 1 μg total RNA, free of contaminating 

DNA(Schroeder et al. 2006). Library preparation was done using Kapa Stranded mRNA Library 

Preparation Kit and the generated RNA fragments were sequenced in an Illumina HiSeq 4000 

platform, using 150bp paired-end reads. One of the Proboscis (pr) and Body wall (bw) samples 

were sequenced with high depth for transcriptome assembly (100M reads) and normal coverage 

was used for two biological replicates (20M reads). 

 

3.3.3. Transcriptome Data Analysis 

 

The quality of RNA-seq data was assessed using FASTQC (v0.11.7, 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). For all libraries, TrimGalore (v0.4.4, 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to: trim the 13 bp of 

Illumina standard adapter; remove low quality reads with “Phred” cut-off higher lower than 20; and 

set the minimum read length to 20bp. An average of 10% of low-quality reads were removed from 
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each sample. Quality filtered reads from high-depth sequenced samples were combined and 

assembled with Trinity v2.8.4 (Grabherr et al. 2011) using default parameters. Two strategies were 

used to evaluate the quality of the assembled transcriptomes by: examining the RNA-Seq read 

representation of the assembly (at least 80% of the reads); and computing the Ex90N50 transcript 

contig length (approximately around 1000 bp). Coding regions within the assembled transcriptomes 

were predicted using TransDecoder v5.5.0 (Haas et al. 2013), with default parameters. Proboscis-

specific transcripts were selected by first mapping independently all samples to the Eulalia 

assembled transcriptome with Kallisto v0.44.0 (Bray et al. 2016), and selecting the transcripts 

significantly overexpressed relative to the body wall (FDR-adjusted p < 0.05), with expression fold-

change higher than two. Statistical analysis were computed using R 3.5 (Ihaka and Gentleman 

1996), through packages edgeR and limma. Finally, proboscis-specific transcripts with coding 

regions were functionally annotated by scanning for homology against: 1) UNIPROT cluster 

UniRef90 (Suzek et al. 2015) by generating a customised toxin database, with BLASTP v2.5.0 

(States and Gish 1994), having set a maximum e-value of 10-5, and protein domains from PFam 

(Finn et al. 2014), using HMMER v3.1b2 (Eddy 2009). Bulk data is freely accessible at Gene 

Expression Omnibus (GEO) DataSets database, accession number GSE143954. 

 

3.3.4. Quality assessment and validation 

 

The results from RNASeq were validated by RT-qPCR for the selected representative genes. In 

brief: cDNA was synthetized from the total RNA samples using the First-Strand cDNA Synthesis 

Kit (NZYTech). Primers were designed using Primer Blast and verified in silico with Oligo 

Analyser (Table 3.1) to amplify an expressed sequence tag (EST) for the selected genes (Table 

S3.2), namely hyaluronidase, cysteine rich venom protein (CRISP), C type lectin-like protein and 

metalloproteinases M12A and M12B, and GAPDH as internal control, as suggested by Thiel et al. 

(2017). Amplification was performed in a Gradient Thermocycler96 (Biometra). Following 

resolving PCR products in an agarose gel, these were Sanger-sequenced, translated and matched 

against the Toxins database using BLASTP. All products were found to aligned with the wanted 

targets. The RT-qPCR was then performed in a Corbett Rotor-Gene 6000 thermal cycler (QIAGEN) 

using the NZY qPCR Green Master Mix (NZYTech). The programme included an initial 

denaturation (95 ºC, 10min), followed by 45 cycles of denaturation (94 ºC, 45s), annealing (54 ºC, 

35s) and extension (72 ºC, 30s). Expression analysis was done using the ∆∆Ct method (Livak and 

Schmittgen 2001) (Fig. 3.1). Primer melting analysis was also conducted to verify specificity of 

hybridisation. 
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Table 3.1. Primer sequences. 

 

 

 

Figure 3.1. Expression analysis of key toxins by RT-qPCR, comparing the proboscis and body wall. 

Data are expressed as mean relative expression of Crisp (cysteine-rich venom protein), Lectin (C type lectin), 

Hyal (hyaluronidase), Repro (peptidase M12B) and Ast (astacin, peptidase M12A). The housekeeping gene 

Gap-dh was used for normalization. * Indicates significant differences to body wall for each respective target 

(Kruskal-Wallis H, p < 0.05). 

 

3.3.5. Multi-gene phylogenetics 

 

To compare the sequences of venom components between several clades as a proxy of functional 

convergence or divergence, we first produced a shortlist of translated contigs with logFCs 

(logarithmic fold change) above 10 from the top hits extracted from the toxin database and Pfam. 

A total of 38 genes were selected, corresponding to 9 different proteins (isoforms concatenated). A 

sequence from each different protein was chosen to scan for homology against NCBI’s RefSeq, and 
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UNIPROT databases using Blast (Altschul et al. 1990) when necessary, with the following clade 

restrictions: Mammalia, Arachnida, Cephalopoda, Annelida, Hymenoptera, Bivalvia, Reptilia, 

Serpentes, Scorpionida, Conus. The best hits without restriction were also used (Tables S3.3 and 

S3.4). After alignment, phylogenetic trees were produced (500 bootstrap pseudoreplicates) for the 

sequences of each individual protein using maximum likelihood and the JTT matrix-based model, 

based on Tamura & Nei (1993). Sequence alignment and trees were produced with Mega X (Kumar 

et al. 2018). 

 

The multi-gene phylogenetic analysis was done from amino acid sequences selected from top hits 

of 18 key species representative of different phyla by homology with hits for the eight genes 

encoding the shortlisted proteins of interest (CRISP, Hyaluronidase, C type lectin, Serine protease, 

Peptidase M12A and M12B, EGF domain-containing protein and endothelin converting enzyme). 

Genes were partitioned for analysis and the best model for each was selected according to the lowest 

Bayesian Information Criterion (BIC): Whelan and Goldman (WAG) model with discrete gamma 

distribution (G) and evolutionarily invariable (I) for Peptidase M12B, WAG+G model for CRISP, 

C type lectin, Serine protease and Endothelin, the Le Gascuel model (LG) plus G+I for Peptidase 

M12A and EGF domain-containing protein and LG+G for Hyaluronidase. The aligned and 

translated sequences are compiled in Supplementary Table 3.5. The Bayesian phylogenetic tree was 

inferred using MrBayes 3 (Tamura and Nei 1993) after 1,000,000 generations and sampling every 

100 generations. The tree was rooted on the Cnidaria. 

 

3.3.6. Microscopy 

 

Histological samples were prepared for both light microscopy and scanning electron microscopy 

(SEM). The external structure was analysed by SEM for morphological characterisation, following 

the protocol described by Inoué (1988). The internal structure was analysed by light microscopy 

for phenotypic anchoring through the localisation of cells producing cysteine-rich proteins. 

Identification of thiol groups histochemically was performed based on the Protein Thiol Fluorescent 

Detection Kit (Invitrogen, ThermoFisher), as described by Gonçalves & Costa (2020). In brief: 

slides with samples fixed in glutaraldehyde and Bouin’s and embedded in paraffin. The samples 

were then deparaffinated, rehydrated and stained with detection reagent, after being permeabilized 

(1% v/v Triton) and reduced with 1% m/v DTT to free oxidised thiols. The procedure was done 

using a humidity chamber. Negative control slides, without detection reagent, were included for 

quality assessment. The slides were mounted with DAPI for nuclei staining, photographed using a 

DM 2500 LED model microscope equipped with a MC 190 HD camera (both from Leica) and 

fluorescence images in all channels were treated with ImageJ (Schneider et al. 2012) (Fig. S3.2). 
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3.4. Results 

 

3.4.1. Discovery of putative toxins 

Transcriptomics was used to identify putative toxin mRNAs by running RNAseq in the proboscis 

(pr) and body wall (bw) to pinpoint overexpressed genes in the proboscis (Fig. 3.2A). The analysis 

of Eulalia’s proboscis and body wall whole-transcriptome yielded a total of  400,000 contigs, 

corresponding to  55,000 single-gene transcripts in open reading frame (ORF) (Fig. 3.2B). Of 

these, 2048 were significantly differentially expressed between the proboscis and body wall 

(adjusted p < 0.05), with 718 ORFs showing proboscis-enriched expression (Fig. 3.2C). Sequence 

matching using BLASTp by contrasting against the customised Toxins database retrieved from 

Uniprot resulted in 120 amino acid sequences considered to be the most significant toxin-related 

proteins (See Table S3.1), i.e., with lowest e-value, to be produced in the proboscis of the worm 

(Fig. 3.2B-D). Altogether, the proboscis and body wall of the worm yielded very distinct 

transcriptional signatures, from which 120 novel transcripts correspond to proboscis-specific and 

toxin-related proteins (Fig. 3.2D). 
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Figure 3.2. Transcriptomics revealed toxin-like proteins secreted by Eulalia’s proboscis. (A) Scanning 

electron microscopy (SEM) micrographs of the head of Eulalia viridis, evidencing the body wall (bw), which 

comprises the skin and subjacent musculature, and the everted proboscis (pr), also termed trunk of eversible 

pharynx. inset: tip of the fully everted proboscis, covered with sensorial papillae (pap) and the specialised 

tentacles around the mouth (tt) that the animal uses to deliver toxin-containing mucus to the surface of prey. 

(B) Tiered whole-transcriptome refinement to select transcripts of interest for toxin identification. (C) 

Volcano plot of ORFs under- (red), overexpressed (blue) in the proboscis (logFC > 2) and from those, the 

ones with hits in Toxins database (green). (D) Heatmap showing the 718 ORFs that yielded over-expression 

in the proboscis (pr), compared with the body wall (bw), for three different worms (identified as 1, 2 and 3). 

Side bar (grey) is indicative of genes with match in Toxins database (green). Complete linkage as employed 

as clustering function and Euclidian distances as metric. Data were row-normalised.  
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3.4.2. Conserved domains in toxin-like proteins 

 

From the 718 ORFs with higher expression in the proboscis, those with highest expression were 

predominantly toxins (Fig. 3.3A). Analysis then focused on the shortlisted sequences (120 ORFs) 

with hits in the Toxins database, where a total of 29 types of conserved domains were found (Fig. 

3.3B). Several of these domains were represented in more than eight different putative proteins. It 

is the case of the conserved domains: glycoside hydrolase (GH56), Peptidases M12A, M12B and 

M10, Adam CR 2, C type lectin, CAP, Trypsin, EGF-like, DUF1986 and CUB (for complement 

C1r/C1s, Uegf, Bmp1). Several domains are characteristic of peptidases that are highly expressed 

in the proboscis of Eulalia, namely peptidase M10, astacin and reprolysin (the two latter 

corresponding to peptidases M12A and M12B, respectively), that are zinc-dependent 

metallopeptidases. In fact, besides CRISPs, metalloendopeptidases and hyaluronidases were the 

most representative proteins matching those in the Toxins database and within the group of highly 

overexpressed protein homologs in the proboscis (Table S3.2). 
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Figure 3.3. Common signatures of Eulalia’s toxins. (A) Top ten hits of proteinaceous substances 

upregulated in the proboscis, compared to the body wall and matched against Pfam. (B) Main conserved 

domains present in proteins with hits in Toxins database overexpressed in the worm’s proboscis (logFC > 2). 

Figures indicate number of proteins (when  4) bearing each domain and the size of circles is representative 

of number of ORFs. (C) Proteins of interest upregulated in Eulalia proboscis with logFCs > 10, with match 

in the Toxins database. Figures indicate the number of different ORFs pertaining to each protein (when  4). 

The size of circles represents relative expression. (D) Illustrative representation of a CRISP (cysteine rich 

venom protein) from E. viridis and other organisms, highlighting the location of the well-conserved CAP 

domain and their cysteine alignments. (E) Localisation of toxin-secreting glandular cell in Eulalia through 

detection of CRISPs by histochemical fluorescent staining of thiols. i,ii) Negative and positive reaction of 
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thiols, respectively, in the sensorial papillae lining in the outer integument of the proboscis. The reaction 

produces a blueish fluorescent probe with a positive signal in granular cells (gc) and mucocytes (mc). The 

morphology of the latter is distinctive due to the presence of large mucus sacculi with homogenous positive 

staining for thiols due to the presence of sulphated mucins. Specimen fixated with glutaraldehyde. Inset: 

Detail of individual papillae. iii, iv) Negative and positive staining in the internal epithelium of the proboscis 

(pharyngeal epithelium) revealing the single-layer of calix cells (cc) that have been identified as toxin-

secreting cells. The granules in these cells yield strong blue fluorescence. Specimen fixated in Bouin’s. v, vi) 

Fluorescent labelling (negative and positive, respectively) of thiols in the skin is circumscribed to mucocytes 

(mc). No granular or calix cells were here detected. Specimen fixated in glutaraldehyde. Scale bars: 25 µm. 

 

 

3.4.3. Cysteine-rich neurotoxins as major component of Eulalia’s toxungen 

 

Thirty-eight ORFs with significant representation in the Toxins database were found to be highly 

proboscis-specific, inferred from high expression ratios (logFC > 10). These ORFs represent 

multiple transcripts for nine different proteins (Fig. 3.3C). In terms of representativeness, 

hyaluronidase leads the subset, with nine sequences, followed by Reprolysin, with seven, and 

CRISP, with five. Indeed, cysteine-rich venom CRISP-like proteins are well-represented in this 

subset, but they markedly contrast with the majority of the proteins, which consist of enzymes 

acting on the extracellular matrix, therefore involved in tissue permeabilization. Furthermore, one 

of CRISP ORFs was found to be the most significantly upregulated among all matches (see Fig 

3.3A), attaining high expression ratios (logFC > 16) between the proboscis and the body wall.  

 

Since one of the main characteristics of cysteines is the presence of a highly reactive thiol side 

chain, CRISPs were localised histochemically, confirming the location of gland cells and providing 

phenotypic anchoring for CRISP differentially expressed genes (DEGs). The findings (summarised 

in Fig.3.3E) revealed the existence of thiol-rich granular cells in the sensorial papillae that cover 

the fibrous integument of the proboscis, in the calix cells within the epithelium that lines the inside 

of the proboscis. These two types of cells are not present in the main body wall. There are, however, 

mucocytes that stain positively for thiols, likely due to sulphated mucins. The cellular structure of 

mucocytes and granular or calix cells has already been comprehensively described in Chapter 2. 

The homogenous appearance of the large mucus sacculi clearly contrasts with that the dense, much 

smaller and regular-shaped protein granules that characterise calix cells. Mucocytes are, 

nonetheless, widespread throughout the surface of the animal, unlike granular cells in the proboscis.  
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3.4.4. Phylogenetic analysis of individual components 

 

The sequences of shortlisted proteins (recall Fig. 3.3C) were matched against their homologs (see 

Table S3.3) with most significant hits in venomous and non-venomous representative eumetazoans, 

from cnidarians to humans, plus other organisms that produced relevant matches, such as 

Basiodiomycota (Fungi) and Orthonectida mesozoans, when available for comparison, were 

analysed based on phylogenetic models (Fig. 3.4, S3.1). The trees show different phylogenetic 

relationships between translated sequences, albeit a trend to group the proteins from Eulalia within 

clades that allocate homologs from venomous animals. How the clades are organised does not, 

however, reflect the known evolutionary history of eumetazoans. If, in one hand, the findings 

confirm the positioning of Eulalia protein homologs within common constituents of venomous 

secretions, on the other they evidence the intricate recruitment of proteins into venomous secretions 

and their separate divergence (or functional convergence) at various stages of animal evolution.  

 

Another significant case is that of hyaluronidases, which are ubiquitous amongst animal venoms 

and well-conserved between eumetazoans venomous or not, that show unclear positioning, as 

Eulalia homologs were similar to those of scorpions and bees than from other annelids, even 

molluscs or the coral Pocillopora damicornis. These enzymes, combined with zinc peptidases, 

namely serine proteases, astacins and reprolysins, as well as the enzymes similar to endothelin-

converting factor (Fig. S3.1), show the recruitment of diverse enzymes directed against the 

extracellular matrix of prey. In their turn, C-type lectins from Eulalia formed a distinct group with 

reptiles and scorpions, with Glycera being positioned farther within the same major clade. 
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Figure 3.4. Phylogenetic trees of major toxins secreted by Eulalia. The model includes the most 

representative sequences in the worm and the best matches from venomous and non-venomous animals, for 

comparison (see Table S3.3). The phylogenetic reconstruction was made with MEGA X, with 500 bootstrap 

pseudoreplicates. Bootstrap support values are given for all nodes and clade names are indicated by coloured 

branches. Grey bars identify known venomous or toxins-bearing organisms and the green line identifies E. 

viridis homologs. 
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3.4.5. Multi-gene phylogeny 

 

In face of the inconsistent phylogeny of individual components of Eulalia’s “toxungen”, the 

composition of the mixture as a whole was evaluated to infer, not only of how the mixture evolved 

in Eulalia, but also how venoms may have functionally adapted among marine animals. After 

retrieving homologs for the eight shortlisted toxins in Eulalia (Astacin, Reprolysin, CRISP, 

Hyaluronidase, C type lectin, Serine protease, EGF domain-containing protein and endothelin 

converting enzyme), eighteen species pertaining to eight major Eumetazoan groups, from Cnidaria 

to Mammalia (the latter as non-toxin homologs) were included in the multi-trait model (Table S3.6). 

The species were chosen according to the availability of sequences and broad representativity. 

Cnidarians (two species) were included due to their lower positioning in the animal tree-of-life. The 

full phylogenetic model (Fig. 3.5) shows Cnidaria, represented here by the anemone Exaiptasia 

pallida and by the coral Pocillopora damicornis (both considered innocuous), forming a clearly 

distinct clade from all other groups. The Polychaeta, represented by Eulalia and Glycera (both 

toxin-secreting) plus the non-harmful Capitella (a small annelid whose interest as model organism 

is growing), and the scallop Mizuhopecten form a distinct group from that which irradiated into two 

clades, one of which holds a clade that allocates all vertebrate species in the tree, venomous or not. 

 

Figure 3.5. Multi-trait phylogenetic tree combining major toxin homologs: CRISP, Hyal, Astacin, 

Reprolysin, C type lectins C, Serine proteases, Endothelin-like enzymes and EGF domain-containing 

neurotoxins. The tree was produced using Bayesian inference (20,000 generations, samples recorded every 

100 generations) with MrBayes 3 (see Table S3.5 for sequence information). Bootstrap support values are 

given for all nodes and taxonomic groups names are indicated by coloured branches. Grey bars identify 

known venomous organisms. 
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3.5. Discussion 

 

The proboscis of Eulalia is an eversible pharynx with multiple roles, particularly sensing and 

feeding. This feeding organ, which showed the existence of specialised tentacles in its tip that are 

used for the delivery of noxious substances produced in specialised calix cells lining the interior 

epithelium of the organ. Consequently, the hypothesis that putative toxin mRNAs could be 

identified by running RNAseq in the proboscis (pr) and body wall (bw) to pinpoint overexpressed 

genes in the former was evaluated (Fig. 3.2A). This strategy has been successfully enforced by 

Ruder et al. (2013) and Modica et al. (2015) to identify putative toxins from the crustacean 

Xibalbanus (Speleonectes) tulumensis (Remipedia) and the vampire snail Colubraria reticulata, 

respectively.  

 

The strategy revealed to be successful, disclosing the main constituents of Eulalia toxungen (recall 

Fig. 3.2). The overall composition is similar to what is found in other closely related organisms. 

For instance, the different metallopeptidases in Eulalia, were also found in the venom of the 

Polychaeta Glycera, believed to be responsible for the digestion of the extracellular matrix of prey, 

likely acting as permeabilising agents (von Reumont et al. 2014b). In its turn, Adam CR 2 is a 

cysteine-rich 70 amino acid-long domain, normally paired with the Reprolysin domain, both being 

typical of metallopeptidase M12B. On the other hand, proteins with EGF-like (epidermal growth 

factor-like) domains (which are well-conserved domains with Animalia) are ubiquitous among the 

Eumetazoa and hold several functions (Appella et al. 1988). Proteins with this domain are common 

in venomous cocktails, including astacin and C type lectin-like. One type of enzymes with 

conserved domain are hyaluronidases, which are characterised by possessing the long glyco hydro 

56-like domains ( 300 amino acid residues). Hyaluronidases, whose main function is the 

degradation of glycosaminoglycans such as hyaluronan and chondroitin, are therefore important 

assets in the digestion and permeabilization of connective tissue. They are particularly well-

described in scorpion and bee venoms (Bordon et al. 2015). In Eulalia, a domain of unknown 

function (DUF), namely DUF 1986 (as identified in Pfam) was one of the most frequent domains 

in putative toxin-like proteins. This yet uncharacterised 114 amino acid residue domain has been 

found in proteins of the trypsin-like serine protease superfamily, which is well-represented in 

venomous cocktails, as for other serine proteases. These proteases can also have CUB domains (100 

amino acids) and are well-described in honeybee venoms, for instance (Winningham et al. 2004). 

These domains (referred to as CUB1 and 2), although ubiquitous and associated to multiple 

functions, are seemingly restricted to extracellular or transmembrane proteins and are primarily 

involved in the mediation of protein-protein interactions, including the enhancement of proteolytic 

activity directed against the extracellular matrix, such the case of procollagen proteinases (Bork and 

Beckmann 1993; Blanc et al. 2007). Overall, the most important conserved domains in toxin-related 
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protein secreted by the proboscis of Eulalia are cysteine-rich proteins and enzymes able of extensive 

activity against extracellular matrix, which have a primary role long acknowledged for enzymatic 

toxins in venomous cocktails. 

 

Cysteine-rich proteins holding CAP domains are known to be key components in animal venoms, 

from terrestrial, such as snakes, to marine, including the relatively well-studied cephalopods (Fry 

et al. 2009; Ruder et al. 2013). In Eulalia, as well as in other species from different taxa, CRISPs 

have a well-preserved CAP domain at the N-terminus and several cysteine residues throughout the 

amino acid sequence (exemplified in Fig. 3.3D). These glycoproteins, which in mammals are 

secreted in the epididymis (albeit their function remaining unclear), have been persistently found in 

venoms, being well-described in snakes. Mostly, they act as neuromuscular toxins by blocking 

calcium channels, but they can also function as potassium channel blockers to prevent muscle 

contraction (Yamazaki and Morita 2004; Modica et al. 2015). The CRISP proteins in Eulalia are 

being secreted by the proboscis of Eulalia. Indeed, these findings are in accordance with the 

findings in Eulalia, where phyllotoxins and their neuromuscular effects were seen in bioassays and 

observed in the natural habitat with some of the worm’s favourite prey, mussels and other 

Polychaeta. Being Eulalia devoid of jaws, it stuns its prey by repeated contact with specialised 

tentacles at the tip of the proboscis at the base of which, lining the interior of the proboscis, are 

located calix cells likely responsible for the secretion of putative neurotoxins whose delivery 

vehicle is mucus. 

 

Besides CRISPs, metalloendopeptidases, hyaluronidases, trypsin-like serine protease and lectin C-

like proteins were the most representative proteins overexpressed in the proboscis (recall Fig. 3.3C). 

Despite the reduced number of works on Polychaeta, these enzymes have already been reported to 

be well-represented in venomous secretions of a few, particularly Glycera and the Amphinomidae 

fireworms, with the exception of hyaluronidases and trypsin-like serine proteases (von Reumont et 

al. 2014b; Verdes et al. 2018). Nonetheless, even the latter two are listed as being typically present 

in venoms from gastropods, cephalopods and snakes (Fry et al. 2008; Ruder et al. 2013; Modica et 

al. 2015). In the latter, these are reported to contribute to widespread inflammation and enhanced 

venom diffusion (Kemparaju and Girish 2006). Endothelin-converting enzymes, another group of 

metalloproteases, were also found to be significantly overexpressed in the proboscis of Eulalia, 

similarly to the venomous cocktails of various animals, from scorpions to snakes (Smith et al. 2016; 

de Oliveira et al. 2018). As these degrade amyloid beta (whose accumulation is linked to 

Alzheimer’s disease), it is yet another compelling factor towards the study of venom components 

in biomedical applications (Smith et al. 2016). 
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Altogether, enzymes targeting the extracellular matrix, combined with the membrane-disrupting 

and toxin-dissemination role of hyaluronidases described in snakes, bees and even in the intestine 

of humans as a facilitator of absorption (Bookbinder et al. 2006; Bordon et al. 2012, 2015), assist 

diffusing Eulalia’s cysteine-rich neurotoxin, phyllotoxin. In addition, the anticoagulant activity of 

C-type lectins (Fry et al. 2003) and the pro-haemorrhagic activity of metalloproteinases from the 

family M12 (Fry et al. 2008; Sterchi et al. 2009), hinder healing, facilitate infiltration of toxins and 

favour the extraction of fresh pieces of tissue via suction while the prey is chemically stunned.  

 

The main constituents of Eulalia toxungen, had different resemblances with toxins from different 

organisms. CRISPs from Eulalia, for instance, were phylogenetically closer to those of Glycera, 

arguably one of the best-known venomous Polychaeta, and venomous cephalopods, respectively. 

With respect to CRISPs, a common origin to cysteine-rich neurotoxins may be suspected among 

the Phyllodocidae Polychaeta. von Reumont et al. (2014b) already discussed the presence of 

cysteine motif-bearing neurototoxins in Glycera and their potential similarity to cnidarian 

gigantoxins. Gigantoxins are, in their turn, members of epidermal growth factor (EGF) family and 

their neurotoxic activity has been described in various invertebrates, like Pomacea (Gastropoda) 

and sea anemones (Honma et al. 2003), which explains the resemblance of Eulalia EGF domain-

containing proteins to a broad clade of organisms, spanning from Platynereis, another Phyllodocida, 

to humans (see Fig. S3.1). Altogether, these data indicate that phyllotoxins can, in fact, refer to a 

family of multiple cysteine-rich neurotoxins that can be ubiquitous among Phyllodocida, at least, 

and resulting from an ancient radiation. 

 

Not all the main toxungens sequences from Eulalia were closely related with the sequences from 

the same phylum. C type lectin-like from Eulalia was closely related with the ones from Reptilia. 

These sequences retrieved from snakes consist of calcium-dependent anticoagulant factors, 

inhibiting both intrinsic and extrinsic coagulation pathways (Zhang et al. 2012). These proteins, 

now believed to be major components of snake venoms, are also known to hinder coagulation and 

promote the lysis of blood cells (Nikai et al. 2000; Havt et al. 2005; Earl et al. 2011). Interestingly, 

a protein similar to C type lectin was found in Cryptococcus gattii (Fungi: Basidiomycota), a 

tropical pathogenic yeast that requires interacting with the immune system of hosts, macrophages 

specifically (Decote-Ricardo et al. 2019). This sequence was clustered together with bees 

(curiously, with the innocuous model marine Polychaeta Capitella teleta as well), which shows not 

only the differential role of these proteins in venoms but also potential evolutionary convergence: 

anti-immune and anti-coagulant. Altogether, these data indicate that, rather than evolving as a 

whole, these proteins converged to form a cocktail with three major functions: immobilising, 

permeabilization and tissue disruption plus anti-coagulation. These properties render efficient the 

extraction, with powerful pharyngeal musculature, of fresh tissue from marine invertebrate prey 
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that do not possess competent immune systems to clear toxins but are still provided with the 

efficient healing well-described, e.g., in Polychaeta (Planques et al. 2019).  

 

The close association between Eulalia and Glycera in most of the trees individualized is no surprise, 

as they are both predators belonging to Phyllodocida and their respective families (Phyllodocidae 

and Glyceridae) are seen as sister groups within the Annelida (Struck et al. 2011; Weigert and 

Bleidorn 2016). These two groups, together with known venomous Polychaeta, namely, fireworms 

(Amphinomidae) (Verdes et al. 2018), point towards the possibility that the Phyllodocida harbour 

more toxin-secreting species than could perhaps be anticipated. The phylogeny of these proteins in 

invertebrates, protostomes in the case, namely Arthropoda and Mollusca, is, however, more elusive. 

In fact, arachnids and molluscs are dispersed by two distinct clades that do not reflect the known 

tree-of-life. Nonetheless, among these two, only the snail Pomacea canaliculata is considered 

harmless.  

 

The multi-trait tree showed that, among protostomes, venoms of Polychaeta derive from a more 

ancient radiation than anticipated. The presence of all eight proteins in both Cnidaria included in 

the multi-trait model is an indication that these proteins derive from ancient radiations (Sunagar and 

Moran 2015). Furthermore, the similarities between sequences are astray, with the exception of the 

positioning of the scallop (a non-venomous organism), from the acknowledged phylogenetic 

proximity between Annelida and Mollusca, which are the most important groups of the 

Lophotrochozoa, based on both molecular and morphological data (Peterson and Eernisse 2001). 

These findings indicate that toxin-bearing secretions from Eulalia and possibly Polychaeta in 

general, became functionally adapted independently of the eumetazoan life history. On the other 

hand, prominent molluscan toxins, like conotoxins (which are potent neurotoxins), are not only 

found to have evolved relatively recently (Sunagar and Moran 2015) but were also found to have a 

relatively distant association to the sequences retrieved from Eulalia, especially CRISP- and EGF 

domain-bearing neurotoxins (albeit within the same wide clade), which indicates convergent 

adaptation against neuromuscular activity. Indeed, the venom of Conus is nowadays considered to 

be a very refined specialisation, at least with respect to potency, specificity and even the relatively 

reduced molecular weight of conotoxins. These typically comprised of 10-20 amino acid residues, 

compared, for instance, with snake CRISPs with about 100 (Osipov et al. 2005; Sunagar and Moran 

2015), and Eulalia CRISP-like proteins with at least twice as many (recall Table S3.1). These 

differences did not hinder clustering Eulalia and Conus CRISPs within the same major clade, as 

shown in Fig. 3.4, which indicates a common ancestor. In turn, cephalopod and arthropod venom 

proteins have arisen in distinct moments of evolution, likely by functional convergence into noxious 

proteins after irradiation from non-toxin homologs, potentially originating toxin and non-toxin 

paralogs if duplications occurred. In fact, the importance of the retention of gene duplicates that 



CHAPTER 3 

105 

 

code for toxins in the evolution of venoms has already been referred (see the review by Wong and 

Belov 2012), even though the subject represents little more than uncharted ground with respect to 

marine invertebrates. Still, the resemblance of Eulalia toxins to non-toxin homologs (as shown in 

Fig. 3.4), as well as its positioning with Capitella and Mizuhopecten in the multi-trait model, further 

validates this premise. Other authors pointed out, nonetheless, that post-transcriptional 

mechanisms, such as alternative splicing, or even post-translational cleavage can be responsible for 

the expression of a wide variety of toxins which, in any case, renders difficult identifying 

orthologues and evaluating orthologous expression of toxins (Wong and Belov 2012). It must be 

highlighted that similar reasoning can be applied to vertebrates, which appeared clustered in a single 

clade in the multi-trait model, combining venomous and non-venomous animals in a monophyletic 

branch that actually resembles the expected tree-of-life. It is likely that the growing interest in 

marine invertebrate toxins and the rapid advances in next-generation sequencing methods will 

roundabout important findings in the near future as new species of venomous animals are being 

unravelled.  

 

Sunagar & Moran (2015) proposed the “two-speed” theory of venom evolution, according to which 

more ancient animals invested in the diversification of toxins as means to assure a broad range of 

prey whereas “younger” species invested in specialisation, potency and reduced energetic costs. 

Within this perspective, the multi-trait model given in Fig. 3.5, plus the wide scope of putative, high 

molecular weight, toxins from Eulalia (many of which not yet characterised) and the mild potency 

of its neurotoxins onto mussels, places this organism in the first group. Younger taxa, such as 

Conus, for instance, more likely pertain to the second. Given the ancient radiation of Polychaeta 

and the wide span of prey of Eulalia, it is thus reasonable to assume that the species, and likely 

other Phyllodocida, responded to a positive selective pressure to diversify its toxin arsenal.  

 

3.6. Conclusions 

 

Animal venoms and similar secretions evolved through multiple episodes of protein recruitment. 

Venom proteins derive from well-conserved proteins that are present in innocuous animals as well, 

in a process during which gene duplication likely played a key role. Eulalia joins the ranks of 

venomous marine organisms (or, better, “toxungen”-bearing), showing that toxin-secreting 

Polychaeta, especially phyllodocids, can be very common and evolved to recruit proteins into 

venomous mixtures that seemingly favour feeding diversity albeit compromising potency, 

specificity towards target and metabolic costs. Toxins in Eulalia derive from non-toxin homologs 

without a clear phylogenetic pattern, showing also that, in Polychaeta, venomous mixtures evolved 

independently from potential ancestors. 
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In Eulalia, the toxins have three major roles: i) hindering the neuromuscular activity of prey; ii) 

pro-haemorrhagic and anti-clotting, and iii) permeabilization and liquefaction of tissue as a mean 

to assist neurotoxin diffusion and assist feeding through suction. Indeed, proteinaceous animal 

venoms hold a common signature, with particular emphasis on blockers of neuromuscular activity 

and agents that assist their infiltration. Our findings suggest that, rather having a common evolution, 

animal toxins, particularly from marine invertebrates, evolved by functional convergence after 

diverging from ancestral non-toxin proteins. Likely, convergence occurred by similar selective 

pressures towards the same target organisms plus feeding and toxin-delivery mechanisms. This can 

be inferred, e.g., from the similarities between Eulalia astacins and those of spiders shown in Fig. 

3.3. Both groups prey on invertebrates and whereas spiders feed by maceration, Eulalia must liquify 

tissue as much as possible prior to extraction by suction, as it lacks jaws. Comparatively, astacins 

from its sister Phyllodocida, Glycera, are more similar to those from Octopus, both organisms being 

equipped with venom-injection structures and preferentially targeting crustaceans either as prey or 

as attacker, respectively. In their turn, Eulalia CRISPs were closely related to those from Glycera. 

These findings may indicate evolutionary divergence, rather than convergence. Altogether, it is 

clear that the evolution of individual toxins is not straightforward, as proteins have been recruited 

in different stages of the species’ life history. 

 

Finally, it should be highlighted that Phylum Annelida is probably not monophyletic, with the recent 

addition of the previously considered individual phyla Sipuncula and Echiura (Struck et al. 2007) 

showing that much of the taxon’s phylogeny and systematics remains unresolved. Additional 

challenges are provided by the lack of genomic annotation, despite the promises of Capitella, and 

considerable intra-phylum genomic variability (Simakov et al. 2013). Associated to increased taxon 

sampling as a means to tackle phylogenetic uncertainties (Hedtke et al. 2006), venomics can thus 

provide important clues to the origins of venom proteins, their function and their relation to the 

animal’s milieu, either as part of its mechanisms of predation or defence against predators (Sunagar 

et al. 2016). In the near future, as new species join the ranks of venomous marine animals, it is 

expected that the eumetazoan chemical warfare increases its importance in eumetazoan phylogeny 

as well as their contribution to understand the role of gene duplications and supra-genomic 

regulation of gene expression in the evolution of species in the world’s most vast and diversified 

ecosystems. 
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Table S3.3. Accession numbers and IDs for sequences used in phylogenetic analyses. Sequences are 

ordered by e-value (lowest - highest). See Fig. 3.2 for details. 
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Table S3.3. Accession numbers and IDs for sequences used in phylogenetic analyses. Sequences are 

ordered by e-value (lowest - highest). See Fig. 3.2 for details (continued). 
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Table S3.3. Accession numbers and IDs for sequences used in phylogenetic analyses. Sequences are 

ordered by e-value (lowest - highest). See Fig. 3.2 for details (continued). 
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Figure S3.1. Phylogenetic trees of EGF domain-containing protein and endothelin converting enzyme. 

These proteins were shortlisted from ORFs with higher relative expression in the proboscis and best-matched 

against the Toxins database. Phylogenetic reconstruction was made with MEGA X, with 500 bootstrap 

pseudoreplicates. Bootstrap support values are given for all nodes and clade names are indicated by coloured 

branches. Grey bars identify known venomous or toxins-bearing organisms and green line identifies E. viridis 

homologs. 
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Table S3.4. Accession numbers and IDs of Endothelin converting enzyme and EGF domain-containing 

protein. 
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Table S3.5. Accession numbers of sequences employed in multi-trait phylogenetics. The model combined 

CRISP, Hyaluronidase, Astacin, Reprolysin, C type lectin, Serine, Endothelin converting enzyme and EGF 

domain-containing homologs from representative species of key Eumetazoan phyla (venomous and non-

venomous organisms). Refer to Fig. 3.4 for the full phylogenetic model. 
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Figure S3.2. Channel-split fluorescent-labelled of thiols in various tissues of Eulalia as a marker for 

CRISPs. The histological (paraffin) sections were stained with a fluorescent histochemical marker for thiols 

after treatment with a reducing agent (DTT), producing a bluish labelling. Nuclear counterstaining was 

produced with DAPI. Negative controls were obtained by treating with DTT but no marker. Here are shown 

the Individual RGB channels plus respective composite image. Papilla and body wall samples were fixated 

in glutaraldehyde and pharynx samples in Bouin’s solution. Papilla and pharynx present in the proboscis 

stained positive for thiol groups (granular blue cells) and mucocytes (due to the presence of sulphated 

mucins). Conversely, sections from the sensorial papillae and body wall stained positive only for mucocytes, 

which explains the differential expression of CRISPs (higher in the proboscis). Scale bars: 25 µm. 

 

 



CHAPTER 3 

129 

 

  



Ana Patrícia Carreira Rodrigo 

130 

 

  



CHAPTER 4 

131 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 - Ecological role of toxins in Eulalia viridis 

 

This chapter has been published in the following paper: 

 

Cuevas N, Martins M, Rodrigo AP, Martins C, Costa PM (2018) Explorations on the ecological 

role of toxin secretion and delivery in jawless predatory Polychaeta. Sci Rep 8:7635. 
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4.1. Abstract 

 

Motivated by biotechnological prospects, there is increasing evidence that we may just be scraping 

the tip of the iceberg of poisonous marine invertebrates, among which the Polychaeta are promising 

candidates for bioprospecting. Here we show that an inconspicuous phyllodocid uses toxins in its 

uncanny feeding strategy. The worm, a jawless active predator characterised by its bright green 

colour, preys on larger invertebrates (including conspecifics) by extracting tissue portions with its 

powerful proboscis through suction. The animal is even able to penetrate through the valves and 

plates of live molluscs and barnacles. Observations in situ and a series of experiments demonstrated 

that the worm compensates its simple anatomy with secretion of a novel toxin, or mixture of toxins, 

referred to by us as “phyllotoxins”. These are carried by mucus and delivered via repeated contact 

with the tip of the proboscis until the prey is relaxed or immobilised (reversibly). Proteolytic action 

permeabilises material to toxins and softens tissue to enable extraction by suction. The findings 

show that toxins are a major ecological trait and therefore play a key role in evolutionary success 

and diversification of Polychaeta, demonstrating also that understanding adaptative features may 

become the best showcase for novel animal toxins. 

 

 

4.2. Introduction 

 

Chemical warfare is one of the most cost-effective strategies adopted by animals to defend against 

parasites, predators or to become predators themselves (Casewell et al. 2013). Biological toxins 

(biotoxins) can thus play an important ecological role and be regarded as adaptative features. Given 

the vastness of oceans and the ancient radiation of marine life, it is not surprising that the diversity 

of toxins may correlate with their immense biodiversity. Indeed, there has been a big effort to 

describe and catalogue novel toxins from marine eumetazoans. This enterprise is mostly motivated 

by biotechnological implications, which usually implies the very challenging endeavour to 

characterise the complex mixtures of proteins, small peptides and salts that comprise poisons and 

venoms (Casewell et al. 2013). Indeed, and despite much early promise, biotechnological 

applications of marine toxins seem disappointing (Fusetani and Kem 2009; Burgess 2012). At least 

in part, this issue results from the failure to understand the combined effect of the various elements 

in these mixtures. To this are added the difficulties in characterising toxins at the molecular level 

that derive from poor genomic annotation, a problem that hinders marine animal research in general. 

The present work is thus set upon the hypothesis that understanding the ecological role of biotoxins 

is the first step to understand the function and evolution of marine animal chemical weaponry. 
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Recent descriptions of novel toxins from Polychaeta and even the very first crustacean venom 

indicate that we may be merely facing a small part of the vast diversity of poisonous marine 

invertebrates (van der Ham and Felgenhauer 2007; Von Reumont et al. 2013). In line with the trend 

to find novel biotoxins fortuitously, we recently came across a novel unknown proteinaceous toxin 

( 40 kDa) secreted by a hitherto inconspicuous annelid, Eulalia viridis (Phyllodocidae), whose 

mucous secretions had a strong inhibitory reaction against the marine bacterium Vibrio fischeri 

(Rodrigo et al. 2014). The species inhabits rocky intertidal shores and has a clear preference for 

mussel beds (Morton 2011). One of the most interesting aspects of the animal’s ecology is that it is 

an active predator of much larger prey, particularly live mussels, barnacles and even Polychaeta 

(including other E. viridis). However, the species, as other members of the order, is devoid of jaws, 

relying solely on its powerful muscular proboscis for feeding (Tzetlin and Purschke 2005). We 

conjectured, then, that the worm uses toxins, referred to by us as phyllotoxins, as part of its preying 

strategy, enabling it to extract a portion of the prey’s soft body via suction. 

 

The rapidly-expanding literature on marine animal toxins is making use of high-content screening 

molecular approaches to ascertain the nature of the proteinaceous materials in toxin mixtures 

(Sunagar et al. 2016). Still, only in a few instances’ homology-based analyses have been able to 

produce convincing clues on the role of these secretions in interspecific interactions. Among these, 

Whitelaw et al. (2016) related the presence of chitinases in the scarcely known toxin mixtures from 

some cephalopods that predate on crustaceans (“cephalotoxins”). The authors argued that, 

considering the elevated contents of chitin in arthropod tissue (a glucose-derived polymer with 

analogous function to vertebrate collagen), this enzyme increases permeability to facilitate 

infiltration of neurotoxins. Understanding the composition of toxin mixtures is a challenge beyond 

the problem of genomic annotation, as it may be a function of environmental parameters such as 

diet (Gao et al. 2011; Casewell et al. 2013; von Reumont et al. 2014). It has been discovered that 

some animals can even produce different venoms for predation and defence, such as some cone 

snails and a few arthropods, like scorpions, for instance (Casewell et al. 2013; Dutertre et al. 2014; 

Nisani and Hayes 2015). In any case, adaptative traits offer a solid ground to steer research and 

such is the motto of the present work. By combining ecological and toxicological endpoints, we 

aim at understanding the ecological role of toxins in the very particular behaviour of E. viridis, a 

discreet but resourceful organism that revealed itself to be a fierce predator. 

 

 

4.3. Material and methods 

 

4.3.1. Mucotoxin harvesting and characterisation 
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Adult worms (c.a. 5 – 10 cm length) were sampled by hand (n ≈ 300) during low tide at rocky beach 

in W Portugal (38°41'42" N; 09°21'36"W) and maintained in the laboratory in a microcosm 

environment. Crude mucous secretions were harvested by gentle mechanical stimulation using 

blunt-tipped plastic tweezers. The mucus samples were pooled and centrifuged to remove solid 

deposits (5000 × g, 4 ºC, 5 min) and stored at -80 ºC until further analyses. To verify the 

proteinaceous nature of toxins, an aliquot of the mucus was subjected to ultrafiltration with using 

3kDa Amicon spin column filters (Merck Millipore) after preliminary filtration through cellulose 

acetate filter (0.22 µm). Dulbecco’s phosphate-buffered saline (PBS), pH 7.4 was employed vehicle 

to assess reactivity in physiologically-compatible media. The proteinaceous nature and toxicity of 

purified and crude secretions was assessed by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) and the standardised Microtox test, respectively (Rodrigo et al. 2014). 

Total protein, determined with a NanoDrop 2000 apparatus (Thermo Fisher), was used to indicate 

concentration of toxins. 

 

4.3.2. Experimental assessment of toxin mode-of-action in vivo 

 

Mussels, Mytilus sp. (4.5 – 5.5 cm shell length), were hand-collected between February and April 

2017 from a clean rocky intertidal area in W Portugal as well. Crude secretions for testing were 

diluted in filtered and autoclaved seawater. The doses (concentrations) are designated as Concen. 3 

(highest – 1 mg. mL-1 total protein, determined as above), Concen. 2 (0.5 mg. mL-1) and Concen. 1 

(lowest – 0.25 mg. mL-1). The animals were subjected to intravalvar injection once with each dose 

(0.6 mL). Controls (seawater only) were included, as well as blanks (no injection). Several 

independent assays were conducted in order to address multiple endpoints. The animals were 

collected at several time-points between 5 and 60 min after injection, depending on endpoint. The 

frequency of valve movements (opening or closure) was quantified from video analysis. Six 

biological replicates were analysed for behavioural endpoints (n = 6). Latency time was determined 

from stimulus (tapping) to valve re-opening. Alterations to physiology (n = 3) were determined 

from oxygen consumption using a Multiline 340i/SET electrode (WTW, Germany), and microalga 

cell (specially cultured Tetraselmis suecica) removal using a Multisizer 3 Counter (Beckman 

Coulter). Acetylcholine esterase (AChE) activity was determined in the adductor muscle of mussels 

according to the method developed by Ellman et al. (1961), modified for microplates. These results 

are provided as nmol hydrolysed substrate min−1. mg. protein−1. Histopathological alterations were 

determined in whole soft-body of mussels (n = 6), fixated in Davidson’s solution and embedded in 

Paraplast. Sections (5 µm) were stained with haematoxylin and eosin (H&E) and the tetrachrome 

procedure described by Costa and Costa (2012). Semi-quantitative histopathological condition 

indexes were obtained according to the method described by Costa et al. (2013), adapted to mussels 

by Cuevas et al. (2015). Briefly, the procedure is based on the product between dissemination (from 
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0 – absent to 6 – diffuse) and biological significance (1 – lowest severity to 3 – highest). The 

histopathological alterations selected for the estimation of indexes (following preliminary 

observations) were lipofuscin aggregates, haemocytic infiltration and diffusion of brown cells, all 

of which have a biological significance of 1 (Costa et al. 2013; Cuevas et al. 2015). Accuracy was 

checked by blind reviews. The methodology produces an integrated histopathological condition 

index that ranges between 1 (maximum predicted histopathological condition) and 0. Indexes were 

obtained per individual and integrated measurements from visceral mass, gills, nephridium and 

gonad. 

 

4.3.3. Toxicopathological effects under natural conditions 

 

In order to simulate direct contact with the toxic secretions, freshly-collected whole mucus was 

applied directly onto soft tissues live mussels or freshly excised organs (ex vivo assessment) (n = 

2). Tissue samples were then processed for histopathological analyses, to which was added analyses 

of prey collected from the natural habitat after being preyed by E. viridis. 

 

4.3.4. Statistical analyses 

 

The normality and homoscedasticity of data were analysed through Kolmogorov–Smirnov’s and 

Levene’s tests, respectively. Considering the invalidation of at least one of the assumptions, non-

parametric statistics were employed, namely the Kruskal-Wallis ANOVA-by-ranks H was applied 

for multiple comparisons (testing of effects) and the Mann-Whitney U-test for comparisons 

between experimental treatments and controls. Cluster analyses were also carried out for grouping 

tested variables. Statistics were performed with R 3.3.x (Ihaka and Gentleman 1996) and the 

significance level was set at 0.05 for all analyses. 

 

 

4.4. Results 

 

4.4.1. Eulalia viridis feeding behaviour 

 

In its preferential habitat, i.e. rocky intertidal mussel beds, in western Portugal, E. viridis was 

observed to be an opportunistic but active predator of a wide range of other invertebrates, with a 

preference for live mussels, barnacles and even other Polychaeta. The worm used the proboscis for 

sensing the environment during foraging and inserted it between the valves of mussels and plates 

of barnacles (Fig. 4.1). A clearer picture of the use of this organ was seen when attacking other 

annelids. The proboscis enters in contact with the target organism and its repeats the contact via 
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extension of the proboscis, accompanied by copious secretion of mucus. The prey tries to escape 

while becoming immobilised until shrivelling. At this point, E. viridis attempts to extract a piece of 

its flesh through the wound created at the contact area through suction movements with its 

proboscis. 

 

 

Figure 4.1. Feeding behaviour of E. viridis in its natural environment. (A) A worm inserting the proboscis 

between the plates of a barnacle. (B) A worm (1) preying on another individual from the same species (2) 

using its proboscis (dashed line). 

 

4.4.2. Toxin reactivity 

 

The mucus was found to be moderately viscous, little adhesive and rapidly dissolved in natural 

seawater and other aqueous media. Purification by ultrafiltration isolated molecules larger than 3 

kDa from secretions, yielding a multi-protein/peptide signature similar to that of crude mucus after 

removal of salts and other small constituents from secretions, with major bands between c.a. 6 and 

40 kDa, which is compatible with toxins from marine invertebrates, such as conotoxins (Fig. 4.2). 

The bioreactivity of the crude secretions and purified peptides was then asserted using the 

standardised Microtox test, which determines toxicity from the inhibition of the luminescence of 

the marine bacterium Vibrio fischeri. The effect to bacteria was dose-dependent and the EC50 

threshold at 5 min (the half-maximal reduction in bioluminescence) to the bacteria was 98 µg total 

protein. mL-1 (95% confidence interval: 74–129) in seawater. The IC50 for purified peptides in PBS, 

at 5 min also, was higher (due to re-concentration of toxins as smaller compounds were removed) 

but within the same magnitude: 47 µg total protein. mL-1 (38–56). The results confirm that the 

toxicity is chiefly conferred by the proteinaceous component of the mixture.  
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Figure 4.2. Protein signature of crude (A) and purified extracts from mucosecretions (B), diluted to the 

same amount of total protein (1 mg. mL-1) in PBS and sterilised seawater, respectively, as visualised 

through SDS-PAGE (silver staining). Purification was done by ultrafiltration using a 3 kDa membrane, 

therefore removing salts and other small molecules.  

 

4.4.3. Toxin mode-of-action in vivo 

 

Using live mussels as convenient model, the toxin’s mode-of-action was inferred through a series 

of bioassays conducted with crude mucous secretions diluted in sterilised seawater (whose 

reactivity was checked through the Microtox assay, as stated above) and applied via intravalvar 

injection to mimic administration of the toxin-containing secretions as the proboscis of the worm 

inserts itself in the mantle cavity. The frequency of valvar movements (opening or closure), 

determined during one hour after injection, was significantly reduced to about half in mussels 

exposed to the crude secretions, albeit without any evident dose-response (Fig. 4.3A). Also as a 

behavioural biomarker, increased latency time (elapsed time between touch and valve re-opening) 

was evident in treated animals, relatively to controls, particularly after 10 min, then showing 

recovery (Fig. 4.3B). These data agree with the reduction, followed by recovery, of two 

physiological biomarkers in exposed mussels, namely filtration rate (Fig. 4.4A), determined by 

microalgae removal from water, and oxygen consumption (Fig. 4.4B). An interesting effect was 

noted regarding the previous, though, as the mussels clearly over-responded one hour elapsed after 

injection with the most concentrated form of the crude toxin, suggesting hormesis. The recovery is 

reflected by the steeper rates (slopes) of the two parameters in exposed animals resulting from 

augmented removal of algae and oxygen from water 60 min after injection. Similarly, no significant 

reduction in acetylcholinesterase (AChE) activity was observed in the adductor muscle of exposed 

mussels, but rather an increase, more obvious one hour after administration of crude secretion, once 

more without an evident dose-response (Fig. 4.5A). 
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Figure 4.3. Behavioural responses in mussels exposed to toxic secretions (three concentrations) via 

intravalvar injection. (A) Valvar movement frequency. (B) Latency time to response (valvar re-opening) 

following stimulus (touch) in tested mussels treated with increasing concentrations of toxic secretions. The 

results are provided as means ± SEM. Statistical analyses were obtained with the Kruskal-Wallis ANOVA 

by ranks H for multiple comparisons. * Indicates significant differences to respective controls (Mann-

Whitney U-test, p < 0.05). 

 



Ana Patrícia Carreira Rodrigo 

140 

 

 

Figure 4.4. Physiological parameters in mussels exposed to increasing concentrations (Concen. 1 to 

Concen. 3) of toxic secretion. (A) Consumed oxygen. (B) Microalgae removal from water. Side panels show 

rates of removal (oxygen and alga cells) from water, per experimental treatment. The results are provided as 

means ± SEM. Statistical analyses were obtained with the Kruskal-Wallis ANOVA by ranks H for multiple 

comparisons. * Indicates significant differences to respective controls (Mann-Whitney U-test, p < 0.05). 
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Figure 4.5. Neurochemical and toxicopathological effects in mussels exposed to increasing 

concentrations of toxin secretions (Concen. 1 to Concen. 3) at different timepoints. (A) Acetylcholine 

esterase (AChE) activity in adductor muscle. (B) Integrated (multi-organ) histopathological condition index. 

The results are provided as means ± SEM. Statistics were obtained with the Kruskal-Wallis ANOVA by ranks 

H for multiple comparisons. * Indicates significant differences to respective controls (Mann-Whitney U-test, 

p < 0.05). (C) Longitudinal section of the proboscis of E. viridis (not fully everted) highlighting toxin-delivery 

tentacles (box). Blueish cells are mucocytes, revealed by Alcian Blue dye in the tetrachrome stain. Inset: 

high-power magnification of toxin-delivery tentacles, highlighting serous cells were toxins and enzymes are 

produced (arrowhead) and bundles of connective and nervous fibres (fb). (D) Histological section across the 

visceral mass of mussels one hour elapsed after injection of the highest concentration of toxin (Concen. 3). 

Several foci of defence cells agglomerates (*) indicate mild inflammation, close to stomach (st) (H&E stain). 

sl: seminiferous lobe; ml: muscle. Scale bars: (C) 200 µm, inset 50 µm; (D) 200 µm. 

 

Histopathological alterations in exposed animals, translated into a condition index, were scarce and 

chiefly related to increased inflammatory response in exposed animals. These alterations refer to 

focal infiltration of haemocytes in several tissues, with emphasis on the external portion of the 

digestion gland and adjacent mantle (i.e., the more exposed areas). Despite the trend to increase 1 

h after exposure, the dissemination of alterations was variable, which made determining statistical 

significance difficult (Fig. 4.5B). Nonetheless, significant differences after 1 h of injection between 

the condition index of animals exposed to the highest dose (Concen. 3) and controls were dismissed 
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with p = 0.06 (Mann-Whitney U-test). For guidance, in Fig. 4.5C is shown the location of the toxin 

delivery tentacles at the tip of the proboscis, which, in this case, is partially inverted. The dense 

agglomerates of mucous (blue) and serous (toxin-secreting) cells are evident, the latter of which 

line the entire base of tentacles. In Fig. 4.5D is exemplified the formation of focal agglomerates of 

defence cells (haemocytes) in an area of the digestive gland near the mantle of an exposed mussel 

(highest concentration of the toxin secretions). 

 

Hierarchical clustering of measured responses and effects during these bioassays (Fig. 4.6) allowed 

segregating experimental treatments in two major clusters. The fist comprised controls and blanks 

(i.e. animals injected with seawater only), the second all exposure treatments. Among the latter, 

exposure to the highest concentration (i.e. lowest dilution) stand out from the two preceding, with 

particular respect to delayed responsive behaviour (latency time) and histopathological alterations, 

especially after one hour of injection. In their turn, variables are segregated in two major clusters 

(upmost hierarchical tree), the first of which including physiologically-related variables, namely 

algae filtration, O2 consumption and valvar movement. These parameters were rapidly reduced by 

exposure to toxin secretions. The remaining responses correspond to effects that were enhanced by 

exposure, from AChE activity to histopathology and latency time, which thus showed an inverse 

pattern to that of the preceding cluster. The positioning of AChE parted from valve movements and 

related responses indicates that phyllotoxins are unlikely to have an inhibitory effect on this post-

synaptic enzyme.  
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Figure 4.6. Heatmap and hierarchical clustering of normalised results obtained with complete linkage 

and Euclidean distances, aggregating all measured responses from mussels treated with toxins 

(separated by time after exposure). Hierarchical trees and colour bars indicate association between 

variables (up) and experimental conditions (side). Note the clustering between control and blanks, clearly 

separated from the treatments with toxins. The association between filtration, oxygen consumption and valve 

movements is also clear, which makes physiological sense, all of which being negatively affected by the 

toxin. 

 

4.4.4. Pathological aspects of direct contact with mucous secretions 

 

As intravalvar injections likely dispersed of mucus and toxins, there was the need to ascertain the 

realistic effects resulting from the direct contact with mucous secretions. In order to mimic direct 

contact, we applied freshly collected mucus onto the soft tissue of whole live mussels or through ex 

vivo contact with freshly excised organs. The results showed more prominent histopathological 

alterations, comparatively to the previous assays. In Fig. 4.7A-C are shown sections from foot 
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muscle, showing digestion of muscle fibres evidenced by myocyte hyalinisation, accompanied of 

disorganisation of connective fibres and apoptotic cells. The effects were stronger in whole mussels 

than in ex vivo assays. Alterations in the glandular epithelium lining the mantle were also evident 

in the contact area (Fig. 4.7D-E). These alterations are chiefly related to increased secretory activity, 

as seen from the proliferation of granular cells suggests detoxification and increased production of 

protective glycoproteins, mucins included. 

 

 

Figure 4.7. Histopathological evaluation of the effects of toxin in E. viridis mucus at the contact area 

with the crude secretions, in natural prey. (A-C) Muscle tissue from the foot of mussels (H&E). (A) 

Normal aspects of tissue. (B) Moderately affected muscle in a foot exposed ex vivo to the mucous secretions, 

showing disorganization of connective fibres and hyalinisation (digestion) of muscle fibres, which become 

more eosinophilic (pink). Note the abnormal aspect of nuclei (arrowhead), indicating early cell death. (C) 

Foot muscle of a live mussel exposed to crude mucus, revealing severe hyalinisation of muscle fibres. (D-E) 

Resin (semi-thin) sections of the edge of the foot (PAS-Toluidine). (D) Normal secretory epithelia and 

underlying connective tissue (unexposed animal). (E) Proliferation of secretory cells (*) and increased 

secretion. Note the layer of mucus (mc) atop the ciliated epithelium of the mussel (ep). Resin section (semi-

thin) of the wound caused by an E. viridis onto a conspecific, in its habitat. (F) The toxic secretion partially 

digested the body wall of the prey, enabling suction of contents (arrows), up to the point where oocytes (oo), 

which mature in the coelom, can be observed being pulled out, together with a portion of the intestine (in). 

Scale bars: (A-E) 20 µm; (F) 400 µm. 
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4.5. Discussion 

 

As E. viridis joins the ranks of toxin-secreting Polychaeta, it is shown that small body size and low 

level of organ differentiation, features shared by most extant protostomes, can be circumvented by 

chemical warfare as strategies for predation and defence. The aggregate effect of the cocktail of 

proteinaceous toxins, here referred as “phyllotoxins”, present in the mucous secretions of the worm 

are applied to the prey by repeated contact with the tip of the proboscis, where specialised tentacles 

are located, eventually causing (reversible) immobilisation while partially digesting the soft tissue. 

The absence of massive tissue digestion (recall Figs. 4.5 and 4.7), indicates that the main function 

of enzymes in mucosecretions is not extracorporal digestion but a combination between 

permeabilization to toxins and tissue softening to facilitate extraction by suction, as shown in Fig. 

4.7F. It must be noticed that E. viridis is not only able to extract and ingest large portions of soft 

tissue but also entire prey, including conspecifics, as shown in our previous work on the species’ 

digestive function (Rodrigo et al. 2015). This ability reiterates the convenience of secreting 

immobilising or relaxing toxins. It must be noted, however, that the complexity of secretions 

containing toxins, plus the impossibility of neutralising noxious substances only, hinders 

establishing direct cause-effect relationships. Despite the aggregate evidence for Eulalia toxins, as 

for other Phyllodocida, which is based on multiple endpoints, there are recent indications that 

bivalves can respond to undisclosed waterborne chemical clues from potential predators. Sensing 

these clues can lead to various defensive changes, from the reduction of metabolic and filtration 

rates to the thickening of shells in a predator-laden habitat (Freeman and Byers 2006; Naddafi et al. 

2007; Antoł et al. 2018). It is thus possible that these chemical clues may have contributed to the 

lowering of physiological and related behavioural parameters such as gas exchange, filtration and 

valvar movements, even though they cannot explain per se the observed toxicopathological effects 

and how Eulalia can penetrate through the valves. In any case, the complexity of toxin-bearing 

animal secretions mandates some caution when inferring specific effects. 

 

Despite the little work done, so far, on Polychaeta, some authors have already reported toxins from 

these animals. The toxicology and the ecological role of these substances remains, nonetheless, 

little understood. Among these, the best-known cases are nereistoxin, arenicin and glycerotoxin 

(Okaichi and Hashimoto 1962; Ovchinnikova et al. 2004; Richter et al. 2017). Nereistoxin, in 

particular, is a non-proteinaceous neurotoxic alkaloid that originates from the salivary gland of 

Lumbrinereis heteropoda. The role of this toxin remains elusive, as it is known by its insecticide 

properties with neuromuscular effects that have been associated to its metabolites and not to the 

parental compound or compounds (Deguchi et al. 1971; Xie et al. 1996). Nereistoxin is nowadays 

considered one of the most promising basis to develop “ecologically-sustainable” insecticides. 

Glycerotoxin, in its turn, refers to a well-known high molecular weight (c.a. 320 kDa) protein from 
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the venom glands of bloodworms (Glycera tridactyla), which belong to Phyllodocida just as 

Eulalia. Even though recent works suggest the neurotoxicity of glycerotoxin based on molecular 

data (Richter et al. 2017), the first descriptions of Glycera venom glands plus the successful 

isolation and testing of glycerotoxin isoforms as neurotoxins already date from the 1960s to the 

1980s (see Bon et al. 1985; Schenning et al. 2006 and references therein). Another example, 

arenicin, however, pertains to antimicrobial peptides produced in the coelomocytes of the marine 

Polychaeta Arenicola marina (lugworm), a burrower worm that, unlike the former, is not a predator 

(Ovchinnikova et al. 2004). 

 

Being able to immobilise prey, even if partially or temporarily, is always an advantage for a 

predator. However, it is of particular importance for those that cannot physically out-compete their 

targets, such as E. viridis. There are several uncanny adaptations for the purpose. It is the case, for 

instance, of the modification of one of the claws of the snapping shrimp Alpheus heterochaelis, 

whose clacking creates an air bubble that pops violently, producing a strong sound that stuns prey 

(or keeps attackers and competitors at bay), including much larger fish (Versluis et al. 2000). 

Chemical stunning seems to be more common, though, and likely more cost-effective. Existing data 

on marine invertebrate neurotoxins, particularly from Conus, support this premise but attempts to 

validate these occurrences as adaptative features, which involves understanding the mode-of-action 

of whole venoms onto ecologically-relevant targets, are scarce. In E. viridis, the immobilising effect 

of the toxin is reversible and not immediate. In fact, in situ observations and the endpoints illustrated 

in Figs. 4.3 to 4.5 suggest a peak of effects between 5 and 10 min, followed not only by recovery 

and even over-response, most likely a hormetic effect to compensate non-lethal challenge, i.e. a 

beneficial over-response to reduced toxicological stress (see Calabrese, 2008). It must be noticed 

that the mussel bioassays may underestimate the full potency of phyllotoxins, as they do not mimic 

the repeated, direct contact, promoted by the worm in situ. This explains lower histopathological 

effects in tested mussels, comparatively to the ex vivo assessment (Fig. 4.7A-E), which was done 

by direct contact of mucus onto tissue rather than intravalvar diffusion, and the consequences to the 

captured annelid shown at Fig. 4.7F. However, in either case, histological alterations pertain mostly 

to fibrous tissue, which indicates the need to soften and permeabilise the material prior to extraction 

of large pieces and not to uphold extra-corporal digestion, as in maceration.  

 

Comparatively, conotoxins are fast-acting and many are lethal. Among well-known lethal toxins, 

tetrodotoxin (TTX), which has been detected in several marine organisms such as blue-ringed 

octopus and pufferfish, is one of the most powerful neurotoxins (Lago et al. 2015). Additionally, 

potent and fast-acting toxins are usually injected, which allocates mixtures of conopeptides and 

other neurotoxins into the category of “venoms” (Nelsen et al. 2014). However, there is a huge 

variety of conotoxins, by far the best-studied natural marine toxic compounds, the vast majority of 
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which is studied from recombinant forms and not in its native forms, which also means that the 

effects on prey are not understood (see Akondi et al. 2013, for a review). Altogether, our data 

suggest that phyllotoxins have a mode-of-action in vivo distinct of most fast-acting neurotoxic 

conopeptides and similar, many of which target voltage-gated ion channels directly. In addition, the 

failure to correlate “behavioural” parameters such as valve movements and latency time with AChE 

suggests that the toxin does not interfere with this serine hydrolase directly and that its increase is 

indeed the consequence of the over-response mentioned earlier. The absence of any form of 

complex gland of venom-injecting apparatus in E. viridis is in accordance with the animal’s 

behaviour and toxin administration via mucous secretion from the tip of the proboscis, where 

specialised tentacles are located. Thus, as the toxins are not delivered through a wound, they fall 

within the proposed category of “toxungen” (Nelsen et al. 2014). This form of delivery is coupled 

with repeated contact with indiscriminate soft-bodied prey, which may range from mussels to other 

Polychaeta. Still, while contact with annelids and even with some gastropods (like Patella spp.) can 

be relatively conspicuous and appears to be a relatively simple process, the way how the worm 

penetrates valves of mussels and plates of barnacles is more difficult to record and to explain. 

Nonetheless, the existence of the toxin per se sheds light on the process. Rovero et al. (1999) 

suggested that dogwhelks (Nucella spp.) can penetrate barnacles and even between the valves of 

bivalves using its proboscis as an alternative behaviour to the more common process of drilling 

through the shells of mussels, using its radula, by secreting an unknown immobiliser (“relaxant”) 

to facilitate insertion. Given the form and function of the proboscis, it seems evident that E. viridis 

operates in a similar way, especially considering that the animal is not equipped with structures able 

to force against the powerful adductor muscles of bivalves or drill through shells and plates, for 

instance.  

 

 

4.6. Conclusion 

 

As in the case of cephalotoxins, it has been hypothesised that the presence of specific enzymes in 

toxin mixtures may facilitate the infiltration of neurotoxins (Whitelaw et al. 2016). In E. viridis, 

these enzymes seem to have the function of partially digesting tissue to allow extraction. The effects 

of the secreted substances appear to be the digestion of muscle fibres and connective tissue. 

Although some evidence for cell death (likely apoptosis due to condensation and blebbing of nuclei) 

having been registered (Fig. 4.7B-C), it is not possible to ascertain whether this is a direct effect of 

some specific pro-apoptotic compound or due to action of proteinases, many of which are known 

to favour, if not trigger, programmed cell death. Still, this issue is not yet well understood in 

invertebrates. In any case, the effect is sufficiently potent to perforate the body wall of other 

annelids and pull, through suction, the contents from the coelomic cavity, as well as the remnants 
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from the partially digested musculature. The combination between powerful suction, immobilising 

toxins and proteolytic activity thus maximises the predatorial abilities of the worm, in spite of the 

reduced complexity and differentiation so common in protostomes. These features make it a highly 

efficient predator in its environment, not just against immobile prey like barnacles and bivalves, but 

also against its immediate rivals, such as other predatorial Polychaeta, including its conspecifics. 
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5.1. Abstract 

 

As Yondelis joins the ranks of approved anti-cancer drugs, the benefit from exploring oceans’ 

biodiversity becomes clear. From marine toxins, relevant bioproducts can be obtained due to their 

potential to interfere with specific pathways. We explored the cytotoxicity of toxin-bearing 

secretions of the polychaete Eulalia viridis onto a battery of normal and cancer human cell lines 

and discovered that the cocktail of proteins is more toxic towards an ovarian cancer cell line 

(A2780). The secretions’ main proteins were identified by proteomics and transcriptomics: 14-3-

3 protein, Hsp70, Rab3, Arylsulfatase B and serine protease, the latter two being known toxins. 

This mixture of toxins induces cell cycle arrest at G2/M phase after 3h exposure in A2780 cells 

and extrinsic programmed cell death. These findings indicate that partial re-activation of the 

G2/M checkpoint, which is inactivated in many cancer cells, can be partly reversed by the toxic 

mixture. Protein-protein interaction networks partake in two cytotoxic effects: cell cycle arrest 

with a link to RAB3C and RAF1; and lytic activity of arylsulfatases. The discovery of both 

mechanisms indicates that venomous mixtures may affect proliferating cells in a specific manner, 

highlighting the cocktails’ potential in the fine-tuning of anti-cancer therapeutics targeting cell 

cycle and protein homeostasis. 

 

 

5.2. Introduction 

 

According to the World Health Organization (WHO), cancer is the second leading cause of death 

globally. The numbers of cases are expected to rise every year despite research on the subject 

being given top priority (reviewed by Das et al. 2018). From all the types of cancers, breast and 

lung cancer are the leading causes of death, especially in Europe, with prostate cancer following 

the rank (Ferlay et al. 2018). Ovarian cancer is the deadliest gynaecological cancer in the world 

(see, for instance, Beaufort et al. 2014), in large part due to the late diagnosis (Lalwani et al. 

2011). This type of cancer is in fact a range of neoplasic diseases that can have different origins 

(Anglesio et al. 2013). Research on new therapeutics for this disease is motivated by the combined 

effect between genomic heterogeneity and cell resistance (Hallas-Potts et al. 2019). Moreover, 

finding a suitable therapy with reduced effects on healthy tissue remains a challenge, leading to 

the screening for novel anti-cancer compounds that offer more specific and less deleterious 

strategies than traditional treatments. 

 

Anti-cancer drugs developed from natural products such as toxins and alkaloids nowadays 

represent 50% of all drugs that are used in chemotherapy (Mann 2002). After plants, fungi and 

bacteria have been leading the search for anti-cancer compounds, in addition to novel antibiotics 
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(Mann 2002). Some of the main targets of the quest for anti-cancer drugs are signalling pathways 

that regulate cell survival and proliferation. Indeed, most research is seemingly focused on the 

inhibition of specific protein kinases, such as Ras/Raf mitogen-activated protein kinase (MEK) 

and extracellular signal-regulated kinase (ERK) signalling pathways (Roberts and Der 2007).  

 

There is a growing awareness for the potential of the seas as a source of novel therapeutic agents, 

in face of their immense biodiversity (Mann 2002; Leal et al. 2020). In fact, the number of marine 

natural products explored for various biotechnological purposes has been increasing over the past 

few years (see the review of Hu et al. 2015) for a statistical appraisal on marine bioprospecting). 

Accordingly, there is growing interest in the search for novel anti-cancer compounds in marine 

life, benefitting from the constant advances in omics methods from metabolomics to proteomics 

and transcriptomics (Khalifa et al. 2019). With the exception of Yondelis (trabectedin), an 

approved drug developed from a secondary metabolite (a quinoline) of the tropical tunicate 

Ecteinascidia turbinata that competes with enzyme and transcription factors that bind to DNA 

(Cuevas and Francesch 2009), most research has yet to be materialized into effect applications. 

Still, there are promising indications, from various marine animals as varied as the bivalves, the 

Briozoa and the Porifera, on the effects of novel compounds on the inhibition of DNA synthesis 

inhibition, RNA polymerase activity, activation of apoptosis and autophagy and cell cycle arrest 

in cancer cells (Chernikov et al. 2017; do Nascimento-Neto et al. 2018; Figuerola and Avila 2019; 

Khalifa et al. 2019). In most cases, though, cancer cells are merely used as a toxicological model, 

without a clear indication of mode-of-action. From the Polychaeta, a little-explored but most 

promising group of marine animals for the bioprospecting of novel bioproducts, there are growing 

indications for the existence of cytotoxic toxins. Among the most significant examples, we may 

find the toxin arenicin (from Arenicola marina), nicomicin (from Nicomache minor), both 

peptidic in nature, and proteases from Nereis, all presenting cytotoxicity towards cancer cell lines, 

seemingly with pro-apoptotic effects (see Chapter 1 for further details). The mechanisms by 

which these substances exert noxious effects are not, however, fully understood. In large part, this 

is due to constraints in handling the complex mixtures of which poisons and venoms are 

comprised, particularly in marine invertebrates, for whom genomic resources are much reduced.  

 

Recently, we showed the secretion of toxins by an intertidal Polychaeta, Eulalia viridis, whose 

toxins, secreted by specialized cells in the eversible pharynx, are delivered to its prey using mucus 

as a vehicle with the purpose of immobilization and cytolysis by means yet unknown. In the 

aftermath of these early findings, the current work aims primarily at disclosing the mechanisms 

by which proteins in Eulalia’s secretions become cytotoxic to normal and cancer human cells, 

with the ultimate goal of asserting their biotechnological potential. To meet our objectives, we 

isolated proteins from secretions and combined proteomics with transcriptomics for their 
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identification as a mean to circumvent the challenges of investigating a complex mixture of 

proteinaceous compounds and provide inter-validation in a scenario of low genomic resources. 

The purified extracts were then tested onto both normal and cancer humans cell lines. 

 

 

5.3. Material and methods 

 

5.3.1. Protein extraction and identification 

 

Animal collection 

Adult Eulalia viridis (≈ 120 mm total length and weighting ≈ 250 mg each) were collected from 

the West Coast of Portugal (38°41′42″N, 09°21′36″W), in an intertidal rocky beach. Animals 

were reared in the laboratory in a mesocosm environment recreating their natural habitat, with 

controlled salinity, temperature and photoperiod (35 ± 1, 16 ± 1 ºC and 10:16 h, respectively). 

Animals were fed with live mussels, one of the species’ favourite prey.  

 

Protein collection and purification 

Protein was collected from mucous secretions harvested non-invasively by placing the worms in 

microfuge tubes with filtered sterile seawater, followed by mechanical stimulation of the 

proboscis, leading to increased secretion. Crude protein extracts were obtained from 

approximately fifty animals per pool. The crude extracts were immediately diluted  1:1 in 0.05 

M Tris-HCl containing 10% (w/v) L-dithiothreitol (DTT) and 1% (v/v) protease inhibitor cocktail 

(Sigma-Aldrich). Samples were then filtered through a syringe cellulose acetate filter (0.22 µm). 

Purification and concentration of extracts was done by dialysis (ultrafiltration) using 3kDa 

Amicon Ultra centrifugal filters (Merck), with Dulbecco’s phosphate-buffered saline (DPBS, pH 

7.4) as the vehicle. Total protein content was determined using a Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific). Purified extracts were stored at -80 ºC until further 

analyses. 

 

Protein separation 

Proteomics was employed to analyse the purified protein extracts using either, one- or two-

dimensional gel electrophoresis (1DE and 2DE, respectively) for initial separation (Gomes et al. 

2018). The Laemmli discontinuous gel of Laemmli (1970) was used for 1DE separation by 

sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE), as detailed by Hames 

(1998). Stacking and running gels (8×9 cm by 0.75 mm thick) contained 12% (v/v) and 6% (v/v) 

acrylamide, respectively. The migration buffer consisted of 25 mM Tris, 192 mM glycine, pH 

8.5. Molecular standards (NZYColour Protein Marker II range 11-245 kDa) was purchased from 
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Nzytech. The 2-D separation was obtained by isoelectric focusing (IEF) followed by SDS-PAGE. 

Briefly, the sample consisted of 100 μL of purified protein extract treated with 2-D Clean-Up Kit 

(GE Healthcare), according to manufacturer's instructions. Precipitated proteins were 

resuspended in 100 μL of rehydration solution containing 4 % (w/v) CHAPS, 7 M urea, 2 M 

thiourea, 1 % (w/v) DTT GE Healthcare, 0.5 % (v/v) Immobilized pH Gradient buffer (GE 

Healthcare) and 0.002 % (w/v) bromophenol blue, and incubated at room temperature for 36 h. 

After protein quantification using the Pierce 660 nm protein assay reagent (Thermo Scientific), 

125 μL of rehydration buffer containing 200 μg of protein were applied onto Immobiline Drystrip 

IPG strips (GE Healthcare) with 7 cm and 3 ± 10 non-linear pH. After rehydration, Isoelectric 

focusing (IEF) was done in an Ettan IPGphor instrument (GE Healthcare) at a maximum voltage 

of 5000 V. The IPG strips were afterwards incubated for 15 min in equilibration buffer 1 (50 mM 

Tris-HCl pH 8.8, 2 % (w/v) SDS, 6 M urea, 30 % (v/v) glycerol, 1 % (w/v) DTT, followed by 

incubation for another 15 min in equilibration buffer 2 (50 mM Tris-HCl pH 8.8, 2 % (w/v) SDS, 

6 M urea, 30% (v/v) glycerol, 2.5% (w/v) iodoacetamide). Strips were then placed on top of a 

10% SDS-PAGE gel for separation by mass. Both gels were stained with Coomassie Brilliant 

Blue G-250 to identify most representative spots and bands (Fig. 5.1) to be picked for liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) analyses. Excised gel bands 

and spots were stored at -80 ºC until further processing. 

 

 

Figure 5.1. Image of proteins identified by MS/MS. (A) Spot obtained from 2-DE gel (S1 – Arylsulfatase 

B). (B) Bands retrieved from SDS-PAGE gel (B1 – Heat shock protein 70, B2 - 14-3-3 protein, B3 - Rab3, 

B4 – Serine protease). 

 

 

 

 

 

Protein identification by LC-MS/MS 
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After gel sample distaining and digestion with porcine trypsin, peptides were analysed on a 

NanoLC Ultra 2D separation system (Eksigent) coupled to a TripleTOF 6600 mass spectrometer 

(Sciex). The chromatographic separation by micro-LC was achieved in a ChromXP C18CL 

column (0.3 × 150 mm, 3 μm, 120 Å, from Eksigent), at 50 °C. The flow rate was set to 5 μL. 

min-1 and mobile phase A and B were 0.1% (v/v) formic acid plus 5% (v/v) DMSO in water and 

0.1% (v/v) formic acid plus 5% (v/v) DMSO in acetonitrile, respectively. The ionization source 

(ESI DuoSprayTM Source) was operated in the positive mode set to an ion spray voltage of 5500 

V, 25 psi for nebulizer gas 1 (GS1), 25 psi for the curtain gas (CUR). The rolling collision was 

used with a collision energy spread of 5. Peptide mass fingerprinting was performed using 

ProteinPilot 5.0.1 (Sciex) considering the following parameters: cysteine alkylation by 

acrylamide, digestion by trypsin, and gel-based ID as a special factor. The resulting amino acid 

sequences were contrasted against UniProtKB and NCBInr databases using Blast (Altschul et al. 

1990). Accuracy of identification was determined by the lowest e-values and number of matching 

peptides per protein. 

 

RNA-Seq 

 cDNA was synthesized from the total RNA samples using the First-Strand cDNA Synthesis Kit 

(NZYTech). Primers were designed using Primer Blast and verified in silico with Oligo Analyser 

(Table 5.1) to amplify an expressed sequence tag (EST) for mRNAs coding for proteins identified 

by MS/MS and RNA-Seq (Fig. 5.2). The calibrator was GAPDH, as suggested (Thiel et al. 2017). 

Amplification was done in a Gradient Thermocycler96 (Biometra). Following resolving PCR 

products in an agarose gel, these were Sanger-sequenced (as a service), translated and matched 

against 1) UNIPROT cluster UniRef90 (Suzek et al. 2015) by generating a customized toxin 

database, with BLASTP v2.5.0 (States and Gish 1994), having set a maximum e-value of 10-5; 2) 

NCBInr using BlastP. The results from RNASeq were validated by RT-qPCR. The RT-qPCR was 

then done in a Rotor-Gene 6000 thermal cycler (Corbett Research) using the NZY qPCR Green 

Master Mix (NZYTech), according to manufacturer instructions. The programme was set as: 

denaturation 94 ºC, 45 seconds (s), annealing 55 ºC, 25 s and extension 72 ºC, 30 s, with 45 cycles 

per run. Primer melting analysis was also conducted to verify the specificity of hybridization. 

Relative expression was determined by the 2−∆∆Ct method (Livak and Schmittgen 2001). The 

peptide sequences were contrasted against E. viridis proboscis transcriptome products (as 

described in Chapter 3), deposited in Gene Expression Omnibus (GEO) under the accession 

number GSE143954 (Fig. S5.1). 

 

 

Table 5.1. Sequences of primers used in RT-qPCR. Primers were designed using primer blast 

(www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi, National Center for Biotechnology Information) and 
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their quality assessed using OligoAnalyzer Tool (www.idtdna.com/pages/tools/oligoanalyzer, Integrated 

DA Technologies) and optimized by PCR.  

 

 

Figure 5.2. Expression analysis of key proteins in the mucus extract by RT-qPCR, comparing the 

proboscis and body wall. Data are expressed as mean relative expression of Rab3, 14-3-3 protein, ArsB 

(Arylsulfatase B), SP (Serine protease) and Hsp70 (Heat-shock protein 70 kDa). The housekeeping gene 

Gap-dh was used as calibrator.  

 

 

5.3.2. Network analysis 

 

After the identification of the main proteins by combining proteomics and transcriptomics, Homo 

sapiens homologues were retrieved using BLASTP. Gene network analyses were conducted using 

the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) by setting the 

confidence cut-off for interaction links between proteins at 0.400 (Szklarczyk et al. 2019). 

5.3.3. Cell-based assays 
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HCT116 (human colorectal carcinoma), A549 (lung adenocarcinoma), Fibroblasts, MCF7 (breast 

carcinoma) and K562 (myelogenic leukemic carcinoma) cells were grown in Dulbecco’s 

modified Eagle’s medium (DMEM) (Invitrogen, Grand Island, NY, USA) supplemented with 

10% (v/v) fetal bovine serum and 1% (v/v) antibiotic/antimycotic solution (Invitrogen), while 

A2780 (ovarian carcinoma) cells were grown in modified McCoy's medium: Roswell Park 

Memorial Institute medium (RPMI) 1630 (Ma et al. 2016; Czerwińska et al. 2017). All cell lines 

were purchased from ATCC (http://www.atcc.org), except for A2780 that was purchased from 

Sigma-Aldrich (http://www.sigmaaldrich.com). All cell cultures were maintained at 37 °C in a 

humidified atmosphere containing 5% (v/v) CO2 and incubated in the same atmosphere when 

necessary. Only purified extracts stored for less than 30 days (-80 ºC) were used in biological 

assays and all dilutions (and controls) were prepared in PBS. The same volume of PBS was added 

to the respective medium of each assay (controls). Total protein content was determined prior to 

biological assays using a Nanodrop spectrophotometer. The assays were conducted with cells 

seeded for 24 h and in the range of 105 cells. mL-1, in the conditions described before, in 6, 24 or 

96-well plates, depending on the endpoint. 

 

Cell viability 

Cell viability was determined by subjecting all cell lineages to successive dilutions of the purified 

protein extract (2 × 10-3 to 1.6 µg. µL-1) for the estimation of and the half-maximal inhibitory 

concentration (IC50). Cells were incubated for 48 h with each diluted extract. Viability was 

determined with the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega, 

Madison, WI, USA), using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2Htetrazolium, inner salt (MTS). Quantification of the formazan dye formed in 

viable cells was done spectrophotometrically by measuring absorbance at 490 nm with a Bio-Rad 

microplate reader Model 680 (Bio-Rad, Hercules, CA, USA) (Ma et al. 2016; Czerwińska et al. 

2017; Almeida et al. 2019). The assays were performed in triplicate and technical duplicates were 

included, to minimize technical error. Doxorubicin (0.4 mM) was used as a positive control in all 

assays. 

 

Apoptosis 

Apoptosis was determined based on the Hoechst 33258 labelling assay. Cells were seeded on 

sterilized coverslips and incubated for 24 h to obtain an adherent monolayer. Cells were then 

incubated with the purified extract for 12 h (IC50), 24 h (IC50) and 48 h (1/10 IC50, 1/5 IC50 and 

IC50). After incubation, cells were washed with PBS and fixed with fresh 4% (m/v) formaldehyde 

(reconstituted from paraformaldehyde), for 10 min in the dark. Cells were then incubated with the 

dye (provided by Sigma, Missouri, USA), prepared as 5 μg. mL−1 in PBS. After 10 min, slides 

were washed with PBS and mounted. Fluorescent nuclei (100 per sample) were sorted in a DM 
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2500 LED model microscope, adapted for epifluorescence with an external EL6000 light source 

(Leica Microsystems). The assay was performed in triplicate for each timeline. The results are 

expressed as the mean percentage of apoptotic nuclei. 

 

Autophagy 

Cells were exposed to the extracts for 12 h, 24 h and 48 h, at the same concentrations than the 

previous assay. Rapamycin (50 mM) was used as a positive control (Almeida et al. 2019; Choroba 

et al. 2019). By the end of each assay, the medium was removed, and cells were stained with the 

CYTO-ID Autophagy Detection Kit (ENZO, New York, NY, USA), following manufacturer 

instructions. Stained cells were imaged with the aforementioned epifluorescence microscope 

following counterstaining with DAPI. The assay was performed in triplicate for each timeline. 

 

Caspase 8 assay 

The activity of Caspase 8 was determined to assess the extrinsic apoptotic pathway using the 

Caspase 8 assay kit from Abcam, following manufacturer instructions. Briefly, cells were plated 

on T-flasks with an area of 25 cm2 with 6 × 105 cells. mL-1 for 24 h and exposed to the purified 

extract (IC50 dose), plus PBS (control) and incubated for 48 h. Cells were then scraped, washed 

in PBS, resuspended in cell lysis buffer and incubated on ice for 30 min. Total protein in lysates 

was quantified as previous and adjusted to 200 µg. 50 µL-1 buffer. Each microplate well was 

loaded with 200 µg protein. 50 µL-1 50 µL of 2× Reaction Buffer with DTT (100 mM final 

concentration) and 5 µL of IETD-pNA substrate (4 M). After incubation (2 h), absorption at 400 

nm was quantified on a 680 Microplate Reader (Bio-Rad, Hercules, CA, USA). 

 

Detection of Reactive Oxygen Species 

Intracellular reactive oxygen species (ROS) were determined using 2,7-

dichlorodihydrofluorescein diacetate (H2DCF-DA, from Sigma-Aldrich), as previously described 

(Das et al. 2018). Briefly, cells were seeded and incubated for 24 h, after which the culture 

medium was removed and replaced by fresh medium containing 1/10 IC50, 1/5 IC50 and IC50 (0.08 

µg. µL-1), plus controls. Hydrogen peroxide (50 µM) was used as a positive control. Cells were 

harvested after 48 h, washed twice with PBS before resuspension in pre-warmed (37 °C) PBS 

containing 100 µM H2DCF-DA and incubation at 37 °C for 20 min, in the dark. Fluorescence 

intensity was measured on an Eclipse Ti inverted microscope equipped with a DS-QiMc camera 

and adapted for epifluorescence (all from Nikon), with fixed exposure time for all samples. The 

green fluorescent signal was normalized and analysed using ImageJ (Schneider et al. 2012). 

 

Mitochondrial transmembrane potential 
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The mitochondrial transmembrane potential was analysed using the bis(5,6-dichloro-1,3-diethyl-

2-benzimidazole)trimethinecyanine iodide (JC-1) dye (Abnova Corporation, Walnut, CA, USA). 

After seeding and incubation cells were treated with the protein extract at the concentrations of 

1/10 IC50, 1/5 IC50 and IC50 diluted in fresh medium and exposed for 48 h. Cells were then stained 

with the JC-1 staining solution for 20 min at 37 °C in the dark. Image acquisition and analysis 

was done as above, based the ration between green and red fluorescence. 

 

Plasmatic transmembrane potential 

The plasmatic transmembrane potential was analysed using 2′,7′-Bis(2-carboxyethyl)-5(6)-

carboxyfluorescein tetrakis(acetoxymethyl) ester (BCECF-AM) dye (Invitrogen). After seeding 

and incubation, cells were treated with the purified protein extract at the concentration of IC50, 

diluted in fresh medium (RPMI), and incubated for 1 h and 3 h. Cells were then trypsinised and 

washed with PBS and RPMI medium (without phenol red) before incubation with BCECF-AM 

(2 µM in the same medium) for 20 min, at 37 ºC. After washing in the culture medium, data was 

collected using an Attune acoustic focusing flow cytometer (ThermoFisher Scientific) and 

analysed using FCS Express 6 Flow Cytometry (De Novo Software). The results were normalized 

for cell counts and the respective control. The assays were performed in duplicate and technical 

duplicates were included to minimize technical error. Doxorubicin (0.4 mM) was used as a 

positive control in all assays. 

 

Interference of cellular pH or membrane integrity 

After seeding and incubation, cells were treated with the protein extract at the concentration of 

IC50 diluted in fresh RPMI medium for 1 h and 3 h. After washing with RPMI (without phenol 

red), cells were incubated with BCECF-AM (µM) for 20 min, washed again and incubated with 

propidium iodide (2.5 µg. mL-1) for 10 min. Cells were then washed and visualized in RPMI 

(without phenol red) under an Eclipse Ti fluorescence microscope, equipped with a DS-QiMc 

camera (Nikon Corporation). 

 

Western-Blot 

Cells were plated on T-flasks with an area of 75 cm2 with 4 × 105 cells. mL-1. After incubation for 

24 h to allow adhesion, cells were treated with fresh medium supplemented with purified extract 

at the concentration of IC50 or PBS (control) and incubated for 48 h. The cell monolayer was 

washed three times with PBS and the cells were detached by scraping. The cells were pelletised 

by centrifugation at 500×g for 5 min (4 °C). The following procedure was adapted from Vinhas 

et al. (2017), using a PVDF membrane (GE Healthcare). Signal acquisition was obtained with 

Hyperfilm ECL (GE Healthcare). The protein band intensities relative to controls was quantified 

using ImageJ (Schindelin et al. 2009) following normalization to β-actin values. 
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Cell cycle analysis 

Cells were seeded in a 6-well plate at 1×105 cells per well and synchronized in early S-phase 

using a thymidine double block (Almeida et al. 2019). After the second block, the medium was 

replaced with fresh medium containing the extract or control (PBS only). The cells were collected 

by trypsinization after 1 h, 2 h, 3 h, 4 h, 9 h and 24 h. After centrifugation at 650×g for 5 min at 

4 °C, pelleted cells were washed with 1 mL cold PBS and centrifuged at 3000×g for 5 min at 4 

°C. The cells were then suspended in 100 µL cold PBS and completely disaggregated by soft 

pipetting before gently adding 1 mL ice-cold ethanol (80% (v/v)). After at least 16 h at 4 °C, the 

cells were pelletized by centrifuging at 5000×g for 10 min at 4 °C and the supernatant discarded. 

The cells were treated for 30 min with RNase A 50 µg. mL−1 at 37 °C and propidium iodide was 

added to a final concentration of 25 µg. mL−1. Data was collected using an Attune acoustic 

focusing cytometer (ThermoFisher Scientific) and analysed using FCS Express 6 Flow Cytometry 

(De Novo Software). 

 

Determination of cytoskeletal alterations 

Cells were seeded for 24 h in 24-well plates at 1 × 105 cells. mL-1 for 3 h, 6 h and 12 h and at 

0.375 × 105 cells. mL-1 for 48 h. Cells were then fixed in 4% (v/v) formaldehyde, permeabilized 

with 0.1% (v/v) Triton X-100 and blocked with 1% (w/v) bovine serum albumin (BSA). The cells 

were probed with Alexa Fluor 488 Phalloidin (2.4% (v/v) in 1% (w/v) BSA, 20 min) to stain actin 

filaments, followed by Hoechst 33258 (Sigma, Missouri, USA) at 5 μg. mL−1 in PBS (15 min) as 

the nuclear counterstain. Alpha tubulin was tagged with the DM1A anti-α-tubulin monoclonal 

antibody (Sigma), diluted to 1:200 in 1% (w/v) BSA. After incubation o/n at 4 ºC, the primary 

antibody was tagged with anti-mouse TRITC-conjugated polyclonal secondary antibody (Sigma), 

diluted to 1:64 in 1% (w/v) BSA (1 h). Cells were then washed with Tris-buffered saline (pH 7.6) 

with Tween 20 (TBST) and mounted with PBS. The cells were then examined with an Eclipse Ti 

fluorescence microscope (Nikon), as described previously. 

 

Cytology 

Cells, seeded in 24-well plates with a density of 106 cells. mL-1, were exposed to different 

concentrations of the purified extract (IC50, 1/5 IC50, 1/10 IC50), plus controls (PBS), for 48 h and 

additionally to IC50 for 1 h and 3 h. After exposure, cells were scraped and processed for 

transmission electron microscopy (TEM) as described in Vogt et al. (Vogt et al. 2015), with 

modifications. Briefly, cells were fixed in 2.5 % (v/v) glutaraldehyde in 0.1 M phosphate buffer 

and post-fixed in 2% (w/v) osmium tetroxide in 0.1M phosphate buffer, overnight. Pellets were 

washed in ultrapure water and dehydrated in a progressive series of acetone. Pelletized cells were 

embedded in Epon resin (Sigma-Aldrich) using propylene oxide as intermediate. Thin sections 

https://www.sciencedirect.com/topics/medicine-and-dentistry/formaldehyde
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(50-60 nm) were obtained with an Ultracut E ultramicrotome Leica. Sections were collected onto 

copper and nickel mesh grids and contrasted with 2% (w/v) aqueous Uranyl Acetate and 

Reynold’s Lead Citrate (Venable and Coggeshall 1965). Grids were analysed using a JEOL 100-

SX model TEM operated at 80 kV. 

 

Statistical analysis 

Normality and homoscedasticity were evaluated using Shapiro-Wilk’s and Levene’s tests, 

respectively. When assumption were met for parametric analyses, we employed ANOVA based 

on F and Dunn’s tests for multiple comparisons, otherwise the non-parametric Kruskal-Wallis H 

statistic was used, followed by Student’s T-test and Mann-Whitney’s U (parametric and non-

parametric tests, respectively) for paired-sample tests. Statistics were computed using R 3.5 

(Ihaka and Gentleman 1996). The significant level was set at 0.05 for all the analyses. 

 

 

5.4. Results 

 

5.4.1. Protein identification 

 

Five major proteins were conclusively identified in E. viridis mucosecretions by superimposing 

proteomics and transcriptomics (Table 5.2 and Fig. 5.1). The results identified Arylsulfatase B 

(ARSB), Heat shock protein 70 KDa (HSP70), 14-3-3 protein, RAB3 and serine protease (SP) as 

the main proteins in extracts. When comparing the relative expression of these proteins in the 

proboscis and body wall, serine protease is the protein with higher expression in the proboscis, 

followed by ARSB, RAB3 and lastly HSP70 and 14-3-3 protein. The peptide sequences had a 

100% match with the translated mRNAs, with the exception of SP, which yielded multiple 

transcriptional variants (Fig. S5.1). 
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Table 5.2. Matched peptidic sequences and translated mRNAs upregulated in the proboscis and 

respective contrasting against Pfam and Toxins databases. 

 

 

5.4.2. Cytotoxic effects 

 

The purified extract caused higher antiproliferative effect towards several human cancer cell lines, 

compared to normal human primary fibroblasts (Fig. 5.3, Table 5.3). Most cancer cells presented 

a loss of cell viability when exposed to the concentration of the extract within the range of 0.19 

to 0.42 µg. µL-1, with the exception of the ovarian carcinoma cell line (A2780), which yielded an 

IC50 value one order of magnitude lower (0.08 µg. µL-1). Consequently, the ovarian carcinoma 

cancer cell line was then chosen for further biological characterisation towards addressing the 

mechanisms underlying the loss of A2780 cell viability. 
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Figure 5.3. Cell viability determined by the MTS assay. Cells were exposed for 48 h to purified proteins 

extracts corresponding to concentrations between 0.0022 and 1.6 µg. µL-1, plus controls (PBS only). 

Measurements are indicated as means ± SEE of three independent replicates. A positive control 

(doxorubicin) was used in all assays. 

 

Table 5.3. Half maximal inhibitory concentration (IC50) determined through the cell viability assay 

(MTS assay). Values for the IC50 determined for each cell line are indicated as means ± SEE of three 

independent replicates.  

 

 

The frequency of apoptotic A2780 cells approximately doubled at IC50 concentrations, for both 

24 h and 48 h (Fig. 5.4). However, after 12 h, no significant differences were found when the cells 

were subjected to lower concentrations. Since apoptosis accounted only for a maximum of 35% 

cell death, an additional mechanism of programmed cell death, namely via autophagy, was 

assessed (Fig. 5.5). Interestingly, a significant increase in autophagic cell death was observed 

after 12 h, 24 h and 48 h of exposure. To further confirm the induction of programmed cell death 

TEM analyses were performed (Fig. 5.6). Apoptotic bodies were easily noticed as early as 1 h 

and 3 h of exposure, as well as chromatin condensation and nuclear fragmentation by blebbing, 

in accordance with Hoechst labelling (Fig. 5.4). Moreover, autophagolysosomes, associated with 

the autophagic process, were noticed, especially after 24 h, also supporting the previous 
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fluorescence microscopy results (Fig. 5.5). Exposure to higher concentrations (IC50), revealed 

further cellular alterations, namely mitochondrial shape changes, nuclear pleomorphisms and an 

increase in lysosome number. 

 

 

Figure 5.4. Determination of apoptosis in the A2780 cell line exposed for 12 h (A) and 24 h (B) to 

purified extracts corresponding to the IC50 threshold (0.08 µg. µL-1) and exposed for 48 h (C) between 1/10 

IC50 (0.08 µg. µL-1) and IC50. Blue arrows are indicative of normal nuclei and white arrows of apoptotic 

nuclei. *Indicates significant differences towards control (Student’s t test, p<0.01). Different letters are 

indicative of significant differences (Dunn’s test, p<0.05). 
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Figure 5.5. Determination of autophagy in A2780 cell line exposed for 12 h (A) and 24 h (B) to purified 

extracts at IC50 (0.08 µg. µL-1) and exposed for 48 h (C) to purified extract between 1/10 IC50 (0.08 µg. µL-

1) and IC50. A positive control was used (rapamycin) in all assays. Different letters are indicative of 

significant differences (Dunn’s test, p<0.05). 
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Figure 5.6. Changes in cell ultrastructure revealed by transmission electron microscopy (TEM) 

applied to A2780 cells. Cells were exposed for 1 h and 3 h to the IC50 concentration of purified extracts 

and respective control (PBS) and 48 h to 1/10 IC50, 1/5 IC50 and IC50). Apoptotic nuclei (an) were visible 

after 1 h of exposure, whereas autophagosomes (aph) became evident after 3 h. After 48 h of exposure, 

nuclear pleomorphisms (pn) were more obvious, as well as an increase in the number of mitochondria, 

regardless of apoptotic or and autophagic cells, when compared with controls. Inset: membrane detail of 

cells exposed to IC50 dosage during 48 h. Nuclei (n). Scale bars: 2 µm. 

 

 

For further clarification of the mechanism underlying apoptosis induction, the expression of BAX 

and BCL-2, the production of ROS, the mitochondrial membrane potential (ΔΨm) and the 

induction caspase 8 were analysed in A2780 cells exposed to the IC50 of extracts. The low 

BAX/BCL-2 expression ratio (Fig. 5.7A, B), the absence of ROS production and the 

unchangeable ΔΨm in A2780 cells exposed to the IC50 concentration of the extracts (Fig. S5.2), 

and the significant induction of caspase 8 activity (Fig. 5.7C) clearly suggests the activation of 

the extrinsic apoptotic pathway via activation of death receptors. However, alterations to plasma 

membrane potential (ΔΨp) were noticeable after 1 h and 3 h of exposure, as determined by flow 

cytometry and fluorescence microscopy (Fig. 5.8A, B). 
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Figure 5.7. Expression of BAX, BCL-2, their ratio and Caspase 8 activity in A2780 cells exposed to 

the IC50 of purified extracts for 48 h (0.08 µg. µL-1). (A) Relative expression of BAX and BCL-2, 

normalized to control. (B) Apoptotic index estimated from the BAX/BCL-2 ratio, after incubation with 

PBS (control) and extract (IC50). (C) Caspase 8 activity normalized to control. * Indicates significant 

differences to control (Kruskal-Wallis H, p<0.05). 
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Figure 5.8. Plasmatic membrane potential (A, B) and fluorescent staining assays (propidium iodide for 

nucleic acid staining and BCECF-AM for plasmatic membrane staining), (C-F) in A2780 cells exposed to 

IC50 extract concentration (0.08 µg. µL-1), and the respective control (PBS) for 1 h and 3 h. 

 

The effect of the extracts in A2780 cell cycle progression was evaluated over time of exposure 

(Fig. 5.9). Cell cycle arrest at phase S was observed 2 h after exposure (Fig. 5.9B), becoming 

significant after 3 h and 4 h exposure (Fig. 5.9C, D). A slight delay in the percentage of cells 

entering G2/M phase was also verified after 2 h exposure and extended until 4 h exposure. 

Alterations in tubulin were also seen with immunohistochemical staining after 3 h exposure. After 

4 h exposure, an overcompensation of cell in the phase G2/M started to be noticed, specially at 

12 h exposure (Fig. 5.9F). The changes in the early hours were consistent with quantification of 

both β-actin at 1 h and α-tubulin at 3 h (Fig. 5.8C-F). 
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Figure 5.9. Cell cycle analysis and immunofluorescence assay at 1 h (A), 2 h (B), 3 h (C), 4 h (D), 9 h 

(E), 12 h (F), 24 h (G) and 48 h (H), for A2780 cell line exposed to the extract (IC50, 0.08 µg. µL-1) and 

the respective control (PBS). The cell cycle was analysed by flow cytometry. The cells for the 

immunofluorescent assay were probed with F-actin (green) and α-tubulin (red) and counterstained with 

Hoechst dye 33258 (blue). * Indicates significant differences to control (Student's t-test, p<0.05). ̇  Indicates 

differences to control (p<0.1). 
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5.4.3. Network analysis 

 

The interaction between the human homologs of the main proteins present in extracts is depicted 

in Fig. 5.10. The first network yielded interaction between 14-3-3 zeta protein (YWHAZ), heat 

shock cognate 71 kDa protein (HSPA8) and Ras-related protein Rab-3C (RAB3C). YWHAZ and 

HSPA8 yielded the strongest connection with reports of co-expression in humans and other 

mammals. HSPA8 and RAB3C were also interacting indirectly, trough cell division cycle 5-like 

protein (CDC5L), a DNA-binding protein involved in cell cycle control. The connection of 

HSPA8 and RAB3C and CDC5L have been both supported by experimental data. HSPA8 and 

CDC5L were also connected with the spliceosome-associated protein CWC15 homolog (CWC15) 

and Pre-mRNA-splicing factor SPF27 (BCAS2), important proteins that are involved in the 

spliceosome as well. Due to the lack of direct interactions between PRSS1 and ARSB with the 

remaining proteins and each other, the radius of the network was expanded to ten proteins. 

Individually, Arylsulphatase B (ARSB) is interacting mostly with glycoside hydrolase domain-

containing proteins (IDUA, GUSB) and with enzymes responsible for catalysing the hydrolase of 

sulphate esters (SUMF1 and 2), while PRSS1 only interacts with keratin (KRT10). 
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Figure 5.10. A network analysis between human protein homologs (HSPA8, RAB3C, YWHAZ, 

ARSB and PRSS1) using STRING. The two autonomous protein interaction networks were expanded to 

allocate additional ten proteins to increase the radius of interactions beyond the proteins identified in the 

present work. The confidence cut-off for showing interaction links has been set to medium (0.400). ARSB 

- Arylsulfatase B; BAG1 - BCL-2 associated athanogene family molecular chaperone regulator 1; BCAS2 

- Pre-mRNA-splicing factor SPF27; CDC5L - Cell division cycle 5-like protein; CWC15 - Spliceosome-

associated protein CWC15 homolog; DNAJB1 - DnaJ homolog subfamily B member 1; DNAJC6 - Putative 

tyrosine-protein phosphatase auxilin; GUSB - Beta-glucuronidase; HSPA8 - Heat shock cognate 71 kDa 

protein; HSP90AA1 - Heat shock protein HSP 90-alpha; HSP90AB1 - Heat shock protein HSP 90-beta; 

IDUA - Alpha-L-iduronidase; KRT10 - Keratin, type I cytoskeletal 10; PRSS1 - Trypsin-1; RAB3C - Ras-

related protein Rab-3C; RAF1 – RAF proto-oncogene serine/threonine-protein kinase; SUMF1 - Sulfatase-

modifying factor 1; SUMF2 - Sulfatase-modifying factor 2; YWHAB - 14-3-3 protein beta/alpha; YWHAZ 

- 14-3-3 protein zeta. 
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5.5. Discussion 

 

The mucus secreted by the marine worm Eulalia contains a mixture of toxin and non-toxin 

proteins involved in multiple functions for attacking prey and defence against predators and 

environmental variables (as described in this chapter and chapter 3). This cocktail of proteins 

revealed higher toxicity towards the A2780 ovarian cancer cell line, compared to other human 

cancer cells and even normal fibroblasts, with a strong indication for a dose- and time-dependent 

responsiveness. We hypothesized that combining proteomics with transcriptomics would shed 

light on the main proteins involved in cytotoxicity and offer insights on their mode-of-action 

against A2780 cells, which is seemingly associated to cell cycle arrest and the induction of 

programmed cell via extrinsic apoptosis and autophagy. Five proteins were cross-validated by 

RNA-Seq, whose function, isolated or combined, are responsible for the specific effects in A2780 

cells.  

 

The cytolytic properties of animal venoms and poisons toward cancer cells has been investigated 

with promising results, albeit scant comparisons between the differential effects against normal 

and cancer cells. Bee venom has arguably become one of the most studied and promising cases, 

with melittin (a 26-amino acid lytic peptide responsible for the painful sting) and phospholipase 

A being, so far, pinpointed as key substances involved in the promotion of apoptosis (Oršolić 

2012). Venoms from snakes also received attention, in research with cancer cell lines inclusively 

(Marcinkiewicz 2013; Calderon et al. 2014; Simões-Silva et al. 2018). For example, crude venom 

samples from Naja ashei induced cell cycle arrest and promoted apoptosis with the activation of 

Caspase 3 and 9 in colorectal carcinoma (HCT116) cells (Antolikova et al. 2019). Additionally, 

venoms from spiders showed high cytotoxic activity towards K+ channels expressing cancer cells 

(Okada et al. 2019). 

 

From the five proteins identified from Eulalia mucus secretions, arylsulfatase B (ARSB) and 

serine proteases (SP) are commonly found in venoms (Matsui et al. 2000; Nok et al. 2003; 

Pesentseva et al. 2012). Sulfatases are known to play a key role in the control of physiological 

processes like cell signalling, hormone regulation and degradation of complex macromolecules 

such as glycosaminoglycans (Fricke and Hartmann 1974; Diez-Roux and Ballabio 2005; de Graaf 

et al. 2010). Arylsulfatase B, specifically, is known to regulate the kininogen–bradykinin axis 

trough the effect on chondroitin-4-sulfation and the interaction of C4S with kininogen in rat 

kidney epithelial cells, influencing blood pressure in mammals (Bhattacharyya et al. 2010). In 

lymphocytes, arylsulfatase may function in the degradation of cerebroside sulphate ester 

components of the target cell membrane to initiate the lytic event, having an important role in the 

immune response (Zucker-franklin et al. 1983). In molluscs, it can function as a sulphur-
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scavenging enzyme, which may play a role in the breakdown of sulphated saponins (Pesentseva 

et al. 2012). The exact function of arylsulfatases in poisonous and venomous secretions are still 

unknown, even though this enzyme exists at high quantities in a broad range of organisms, from 

snakes to predatorial gastropods (Nok et al. 2003; Bose et al. 2017). In turn, serine proteases form 

one of the largest group of endopeptidases. They are involved in a wide range of physiological 

processes, from digestion to blood coagulation, fibrinolysis, development, fertilization, apoptosis 

and play an immunity role as well (Page and Di Cera 2008). In venoms, serine proteases are 

present in a wide span of animals as well, being well described in snakes and bees. These proteases 

have thrombin-like effects, promote fibrinogen degradation in prey and activate the 

phenoloxidase cascade that induces a lethal melanization response in insects attacking bees and 

their hives (Choo et al. 2010; Amorim et al. 2018; Carone et al. 2018). 

 

Other proteins in the venomous cocktail of E. viridis are not commonly associated with venoms 

and poisons. However, they play paramount roles in cell homeostasis. It is the case of heat shock 

proteins (HSP). Heat shock protein 70 KDa (HSP70) is usually involved in stress response, 

helping protein folding (assembly and refolding) in the endoplasmic reticulum (Jee 2016). In turn, 

RAB3C is located in synaptic and secretory vesicles and regulates exocytosis Ca2+-dependent 

secretion and vesicle docking, thus being essential in exocytic and endocytic membrane 

trafficking (Schlüter et al. 2002; Schwartz et al. 2008). The RAB3C protein can also be linked 

with ZW10-interacting protein 1 (Zwint-1), a protein implicated in the regulation of chromosomal 

segregation through binding to the kinetochore (van Vlijmen et al. 2008). The gene encoding this 

protein, ZWINT, was discovered to be overexpressed in ovarian cancer, among other genes (such 

as CCNB1, CENPF, KIF11) related with cell cycle, nuclear division and oocyte meiosis (Xu et 

al. 2016). The 14-3-3 protein plays a role in various cellular processes like signal transduction, 

cell cycle regulation, apoptosis, stress response, cytoskeleton organization and malignant 

transformation (Van Hemert et al. 2001). It must be noted, though, that other proteins may either 

have not been identified by cross-validation between MS/MS on mucus secretions and skin 

whole-transcriptome analyses. We must, at this stage, highlight difficulties in homology-based 

identification of peptides from organisms with reduced genomic annotation. Even though the 

purification process can, itself, be responsible for the loss of proteins, the toxicological appraisal 

of the purified extracts does indicate that the active components that yielded effects against A2780 

cells were not lost. 

 

The identified proteins, when integrated within protein interaction networks (Fig. 5.10), suggest 

a potential combined effect. Nonetheless, there are seemingly two pathways: one involving HSPs, 

14-3-3 protein and RAB3C, and another where ARSB is pivotal. In the first pathway, 14-3-3 can 

be the key component, as these proteins are known to play a part in apoptosis and cell cycle arrest. 
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However, different 14-3-3 isoforms may produce distinct outcomes (Van Hemert et al. 2001). 

Still, the protein here identified holds higher similarities to 14-3-3 protein zeta (YWHAZ), which 

suggests promotion of programmed cell death. However, some isoforms may have indirect 

association with BAG1, which may in turn bind to BCL-2 and promote cell survival. It is also 

able to bind to the serine/threonine-specific protein kinase RAF1 and stimulate RAF1 kinase 

activity. Moreover, BAG1 also binds to the chaperone HSP70 (HSPA8), being, in fact, a possible 

chaperone inhibitor (Takayama et al. 1997). Speculations have been made to whether BCL-2 

forms or not channels to transport proteins through membranes and if HSP70 unfolds proteins 

during such transport (Reed 1997; Takayama et al. 1997). In any case, the formation of these 

channels may contribute to explain BCL-2 overexpression (Fig. 5.7A). At the same time 

membrane integrity may be compromised by other proteins in the cocktail, explaining the changes 

in plasmatic membrane potential from 1 h of exposure (recall Fig. 5.8A, B), then likely triggering 

a series of events that may ultimately lead to cell cycle arrest and cell death. 

 

The RAF proto-oncogene identified in the network is responsible for the regulation of many 

fundamental cell processes, including proliferation, differentiation, apoptosis, motility and 

metabolism (Maurer et al. 2011). The activation of this protein and the mitogen-activated protein 

kinase (MAPK) pathway is dependant of proteins present in the network such as HSPA8, HSP90 

and CDC protein. These proteins were found to be crucial for the maturation and activation of 

RAF1 both in Drosophila and human cell lines (Grammatikakis et al. 1999; Huang et al. 2017). 

RAF1 activity is also regulated by 14-3-3 proteins, trough phosphorylation, to control its 

enzymatic activity (Jaumot and Hancock 2001). The CDC protein is directly connected with 

CWC15 and BCAS2, both involved in the regulation of gene expression, and is an essential 

regulator that activates cyclin-dependent kinases (CDKs) at critical stages of the cell cycle (Mils 

et al. 2000). The disruption of the regulatory function can lead to cell cycle arrest and autophagy, 

which are the mechanisms by which A2780 cells were affected. More specifically, the 14-3-3 

protein present in the extract may well be, directly or indirectly, keeping the cyclin-dependent 

kinase CDC2 (cell division control protein 2) inactive, thereby preventing G2 to M transition 

(Ferguson et al. 2000; Van Hemert et al. 2001), as seen in A2780 cells between 2 h to 4 h of 

exposure (Fig. 5.8). The RAB3C protein is also responsible for cell cycle arrest through binding 

to ZW10-interacting protein 1 (van Vlijmen et al. 2008; Xu et al. 2016). Additionally, cell cycle 

arrest in the S phase is also connected with the depolarization of the resting membrane potential 

(MacFarlane and Sontheimer 2000), which is in accordance with our results after 3 and 4 h of 

exposure. After 9 h exposure to the cocktail, cell cycle progression was promoted when the assays 

were extended until 48 h. This effect was not, however, sufficient to avoid loss of cell viability. 
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Heat shock proteins 70 controls many housekeeping processes (Goloubinoff 2017), which is 

probably the reason why HSPA8 one of their forms, is linked directly with almost all proteins in 

the network (except RAB3C) described in Fig. 5.10. Two of these interplays occur with other 

chaperones, namely HSP90 alpha and beta. Besides interfering with cell cycle progression, HPSs 

can also be involved in the activation of matrix metalloproteinases. In fact, it has been seen that 

extracellular HSP90 alpha in fibrosarcoma and breast cancer cells promote MMP2 activation, 

which is critical for tumour invasiveness (Eustace et al. 2004). In turn, nuclear HSP70 promotes 

aurora kinase B (AURKB) activity, which is normally dysregulated in cancer cell lines (Cho et 

al. 2012). 

 

Other homologs from known toxins (PRSS1 and ARSB) appeared, at first sight, to have a smaller 

contribution to the effects seen in A2780. However, ARSB is known to have its expression 

reduced in most carcinomas when compared with normal tissues (Kovacs et al. 2019). This 

reduction was found to be related to prostate cancer aggressiveness, due to the association 

between ARSB and the epidermal growth factor receptor (EGFR), commonly overexpressed 

when ARSB is reduced (Feferman et al. 2013; Bhattacharyya et al. 2018). The EGFR has a crucial 

role in cell differentiation and proliferation and cancer, being ARSB regulation an important 

target for cancer therapy (Bhattacharyya et al. 2018). 

 

Finally, it must be noted that the co-occurrence of apoptosis and cell death by autophagy has 

already been reported in A2780 cells exposed, e.g. to metal-based compounds (Lenis-Rojas et al. 

2016; Das et al. 2018; Choroba et al. 2019). Both pathways, occurring simultaneously, were also 

reported in a cervical cancer cell line, where the accumulation of autophagic vacuoles preceded 

the apoptotic cell death (González-Polo et al. 2005). However, all the studies have been performed 

with isolated compounds, while the present study dealt with a mixture of proteins, leading to 

complex interactions and likely intricate downstream effects on cell homeostasis. Even though 

the combined effect of venom components from marine invertebrates has received little attention, 

there are indications that venomous mixtures are more effective against human cancer cells than 

individualised components, such as in a recent study with glycoconjugates extracted from a 

starfish tested on colorectal carcinoma cells (Malyarenko et al. 2018). 

 

 

5.6. Conclusion 

 

In large part due to the number and variety of compounds therein, toxin-bearing secretions of 

marine invertebrates may have cytotoxic properties beyond the functions acquired by means of 

natural selection. The present study showed that proteins present in the mucus secreted by a 
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venomous marine worm, five of which were positively identified, can specifically cause cell cycle 

arrest by a mechanism that is specific to A2780 ovarian adenocarcinoma cells among a panel of 

six human cell lines, normal included. Even though the precise mechanisms still need further 

exploration, the effects on A2780 cells seem to derive from the collision of two interaction 

networks: one centred in cell cycle arrest as a consequence of dysregulation of protein expression 

and folding, with a link to RAB3C oncoprotein function; another centred in the lytic activity of 

arylsulfatases, common enzymes in animal venoms and poisons. Even though the mechanisms 

may seem complex, the findings support the potential of mixed proteins in venoms against 

aggressively-proliferating cells, as seen, e.g., for been venoms, steering toward a novel approach 

to anti-cancer treatments while highlighting the immense potential of the oceans as a source of 

novel therapeutics. 
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Figure S5.1. Alignment of the peptides obtained from MS/MS and RNAseq. Similarities are indicated 

as follow: "*" - Indicative of fully conserved residue, ":" - Indicative of strongly similar properties - scoring 

> 0.5 in the Gonnet PAM 250 matrix, "." - Indicative of weakly similar properties - scoring  0.5 in the 

Gonnet PAM 250 matrix.  
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Figure S5.2. Production of Reactive Oxygen Species (A) and Mitochondrial Membrane Potential (B) 

in A2780 cells exposed during 48 hours to the extract (IC50, 0.08 µg. µL-1) and the control (PBS). No 

significant statistical differences were found between treatments.  
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Figure S5.3. Autophagy assay of cells exposed to the extract and the control (PBS) during 12 h, 24 h 

and 48 h to an extract concentration of IC50 (0.08 µg. µL-1) and during 48 h to a concentration of 1/10 

IC50 and 1/5 IC50. A2780 cell lines stained with CytoGreen (green) for autophagy and counterstain with 

hoechst 33342 (blue).  
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Figure S5.4. Immunofluorescent assay used in A2780 cells exposed to the extract (IC50, 0.08 µg. µL-1) 

and the control (PBS) during 3 h, 6 h, 12 h and 48 h. The cells were probed with F-actin (green) and α-

tubulin (red) and counterstained with Hoechst dye 33258 (blue).  
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CHAPTER 6 - Fluorescence in Eulalia viridis extract 
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6.1. Abstract 

 

The vast ocean holds many unexplored organisms with unique adaptive features that enable them 

to thrive in their environment. The secretion of fluorescent proteins, such as green fluorescent 

protein (GFP) first isolated from several Cnidaria is one of them. Reports on the presence of such 

compounds in Polychaeta are scarce but highlight marine invertebrates as source of novel 

bioproducts. The intertidal Eulalia viridis is a recent example. The worm secretes copious amounts 

of mucus whose purified and concentrated extracts yielded strong fluorescence under UV light. 

Emission has two main maxima, one at 400 nm and other at 500 nm, the latter responsible for the 

blue-greenish fluorescence. Combining proteomics and transcriptomics techniques, we identified 

ubiquitin, peroxiredoxin and 14-3-3 protein as key elements in the mucus. Fluorescence was found 

to be modulated by redox status and pH, more significantly than buffer, salinity or the presence of 

calcium, being consistently upheld in extracts prepared in Tris-HCl buffer complemented with DTT 

(reducing agent) at pH 7 and excited at 330 nm. The proteins associated with the fluorescent signal 

were localized in secretory cells in the pharynx. The fluorescent complexes were internalised by 

A2780 ovarian cancer cells, albeit emission shifting towards reddish. The results indicate that the 

secretion of fluorescent proteinaceous compounds or complexes can be an important defence 

against UV for this dweller of the rocky intertidal. Additionally, internalisation and modulation of 

fluorescence by simple modulation of redox status bears important considerations for 

biotechnological application of mucus components as markers and reports.  

 

 

6.2. Introduction 

 

The first report of fluorescence in organisms dates back from the 16th century when Spanish 

explorers of the West Indies noticed that water would turn blue when infused with  the wood from 

Lignum nephriticum (see Lagorio et al. 2015 for further details). Nonetheless, only when 

chlorophyll and quinone fluorescence were reported from plants in the beginning of the 1800’s from 

Prunus laurocerasus and Cinchona officinalis, respectively, was fluorescence perceived as it is in 

our days. Fluorescence was first reported in animals in the 19th century, more specifically in the 

feathers of some species of as a mean to lure females during mating season. From this point onward, 

reports of luminescence sprang up from the whole animal kingdom, a concept that now precludes 

fluorescence, bioluminescence and chemiluminescence (see Lagorio et al. 2015, for further details 

on historical aspects). Bioluminescence has arguably received most of the attention (recall the 

luciferin-luciferase system), since the discovery of the green fluorescent protein (GFP), a 

photoprotein that yields both bioluminescence and fluorescence was first isolated from the 

hydrozoan medusa Aequorea victoria (Shimomura 2006). Since then, the exploitation of 
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luminescent substances of marine origins gained momentum, in large part pushed by the 

biotechnological applications of GFP in its natural and recombinant forms (see Tsien 1998 for a 

review).  

 

Animal bioluminescence, chemiluminescence or fluorescence, invariably relates with feeding, 

mating or defence mechanisms (Widder 2010). Due to its diversity of habitats and concomitant 

biodiversity, the marine environment has been revealing an extraordinary span of luminescent 

organisms. Deep-sea fish, in particular, are well-known to explore endogenous or symbiotic-driven 

bioluminescence, whereas those in shallower waters exploit the restricted spectra of sunlight 

penetrating the depths by producing fluorescent patterns to reduce or enhance visual contrast (see 

Sparks et al. 2014). Although less explored, marine invertebrates may hold even more diverse 

luminescent adaptations to their environment. Indeed, among the Cnidaria alone, several groups 

besides hydrozoans were found to have GFP analogues, such as the Anthozoa (Lagorio et al. 2015). 

Organisms from this class possess fluorescent proteins that regulate the availability of sunlight to 

polyps (Salih et al. 2000). Fluorescence was also detected in siphonophores, which has been 

attributed to the presence of porphyrins in their tentacles that are bioluminescent and red 

fluorescent, a feature that is believed to lure fish (Bonnett et al. 1979; Haddock et al. 2005). Among 

marine invertebrates Cnidaria is not only the phylum with the most identified fluorescent 

substances, but it is also the best-studied invertebrate group for biotechnological applications, from 

food to insecticides (Santhanam 2016). Still, in Arthropoda, copepods from the family Pontellidae 

are known to possess GFP-like proteins for recognition (Shagin et al. 2004). In turn, 

cephalochordate GFP-like proteins are thought to play a role in photoreception and photoprotection 

against ultra violet (UV) and blue light (Deheyn et al. 2007). Fluorescence has also been attributed 

to microorganisms, such as bacteria and algae, living in symbiosis with marine organisms. For 

example, algae living in symbiosis with corals facilitate light availability and may have a 

photoprotective role (see Lagorio et al. 2015). Fluorescence resulting from symbiosis in marine 

invertebrates has been used to understand their interactions in novel ways and use their fluorescence 

in techniques such as live cell analysis (Ainsworth et al. 2008). 

 

Information on fluorescent substances in Polychaeta are scarce (see Rodrigo and Costa 2019) 

despite being one of the most abundant and diversified taxa, that occupy every habitat between 

deep-sea hydrothermal vents to the intertidal (Bartolomaeus et al. 2005). The first reports began 

with Chaetopterus, whose chaetopterin pigments was found to be fluorescent (see, for instance, 

Nicol, 1952; Kennedy and Nicol, 1959). Fluorescent photoproteins have also been found in the 

scales of scale worms, Polynoidae (Fresneau et al. 1984). Eulalia viridis, a green-coloured predator 

polychaete of the rocky intertidal, has recently been investigated for its porphyrinoid pigments, 

seemingly associated to UV absorption as protective measure while foraging (Martins et al. 2019). 
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Even though these pigments are not fluorescent, the toxin-bearing mucus secreted by the worm 

(recall chapter 3) possesses unknown fluorescent proteinaceous substances that strongly emit blue-

green light when excited with UV light (Rodrigo et al. 2019). We hypothesize that the fluorescent 

compounds in the mucus is an adaptation to provide the worm with an additional defence against 

exposure to daylight. The aim of this work is thus a contribution to the identification of the 

proteinaceous compounds responsible for the fluorescence of the mucus secreted by E. viridis and 

the main exogenous variables that modulate emission. 

 

 

6.3. Material and methods 

 

6.3.1. Protein extraction 

 

Eulalia (≈120 mm total length and weighting ≈250 mg each) were hand-collected collected at rocky 

intertidal beaches from the west coast of Portugal. Animals were reared in laboratory in a 

microcosm environment fitted with natural pebbles and clumps of mussels to provide shelter and 

feed. Crude mucus samples were harvested non-invasively through mechanic perturbation in sterile 

and filtered seawater. Each crude sample consisted of a pool of mucus harvested from 50-80 worms. 

Buffer was immediately added (1:1) to each sample: 0.05M Tris-HCl pH 7, containing 10 % m/v 

L-dithiothreitol (DTT) and 1 % v/v protease inhibitor cocktail (Sigma-Aldrich). Samples were then 

filtered through a cellulose acetate filter (0.22 µm) to remove solid materials and polymerised 

mucins. Extracts were then subjected to dialysis using 3 kDa Amicon ultrafiltraton tubes (Merck) 

to replace the buffer with experimental media: sterilised seawater, phosphate-buffered saline or 

0.05M Tris-HCl. Total protein in purified extracts was quantified spectrophotometrically using a 

Nanodrop 1000 (Thermo Scientific). Samples were stored at -80 ºC until further analyses. 

 

6.3.2. Experimental design 

 

A tiered battery of experiments was performed to assess the effects of medium and natural external 

(environmental) factors on absorption and fluorescence spectra of crude and purified protein 

extracts from mucus, namely buffer, redox status, pH, calcium concentration and salinity. Samples 

were first dialysed to seawater, PBS pH 7.4 or 0.05 M Tris-HCl pH 7. The buffer that offered highest 

fluorescence and reduced inter-sample variability was selected as vehicle to test the effect of 

hydrogen peroxide (H2O2, 2 % (v/v)) and L-dithiothreitol (20 mM DTT) as oxidising and reducing 

agents, respectively. The pH of the buffer was then modulated (pH 4, 7 and 9) to determine the 

most adequate pH following the same criteria. Samples were then subjected to 10 mM and 100 mM 

calcium chloride (CaCl2) and 120 mM and 600 mM sodium chloride (NaCl), corresponding to 
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physiological and seawater conditions, respectively. All samples were normalized for the same 

protein concentration (1 mg. mL-1) before assays, which were always performed in triplicate. 

Replicates consisted of independent mucus samples. All analyses were conducted at room 

temperature. 

 

Absorption spectra were obtained with an Evolution 300 Spectrophotometer (Thermo Scientific) 

with 2 nm bandwidth. Emission spectra were analysed on a Varian Cary Eclipse Fluorescence 

Spectrophotometer (Agilent) with 5 nm bandwidth excitation and emission slits in a 3 mm optical 

path quartz cuvette (HELLMA, Germany). Emission spectra and maxima were determined 

following excitation at wavelengths determined from the absorption spectra maxima.  

 

6.3.3. Molecular characterization 

 

Protein separation 

Purified mucus samples 0.05 M Tris-HCl pH 7 were analysed by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) to separate peptides by molecular mass and 

isolate the fluorescent band for tandem mass spectrometry analyses (MS/MS). Gels (8×9 cm by 

0.75 mm thick) were based on the discontinuous system developed by Laemmli (1970), as detailed 

by Hames (1998). In brief: samples were mixed with sampling buffer supplemented with β-

mercaptoethanol (1:1), boiled for 2 min (for protein denaturation) and loaded to an acrylamide gel 

composed of stacking and running gels containing 6 % (0.5M Tris HCl pH 6.8) and 12 % (1.5M 

Tris-HCl pH 8.8) acrylamide, respectively. The electrophoresis ran between 90-110 in a denaturing 

buffer containing 25 mM Tris, 192 mM glycine, pH 8.5. The Protein Marker II 11-245 kDa 

(NZYtech) was used as molecular standard. After identification of the fluorescent bands in a Gel-

Doc 2000 documenting system equipped with a UV transilluminator (BIO-RAD), the bands were 

excised and stored at -80 ºC until further analysis. 

 

Protein identification (LC-MS-MS) 

After gel digestion with porcine trypsin, the band was analysed on a NanoLC Ultra 2D separation 

system (Eksigent) coupled to a Triple TOFTM 6600 System mass spectrometer (Sciex). The 

chromatographic separation was performed by the Column ChromXP C18CL (0.3 x 150 mm, 3 μm, 

120 Å, Eksigent) at 50 °C. The flow rate was set to 5 μL. min-1 and mobile phase A and B were 0.1 

% formic acid plus 5 % (v/v) DMSO in water and 0.1 % (v/v) formic acid plus 5 % (v/v) DMSO in 

acetonitrile, respectively. The ionization source (ESI DuoSprayTM Source) was operated in the 

positive mode set to an ion spray voltage of 5500 V, 25 psi for nebulizer gas 1 (GS1), 25 psi for the 

curtain gas (CUR). Rolling collision was used with a collision energy spread of 5. Protein and 

peptide identification were performed using ProteinPilot (Sciex) considering the following 
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parameters: cysteine alkylation by acrylamide, digestion by trypsin, and gel-based ID as a special 

factor. Data acquired for each sample were submitted to a database containing the UniProtKB 

databases, all manually reviewed: venom proteins and toxins, Annelida, Conotoxin, Mollusca and 

Polychaeta. 

 

Protein identification (RNA-Seq) 

The peptide sequences obtained by MS-MS were then contrasted with Eulalia’s proboscis 

transcriptome described in chapter 3, deposited in Gene Expression Omnibus (GEO) under the 

accession number GSE143954. The translated cDNAs were contrasted against NCBInr database 

using Blast (Altschul et al. 1990). Best hits were selected by number of matching peptides, 

coverage, and lowest e-value. 

 

6.3.4. Histology 

 

Specimens were fixed in 2 % (v/v) glutaraldehyde (in 0.1 mM sodium cacodylate buffer, pH 7.4) 

during 2 h or in Zenker’s solution (2.5 % (w/v) potassium dichromate, 3 % (w/v) mercury chloride, 

1 % (w/v) sodium sulphate and 5 % (v/v) glacial acetic acid) overnight. Worms were then divided 

in serial sections, washed in cacodylate buffer (3 × 15 min), dehydrated in a progressive series of 

ethanol (30–100 %), intermediately infiltrated with xylene and embedded in paraffin (Paraplast) 

wax. Paraffin‐embedded samples were sectioned (5 μm thickness) with a Jung RM2035 model 

rotary microtome (Leica Microsystems). Histological sections were stained using a tetrachrome 

stain (TC) and Haematoxylin-Eosin (HE). The tetrachrome protocol is based on Alcian Blue pH 

2.5 (AB) for acidic sugars, Periodic Acid/ Schiff’s (PAS) for neutral polysaccharides, Weigert’s 

iron Haematoxylin (WH) for chromatin, and Picric Acid (PA) as counterstain for muscle and 

cytoplasm. The procedures follow the protocols described by Costa (2018).  

 

Other specimens were snap-frozen in liquid nitrogen, divided in six sections and placed in optimal 

cutting temperature (OCT) medium in an appropriate tissue mould. The OCT medium with the 

tissue was then frozen and longitudinal sections with 5-15 μm thick were cut in a CM3600 XP 

cryomacrotome (Leica Biosystems) at -20 °C. Sections were transferred to pre-adhesivated slides 

(Thermo Scientific Superfrost Ultra Plus) and stored at -80 °C until analyses. Slides were then 

treated with H2O2 (2 % v/v) and DTT (20 mM) to assess changes to tissue fluorescence. All slides 

were visualised in a DM 2500 LED model microscope adapted for epifluorescence with an EL6000 

light source for mercury short-arc reflector lamps. The microscope was equipped with A, N2.1 and 

I3 filters (corresponding to blue, red and green channels, respectively). All equipment was supplied 

by Leica Microsystems. 
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6.3.5. Immunohistochemistry 

 

Paraffin and cryopreserved sections were used to analyse immunohistochemically ubiquitin B in E. 

viridis, according to Costa (2018). In brief, after deparaffination, both sections were rehydrated in 

PBS and permeabilized for 15 min with 0.1 % Triton X-100 in PBS. Antigen blocking was done 

for during 30 min, in the dark at room temperature, with 2 % bovine serum albumin (BSA) in PBS 

with 0.1 % (v/v) Triton X-100. Slides were then incubated with rabbit anti-human ubiquitin B 

polyclonal antibody (Invitrogen #PA5-95195) at 1 µg. mL-1 in 2 % (w/v) BSA in PBS with 0.1 % 

(v/v) Triton X-100. Incubation was done overnight at 4 °C in a humidity chamber. Slides were 

afterwards incubated with the secondary antibody incubation for 2 h, the goat anti-rabbit IGg Alexa 

Fluor 568 (Invitrogen), with 10 µg. L-1 in 2 % (w/v) BSA in PBS with 0.1 % (v/v) Triton X-100. 

Nuclear staining was done with DAPI. Slides were visualized as previously described. 

 

6.3.6. Fluorochrome internalisation assay 

 

Internalisation of the purified mucus was assessed through an in vitro assay using the ovarian 

carcinoma cell line A2780 (purchased from Sigma-Aldrich) taking advantage of the natural 

fluorescence of the target mucosubstances. Briefly, cells were grown in McCoy's medium modified 

as Roswell Park Memorial Institute medium (RPMI 1640) and maintained at 37 °C in a humidified 

atmosphere with 5 % (v/v) CO2. Cells were exposed to the purified extract (1 mg. mL-1 in PBS) 

supplemented and with redox modulators (2 % (v/v) H2O2 and 20 mM DTT) and controls during 1 

h, 3 h and 6 h, at 37 °C. After the incubation period, cells were washed with PBS and visualised in 

an Eclipse Ti microscope equipped with a DS-QiMc camera and adapted for epifluorescence (Nikon 

Corporation). 
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6.4. Results 

 

6.4.1. Molecular characterisation 

 

Purified protein extracts from mucus in unstained SDS-PAGE gels yielded strong blue-green 

fluorescence when subjected to UV transillumination (Fig. 6.1A). Gels revealed two almost joint 

main fluorescent bands (with 48 kDa, approximately) with a smear of dimmer bands corresponding 

to lower molecular weight peptides. The excised main bands showed, by matching MS-MS results 

with sequences obtained from analysing Eulalia´s transcriptome, including proboscis and epidermis 

(Fig. 6.1B), the presence of three peptides and proteins (Fig. 6.1C, Table S6.1): polyubiquitin, 

peroxiredoxin and 14-3-3. Both polyubiquitin and 14-3-3 proteins have very characteristic domains 

(ubiquitin-like domain and 14-3-3-beta-zeta domain). Peroxiredoxin (Prx) was cross-validated 

through the identification of a conserved domain belonging to the 2-Cys Prx subfamily. 

Polyubiquitin was present in four distinct isoforms (Fig. 6.1C). 

 

 

Figure 6.1. Identification of proteins responsible for the fluorescence of the mucus secreted by the 

marine Polychaeta E. viridis. (A) Eulalia in the wild with the proboscis (Pr) everted. (B) Photograph of an 

SDS-PAGE gel visualised trough trans-UV, evidencing the fluorescent bands of the purified protein extract. 

(C) Alignment of the peptides and translated mRNAs obtained from MS-MS and RNA-seq, respectively. 

Similarities are indicated by *. 

 



Ana Patrícia Carreira Rodrigo 

204 

 

6.4.2. Modulation of absorption and fluorescence 

 

Differences were found between the absorption spectra of crude and purified extracts excited with 

light within the UV-A range (200-800 nm) (Fig. 6.2). Crude mucus samples yielded a single 

maximum at 230-260 nm depending on the buffer whereas purified mucus yielded multiple 

absorption peaks, namely at 225, 260 and 286 nm. The absorption spectra of crude samples were 

similar between treatments with different buffers/media and redox agents (H2O2 or DTT), while the 

spectra of purified samples had great variability at shorter wavelengths (200 to 300 nm). This 

variation was mostly redox agent-dependant. 

 

Figure 6.2. Averaged absorbance spectra of mucus samples in different buffers (seawater, PBS and 

Tris-HCl pH 7) and redox treatments (H2O2 and DTT) and the respective peaks. (A) Crude mucus 

samples. (B) Purified mucus samples. Experiments were done in triplicate with independent extracts. 

Concentration of extracts was normalised to 1 mg total protein. mL-1. 

 

Each sample was then excited with light corresponding to the respective absorption maxima. The 

highest emission intensity in crude mucus samples was obtained in oxidised spectra excited at 260 

nm (Table S6.2), but at around 330 nm the spectra was more consistent for both crude (Fig. S6.1) 

and purified mucus samples (Table S6.3, Fig. S6.2). Overall, the emission spectra were more stable 
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at around 330 nm than other excitation wavelengths for crude and purified samples (Fig. 6.3). The 

emission maxima  400 nm was consistent, whereas maxima at 505-510 nm, responsible for blue-

greenish fluorescence, was only present in purified extracts (Fig. 6.3B, indicated by the arrow). 

Moreover, in purified samples, the redox status was a key factor for the presence of the maxima at 

500 nm in samples treated with DTT (Fig. S6.3). This peak was consistent in all the replicates 

(Fig. S6.2). Overall, reduced samples in Tris-HCl yielded higher fluorescence (Fig. S6.3, Fig. 6.3B).  

 

 

Figure 6.3. Averaged and normalised emission spectra of crude (A) and purified by ultrafiltration (B) 

mucus samples in different media buffers (seawater, PBS and Tris-HCl buffers, both pH 7) and redox 

treatments (H2O2 and DTT). Samples were excited at 320-340 nm, corresponding to absorbance maxima. 

Arrow is indicative of visible fluorescent maxima. Experiments were done in triplicate (three independent 

purified extracts). Concentration of extracts was normalised to 1 mg total protein. mL-1. 

 

The combined effects of modulating pH, calcium and salinity on absorption spectra are present in 

Fig. 6.4. The absorption spectra of the purified extracts in Tris-HCl buffer (supplemented with 

DTT) with different pH showed little changes, albeit a trend to increase absorption at lower 

wavelengths with decreasing pH, which led to the absence of a peak at  220 nm at pH 9 (Fig. 

6.4A). As such, due to the more consistent results provided by Tris-HCl pH 7, this medium was 

elected for subsequent analyses with different concentrations of CaCl2 and NaCl. Still, purified 

extracts in Tris-HCl buffer pH 7 with different concentrations of Ca (as CaCl2) and salt (as NaCl) 

yielded negligible differences between absorption spectra (Figs. 6.4B and 6.4C, respectively).  
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Figure 6.4. Averaged absorbance spectra of purified mucus samples in Tris-HCl supplemented with 20 

mM DTT buffer. (A) Different pH (4, 7 and 9). (B), (C) Samples in Tris-HCl pH 7 complemented with 

different concentrations of CaCl2 and NaCl, respectively. Experiments were done in triplicate (three 

independent purified extracts). Concentration of extracts was normalised to 1 mg total protein mL-1. 

 

Increasing buffer pH led to an overall increase in fluorescence intensity, with a peak at 496 nm 

corresponding to green-blueish light, higher after excitation at 330 nm (Figs. 6.5A, B and Fig. S6.4 

for absolute values). However, despite strongest emission, extracts in Tris-HCl pH 9 yielded higher 

inter-replicate variation regardless of excitation wavelength (Fig. S6.5). For these reasons, as 

previous, Tris-HCl pH 7 was selected as medium for the subsequent tests. In accordance with the 

reduced variation in absorption spectra, the emission spectra of samples treated with different 

concentrations of Ca and NaCl yielded reduced variation. Calcium caused a small decrease of 
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emission intensity regardless of concentration, compared to control (Figs. 6.5C-F). Similarly, 

salinity did not produce an obvious effect in emission (Figs. 6.5E, F). Both treatments yielded, 

however, noticeable inter-replicate variation (Figs. S6.6 and S6.7) that was verified by SDS-PAGE 

as well (Fig. 6.6), revealing then a variation in emission intensity down to 24% among replicates 

normalised to 1 mg total protein. mL-1). 

 

Figure 6.5. Averaged and normalised emission spectra of purified mucus samples excited at 285 nm 

and 330 nm. Samples comprised of protein extracts in Tris-HCl buffer supplemented with 20 mM DTT, 

tested with different pH, salinity and Ca concentration. (A), (B) pH 4, 7 and 9, excited at 285 and 330 nm, 

respectively. (B), (C) calcium (as CaCl2), 0, 10 and 100 mM, excited at 285 and 330 nm, respectively (pH 7). 

(E), (F) NaCl, 0, 120 and 600 mM, excited at 285 and 330 nm, respectively (pH 7). Experiments were done 

in triplicate (three independent purified extracts). Concentration of extracts was normalised to 1 mg total 

protein mL-1. 
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Figure 6.6. SDS-PAGE of purified protein extracts from Eulalia’s mucosecretions, visualised by trans-

UV (unstained). Four different samples (identified as replicates 1 through 4), were prepared in Tris-HCl 

buffer (pH 7), supplemented with 20 mM DTT. The amount of total protein was normalised to 1 mg. mL-1. 

Relative fluorescence intensity is expressed as percentage. 
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6.4.3. Histological localisation of secretion 

 

Fluorescent secretions were histologically localised in secretory cells in the pharynx at the proboscis 

after treatment with DTT (unstained) and excitation with UV light (Figs. 6.7A, B). Fluorescent 

secretions were also revealed in cryosections treated with DTT and left unstained (Figs. 6.7C, D). 

In this case, fluorescent signal was detected in cells as well as in the adjacent mucus layer. The 

secretion of one of the isoforms (isoform 3, in Fig. 6.8A) of polyubiquitin was localized 

immunohistochemically (Fig. 6.8). The presence of this isoform was noticed mainly in parapodia 

and in some defence cells, i.e., coelomocytes (Figs. 6.8B, C). Additionally, polyubiquitin was also 

detected in initial stage oocytes in the oocyte cuticle (Figs. 6.8E to J). 

 

Figure 6.7. Localisation of mucosecretions in histological sections of Eulalias’s proboscis through their 

fluorescent signal. (A) Histological section (fixed with glutaraldehyde) stained with a tetrachrome stain, 

showing the tentacles in the anterior section of the pharynx. Arrows are indicative of secretory calyx (serous) 

cells. Scale bar: 50 µm. (B) Histological section fixed with glutaraldehyde and treated with DTT (20 mM). 

Arrows show fluorescent secretory calyx cells. Scale bar: 25 µm. (C) Longitudinal cryosection treated with 

2 % H2O2 (v/v). Scale bar: 50 µm. (D) Longitudinal cryosection treated with DTT (20 mM). Arrows are 

indicative of fluorescence signal lining the inner epithelium of the pharynx. Scale bars: 50 µm. 
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Figure 6.8. Immunohistochemical localisation of ubiquitin B in Eulalia. (A) Alignment of peptides from MS-

MS on fluorescent SDS-PAGE gel bands, RNAseq sequences with positive matches to ubiquitin and the 

human ubiquitin B sequence against which the polyclonal antibody was used. The antibody was chosen based 

on similarity with Eulalia ubiquitin isoform 3. (B) Paraffin section across a parapodium of the worm fixed 

with Zenker and stained with HE (haematoxylin and eosin). Haemocytes are identified by the arrows. Inset: 

Paraffin section fixed with glutaraldehyde and stained with TC (tetrachrome stain) showing haematocytes 

naturally-coloured by green pigments. (C) Compositive of a cryopreserved section of a parapodia marked for 

ubiquitin B. (D) Negative control of cryopreserved section of a parapodia. (E) Paraffin section fixed with 

Zenker and stained with HE. Arrows are indicative of stem cells. (F) Composite of a paraffin section of the 

ventral lateral section marked for ubiquitin B. Arrows indicate the stem cells marked by the antibody. (G) 

Negative control of cryopreserved section of the ventral lateral area, close to the parapodia. (H) Paraffin 

section fixed with glutaraldehyde and stained with HE, showing the female gametes in the celomic cavity. (I) 

Composite of celomic cavity with positive signal for ubiquitin B (arrow). (J) Negative control of 

cryopreserved section of the celomic cavity. 
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6.4.4. Internalisation by A2780 cells 

 

After 3 h exposure, we observed increased fluorescent signal within A2780 cells, more intense in 

cells treated with DTT (Fig. 6.9). Residual fluorescence could be noticed following treatment with 

H2O2 and PBS. The fluorescent signal in cells treated with DTT increased in a time-responsive 

manner as early as 1 h and after 6 h was evident in all cells. Conversely, only after 3 h of exposure 

the signal could be found in cells treated with H2O2 (Fig. S6.8). The mucus gave a reddish 

fluorescence to cells after internalisation, whereas in controls the cells presented a bluish 

fluorescence. The mucus cytotoxicity was assessed in the same cells used for cytotoxic assays 

(chapter 5). 

 

Figure 6.9. Internalisation assay for purified mucosubstances onto the human ovarian cancer cell line A2780. 

Cells were incubated during 3 h with purified mucus extract prepared with PBS (pH 7.4) and the respective 

control (PBS only). Either experimental condition was subjected to reduced or oxidising agents (DTT and 

H2O2). Composite images were produced by overlapping red, green and blue channels with brightfield 

images. 
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6.5. Discussion 

 

The mucus secreted by Eulalia bears a proteinaceous complex that yields strong fluorescence when 

excited with UV light. Emission, within the range of the blue-green spectrum, is most significantly 

modulated by redox status, increasing when the mixture is reduced and decreasing upon oxidation, 

reversibly, therefore acting like a biochemical switch. Another important factor is pH, as emission 

tends to increase with alkalinity. However, normal physiological pH seems to offer a good 

compromise between emission intensity and inter-sample consistency. The results also indicate that, 

aside shift in redox status, vehicle (buffer) is versatile, with the compounds retaining their basic 

properties both seawater and physiological media, as well as in Tris-HCl, one of the buffers of 

choice to extract proteinaceous substances in the laboratory which may indicate potential 

biotechnological interest. Altogether, these findings suggest that the worm actively secretes these 

compounds to the mucus, remaining fluorescent in seawater until oxidation, with salinity and Ca 

concentrations rendering little or null impact on emission. The fluorescent complex likely 

contributes to protection against UV light by absorbing UV radiation and releasing energy in the 

form of visible light, holding antioxidant properties as well. These properties confer advantages to 

an intertidal diurnal forager like Eulalia, who actively roams the rocky intertidal in search for prey. 

Other functions for the fluorescence, such as communication and warning remain speculative at this 

stage. It must be noted, though, that most reports on luminescence in marine invertebrates focus on 

bioluminescence. Indeed, there is scant information on the secretion of fluorescent substances by 

Polychaeta or the Annelida in general (see Rodrigo and Costa 2019 for further details). 

Nevertheless, the ecological purposes of bioluminescence and fluorescence, such as warning or 

defence, can be similar (Widder 2010). In the particular case of Eulalia, the uncanny bright green 

pigmentation provided by the accumulation of porphyrinoid pigments, which absorb UV light, 

already indicated that these animals are particularly well-fit to rove through the rocky intertidal 

(Martins et al. 2019). On the other hand, the copious secretion of mucus by the worm has multiple 

roles, namely lubrication during locomotion, protection against desiccation and toxin delivery 

(Rodrigo et al. 2018), to which may now be added important functions against UV and oxidation. 

 

The emission spectra of purified Eulalia mucus extracts presents some similarities with other 

organisms secreting green fluorescent proteinaceous compounds, such as a maximum at around 500 

nm, from the flowers of Achillea millefolium and the roots of Raphanus sativus (Roshchina et al. 

2011) to wild-type GFP from Aequorea (see Tsien 1998). Such similarities may indeed confirm the 

proteinaceous nature of Eulalia fluorochromes. Tsien (1998) also noticed variations of the emission 

peak with the excitation wavelength, indicative of, at least, two chemically-distinct species 

interfering with fluorescence (see Table S6.7 for averaged maxima). We recorded a similar 

occurrent in Eulalia, as the fluorescent peak (around 500 nm) shows small variations that depend 
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mostly on excitation wavelength. This is no surprise in Eulalia, due to the presence of several 

proteins in the extract (recall chapter 3), three of which were positively identified by mRNA 

sequencing and protein MS-MS, namely ubiquitin, 14-3-3 protein and peroxiredoxin, even though 

the exact nature of the fluorescent proteins or peptides (or eventual complexes) remains elusive.  

 

Ubiquitin is a small c.a. 8.5 kDa regulatory protein (comprised approximately of 76 amino acids) 

well-conserved among eukaryotes. Ubiquitin can be found conjugated with other proteins or in free 

form as polyubiquitin. When conjugated, it can be linked to lysin residues of target proteins and in 

rare cases, conjugated to cysteine or serine residues (Catic and Ploegh 2005). There are several 

ubiquitin-binding domains characterized by the type of proteins they bind to, having associations 

ranging from zinc finger domain to domains typical of endoplasmic reticulum degradation (see 

Hicke et al. 2005 for a review). Ubiquitin is mostly associated with the function of the proteasome 

by tagging misfolded or damaged proteins for lysis (Wang and Maldonado 2006). Even though 

there is scant information on the function of ubiquitin in animal secretions, it is found in the venom 

of some species, such as snakes, as a non-toxic protein with unknown function (Melani et al. 2016). 

In Eulalia an isoform homolog to human and mouse ubiquitin B was chiefly identified in defence 

cells, coelomocytes or static cells in the parapodia and in membrane of female gametes (recall Fig. 

6.8). This isoform (isoform 3) is the most conserved of the isoforms identified in the fluorescent 

band. This form is part of the innate immune response, being involved in related cell signalling 

cascades in humans (Ebner et al. 2017) and other organisms, which explains its presence in Eulalia 

defence cells (recall Fig. 6.8B, C). Even though this isoform was not immunolocalized in the 

proboscis, its secretion is notorious in the parapodia, which are major players in mucus secretion. 

We may, therefore, infer a relevant immune function of the mucus and the role of ubiquitin. If 

indeed associated to fluorescence, polyubiquitins may explain the multiple, slightly different 

molecular weight bands observed in gels (Fig. 6.1B).  

 

Peroxiredoxins (22-27 kDa) are important antioxidant proteins. These proteins reduce a range of 

hydroperoxides to protect against reactive oxygen species (ROS). Peroxiredoxins can be found in 

almost every animal tissue where they can act as peroxide scavenging enzymes, as well as being 

key players in immunity and as regulators of cell death (see Abbas et al. 2019 for a review). They 

can also be found in the secretion of parasitic nematodes to avoid the host immune response (Price 

et al. 2019). Their presence in Eulalia’s mucus confirm its antioxidant properties and may offer a 

link to the modulation of fluorescence by changes in redox potential. In their turn, 14-3-3 (28–30 

kDa) are conserved in most eukaryotic organisms that can bind to several different proteins and 

thus be involved in important cellular processes such as signal transduction, cell-cycle control, 

apoptosis and stress response (see Van Hemert et al. 2001, for further details). When found in 

mucus, 14-3-3 proteins are linked to the immune response of fish and thought to be related with 
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anti-microbial resistance in fish (such as the zebrafish and lumpsucker) and insects (Ulvila et al. 

2011; Beck and Peatman 2015; Patel and Brinchmann 2017). 

 

The association between these three proteins in mucosecretions of Polychaeta as well as their role 

in fluorescence has not been reported before. However, their presence in mucus secretions has been 

described in fish, cephalopods and even in flatworms, as part of complex cocktails of substances 

(Rajan et al. 2011; Bocchinfuso et al. 2012; Caruana et al. 2016; Patel and Brinchmann 2017). 

Additionally, there are reports of the presence of ubiquitin C and 14-3-3 protein in the integument 

of the parasitic flatworm Schistosoma japonicum, presumably with a role in maintenance of 

tegument integrity as part of the defence mechanisms against the host response (Liu et al. 2019). 

Curiously, the interactions between ubiquitin and 14-3-3 protein has been identified in tomato plant 

as being involved in cell wall-related metabolism, more specifically, cell wall building and 

resistance, degradation of xyloglucan, among other functions (Lu et al. 2016). In fact, the 

connection between 14-3-3 and ubiquitin may have the same protective functions in the cuticle that 

outlines the inner epithelium of the pharynx of Eulalia (recall Figs. 6.2 and 6.8). If considering only 

these two proteins (ubiquitin and 14-3-3 protein), their size (48 kDa) is approximate the same than 

the fluorescent band in gels ( 50 kDa). If indeed forming complexes, these thus exclude Prx 

(approximately 22 kDa). It must be noted, though, that ubiquitin can be a chaperon of 

peroxiredoxins, as demonstrated by the biding abilities of the de-ubiquitinating enzyme ubiquitin 

C-terminal hydrolase-L1 (UCH-L1) to 2-Cys Prx in in vitro (Lee et al. 2018). Nonetheless, their 

interaction in mucosecretions is unknown. The fact that Prx belongs to a family of peroxidases that 

bind either thermally or oxidatively to free radicals (Abbas et al. 2019), may explain its influence 

on redox status of mucus and in its fluorescence. In fact, Prx is ubiquitous in Eumetazoa, including 

in Polychaeta. In Arenicola marina, for instance, Prx is mostly present in tissues directly exposed 

to the external environment, enhancing its importance in the protection against oxidative stress 

(Loumaye et al. 2008). In fish, their role in mucus as antioxidative agent has been reported with 

their part in protection against infections (Valero et al. 2015). 

 

The fluorescence of ubiquitin and its modulation with redox state and pH has been reported 

elsewhere. For instance, Noronha et al. (2004), found that bovine ubiquitin increase its fluorescence 

with pH. Curiously, the same pH effect was seen in a GFP-based calcium sensor, a fluorophore 

very different from ubiquitin, generating two major emission peaks, one around 400 nm and the 

other around 500 nm (Zhuo et al. 2015). This variation was thus similar to the variation with pH 

seen in Eulalia. In turn, the interference of Ca and Na ions was seemingly negligible on the 

fluorescence of mucosecretions. There are, however, contradictory reports on the influence of salts 

on fluorochromes from marine animals. As an example, the fluorescence of hyalin, a fluorescent 

protein from some echinoderms, has been found to be stabilized by increasing Ca concentrations 
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up to 1 mM CaCl2 at least (Robinson et al. 1988). On the other hand, the fluorescence of some 

recombinant GFP is decreased by Ca binding (Romoser et al. 1997). By increasing the 

concentrations of NaCl (to 100 mM), the fluorescence of hyalin has been increased by almost 45 % 

(Robinson et al. 1988). In Eulalia, concentrations in the same order of magnitude (120 mM) and 

even higher (600 mM) did not interfere with fluorescence. 

 

The fluorescent peptides and proteins in the mucus are not secreted by mucocytes but rather by 

specialised calyx cells lining the interior of the pharynx that are also responsible for the secretion 

of toxins, being then conveyed by the mucus (see Chapter 2 for more details). These results indicate 

that the secretion of fluorescent substances may be linked to toxin secretion and, therefore, to 

feeding and defence mechanisms (see chapter 4). However, the secretion of the fluorescent protein 

in the mucus extract is not proportional to the total amount of protein, which highlights that the 

mucus is a far more complex mixture of proteinaceous materials than expected (recall Fig. 6.6). 

When a physiologically-compatible buffer (PBS) is employed as vehicle, these proteins present in 

the extract can be internalized by human cells and retain their fluorescence, especially if previously 

treated with a reducing agent. However, internalization shifted the fluorescence signal from blue-

greenish to yellow-reddish by undisclosed factors that likely reflect the internal milieu of the target 

cells (A2780). Some studies try to achieve the same results chemically, obtaining a fluorescent 

signal both temperate- and time-dependant to study intracellular dynamics (Subach et al. 2009). 

These changes may be caused by increased temperature (37 ºC), the cells’ internal pH or by cells 

metabolic activity. In any case, internalisation by living cells breaks ground towards application, as 

it indicates bioreactivity without loss of function, to which we added the uniqueness of modulating 

redox status as switch.  

 

 

6.6. Conclusion 

 

The marine Polychaeta Eulalia viridis secretes copious amounts of mucus that serve multiple 

purposes, from lubrication and protection against desiccation to toxin delivery. The secretion of a 

protein mixture that holds fluorescent properties when exposed to UV light and responds to 

oxidation suggests that the mucus also contributes to protect this intertidal worm during foraging. 

Even though the exact chemical nature of the mixture of proteins that make the fluorescent 

secretion, ubiquitin is seemingly a key player, as well as a peroxiredoxin. Likely, fluorescence is 

caused by ubiquitin-conjugated complexes rather than specialised fluorescent proteins such as GFP. 

One of the most interesting properties of this fluorescent proteinaceous complex is the ability to be 

switched on or off reversibly by reduction or oxidation under physiologically-compatible 
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conditions, which, together with cellular uptake and the retention of fluorescence in various buffers 

and in the presence of various salts, may indicate biotechnological potential. 
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Table S6.1. Protein identification by homology using BLASTP. 
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Figure S6.1. Emission spectra of crude mucus samples in different buffers (Seawater, PBS and Tris-

HCl, pH 7) and redox treatments (H2O2 and DTT). Samples were excited at 320-340 nm. Rep1-3 indicate 

independent replicates. Concentration of extracts was normalised to 1 mg total protein. mL-1.  
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Table S6.2. Averaged peak maximum intensities and respective wavelengths of the emission spectra in 

crude mucus samples. Samples were excited at 260 and 320-340 nm for oxidised (H2O2) and reduced 

samples (DTT). Experiments were done in triplicate with independent extracts. 
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Figure S6.2. Emission spectra of purified mucus samples in different buffers (Seawater, PBS and Tris-

HCl, pH 7) and redox treatments (H2O2 and DTT). Samples were excited at 320 nm. Rep1-3 indicate 

independent replicates. Concentration of extracts was normalised to 1 mg total protein. mL-1.  
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Table S6.3. Averaged peak maximum intensities and respective wavelengths of the emission spectra in 

purified mucus samples. Samples were excited at 286 and 320 nm for oxidised samples (H2O2) and at 260, 

286 and 320 nm for reduced samples (DTT). Experiments were done in triplicate with independent extracts. 
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Figure S6.3. Fluorescence of purified mucus samples in different buffers (Seawater, PBS and Tris-HCl 

pH 7) and treated with redox agents (H2O2 and DTT), under UV-light. The blue-greenish fluorescence 

is notorious in all samples treated with DTT.  
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Figure S6.4. Averaged absolute intensity emission spectra of purified mucus samples excited at 285 nm 

and 330 nm. Samples were kept in Tris-HCl, 20 mM DTT buffer and modulated according to: pH (4, 7 and 

9), calcium chloride (0, 10 and 100 mM CaCl2), sodium chloride (0, 120 and 600 mM NaCl). Experiments 

were done in triplicate with independent extracts. Concentration of extracts was normalised to 1 mg total 

protein. mL-1.  
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Figure S6.5. Emission spectra of reduced purified mucus samples (Tris-HCl plus DTT buffer), at 

different pHs (pH 4, 7 and 9). Samples were excited at 285 (a) and 330 nm (b). Rep1-3 indicate independent 

replicates.  
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Table S6.4. Averaged maximum intensities and respective wavelengths of purified mucus samples 

(Tris-HCl plus DTT buffer) in the peaks identified in the emission spectra excited at 285 and 330 nm, 

at different pH’s. Experiments were done in triplicate with independent extracts. 
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Figure S6.6. Emission spectra of purified mucus samples (Tris-HCl pH 7 plus DTT buffer), with 

different concentrations of calcium chloride (CaCl2, 0, 10 and 100 mM). Rep1-3 indicate independent 

replicates. Samples were excited 285 (a) and 330 nm (b).  
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Table S6.5. Averaged maximum intensities and respective wavelengths of purified mucus samples 

(Tris-HCl pH 7 buffer) with different CaCl2 concentrations (0, 10 and 100 mM). Samples were excited 

at 285 and 330 nm. Experiments were done in triplicate with independent extracts. 
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Figure S6.7. Emission spectra of purified mucus samples (Tris-HCl pH 7 plus DTT buffer), with 

different concentrations of sodium chloride (NaCl, 0, 120 and 600 mM). Rep1-3 indicate independent 

replicates. Samples were excited at 285 (a) and 330 nm (b).  
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Table S6.6. Averaged maximum intensities and respective peaks wavelengths for purified mucus 

samples (Tris-HCl pH 7 plus DTT buffer), with different NaCl concentrations (0, 120 and 600 mM). 

Samples were excited at 285 and 330 nm. Experiments were done in triplicate with independent extracts. 
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Table S6.7. Averaged emission maximum peaks wavelengths, excited at different wavelengths (285, 330 

and 374) for purified mucus samples. Samples were in different buffers treated with DTT (Seawater, PBS 

and Tris-HCl pH 7), different pHs (pH 4, 7 and 9 in Tris-HCl 20 mM DTT buffer), different CaCl2 

concentrations (0, 10 and 100 mM in Tris-HCl 20 mM DTT pH 7) and different NaCl concentrations (0, 120 

and 600 mM in Tris-HCl 20 mM DTT pH 7). Experiments were done in triplicate with independent extracts. 
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Figure S6.8. Internalisation assay for purified mucosubstances onto the ovarian cancer cell line A2780. 

Cells were incubated during 1 h, 3 h and 6 h with purified mucus extract prepared with PBS (pH 7.4) and the 

respective control (PBS). Either experimental condition was subjected to reduced or oxidizing agents (DTT 

and H2O2). Composite images were produced by overlapping red, green and blue channels with brightfield 

images. 
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7.1. Final considerations 

 

The high biotechnological potential of marine bioactives is long acknowledged for a wide range of 

applications, from eco-friendly antifoulants and pesticides to food and biomass plus novel 

therapeutical agents. These novel resources can have a major impact in sustainable “blue” 

bioeconomy” by contributing to shift exploitation of the seas towards more sustainable practices 

than fisheries or intensive aquaculture such as recombinant synthesis of marine bioproducts and 

inshore culturing. Such success is largely dependent on comprehensive characterisation of target 

bioproducts, from gene to mode-of-action and safety. Marine bioprospecting is, nonetheless, a more 

challenging enterprise than its terrestrial counterpart due to factors such as habitat accessibility, 

persistent knowledge gaps in ecophysiology, lack of genomic resources and immense biodiversity. 

Even though the present study highlighted the promises of marine invertebrates, by demonstrating 

that Eulalia secretes a complex cocktail of bioactives, especially toxins, it also demonstrated the 

complexity and difficulties of this field of research. 

 

In toxin bearing organisms, the description of the toxin-delivery apparatus is notoriously relevant 

to understand the evolution and the ecological and adaptive value of toxins; the natural efficacy of 

venomous mixtures and devise strategies for substance harvesting and isolation. In Eulalia, these 

questions could be answered addressing the role of the proboscis and the dynamics of the interaction 

between the worms and one of their prey of choice: mussels. Understanding the relationship 

between those two species yielded fundamental hints on the existence of paralysing substances and 

thus the importance of toxins in predation mechanisms. Moreover, the integration of ecological 

assays with omics techniques enabled the discovery of a cocktail of toxins and the classification of 

Eulalia as a toxungenous organism. This allowed the Phyllodocidae family to join the short list of 

the so far known toxin-bearing polychaetes. Also of importance, the recruitment of individual toxins 

at different stages of the Polychaeta history-of-life indicates divergent evolution from non-toxin-

secreting ancestors. Such evolution resulted in a relatively reduced level of toxin specialisation that 

confers Eulalia and other Polychaeta plasticity against a wide variety of prey. Altogether, the 

findings demonstrate the importance of addressing eumetazoan phylogeny and processes such as 

gene duplication and supra-genomic regulation of gene expression to fully understand the evolution 

of venomous secretions. 

 

Even though this study was mostly dedicated to the identifications of novel bioactives with 

biotechnological potential from Eulalia, it revealed the importance of understanding the 

ecophysiology of marine invertebrates. Indeed, ecological traits such as feeding behaviour and 

habitat can offer vital clue to find species of interest. It is the case of Eulalia stunning live prey 

using its toxic mucosecretions or its use of UV-absorbing mucus as protection during foraging 
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through the intertidal. As such, marine biotechnology and marine bioprospecting should not focus 

only on the pure search for bioproducts, but also on the importance of a species’ ecology and of the 

role its adaptive to features in the natural environment. 

 

Unravelling the toxungenous cocktail secreted by Eulalia provided important clues for the 

development of “venomics” strategies in marine invertebrates, Polychaeta in particular, even in face 

of reduced genomic annotation for these organisms, as for marine fauna in general. With this 

respect, transcriptomics allowed the screening for a vast span of proteins and peptides that, by 

quantifying the differential expression between skin and proboscis, permitted the identification of 

toxin candidates. This success, however, could not have been achieved without the comprehensive 

morphoanatomical appraisal that often lacks in marine invertebrates. The combination with 

proteomics validated the findings and further shortlisting of proteins of interest without relying on 

fortuitous outcomes of targeted approaches.  

 

Even though the proteins, peptides and other substances comprising Eulalia’s toxungen are 

naturally directed towards molluscs and other marine invertebrates, they caused very significant 

cytotoxic and cytostatic effects to a human cancer cell line, more than e.g., normal cells. This effect, 

which seems specifically linked to interference with cell cycle and programme cell death, breaks 

ground to potential applications. Even though the mechanisms by which the cocktail of proteins’ 

mode-of-action, the findings support further research of venom proteins or their mixtures as 

therapeutical agents against highly proliferating cells. 

 

Eulalia viridis secretions seem also to be equipped with fluorescent proteins that strongly absorb 

UV radiation and whose emission can be easily switched on or off by reduction or oxidation, 

respectively. The novel fluorochromes, albeit further research being needed to clarify its chemical 

nature, was found to be compatible with physiological media and being able to endure cellular 

uptake. This unexpected outcome point towards yet another application of bioproducts from 

Eulalia, for instance as molecular probes.  

 

Altogether, this work exemplifies the potential that a single marine species can offer in bioreactives 

with high-value biotechnological applications, from anti-cancer therapeutics to molecular probes. 

Even though research must still be expanded with respect to isolation and characterisation of 

individual toxins, fundamental methodological pipelines to address knowledge marine toxinology 

under a biotechnological perspective have been successfully implemented. Altogether, the 

outcomes of the research plan can contribute to raise awareness for Blue Biotechnology and the 

sustainable exploitation of novel marine resources, especially in Portugal, where the vast Exclusive 
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Economic Zone (EEZ), together with high biodiversity and productivity at the Atlantic-

Mediterranean confluence envisage high prospects in the field. 

 

 

7.2. Future perspectives 

 

The polychaete Eulalia viridis yielded multiple bioproducts of interest, which means that we are 

likely just facing the tip of the iceberg with respect to natural bioreactives from marine annelids. 

The isolation and characterisation of the exact chemical structure of key molecules in this worm 

secretions are naturally the next steps to be undertaken (such as the exact nature of the fluorescent 

proteinaceous complexes). This is a needed step to continue testing for effects, safety and 

mechanisms (in vivo, in particular) and potentially even synthetising proteins and peptides in vitro 

using, e.g., recombinant methods, which is particularly relevant to translate knowledge to industry. 

It must also be noted, future investigations of Eulalia transcriptome and proteome are going to, 

most likely, unravel new proteins specific for this species, many of which can hold biotechnological 

potential, toxins or not, or even bioactive secondary metabolites, a subject that has yet to the 

thoroughly explored in the species of annelids in general despite the growing interest in these 

molecules in drug developments (recall, for instance, the example of Yondelis). Even though the 

presence of holobionts in the species could not, at this stage, be verified, since even little evidence 

for symbiotic bacteria was found (results not shown), the search for microorganisms interactions 

can also be a promising line of research in this and other species, as several symbionts were found 

in other marine species with great biotechnological potential (see section 1.2.6 for examples). Also, 

some basic ecological features are yet needed to be explored, especially those related to 

reproduction and life cycle. Indeed, aspects such as life cycle and aquaculture may be needed if this 

worm becomes a constant in bioproduct discovery. Finally, is must also be mentioned that the 

correct species classification is lagging, in line with the current constraints in the systematics of 

Polychaeta, a group that is acknowledged to by polyphyletic and therefore of scant taxonomic value. 

 

As the catalogue of potential bioproducts from marine invertebrates extends, it becomes clearer that 

marine biodiversity is an asset that must be nurtured and protected. Also, in comparison to 

traditional marine economic activities, bioprospecting-based biotechnology has far less deleterious 

consequences for the environment, since rearing invertebrates and novel cloning methods do not 

imply invasive procedures onto ecosystems. Consequently, bioprospecting the seas is adequately 

positioned to be the single most important showcase of just how important safeguarding 

biodiversity is and how it can shift the exploitation of living marine resources toward sustainability. 

With this respect, Polychaeta can offer a much wider diversity of novel bioproducts than could, 

perhaps, be anticipated. Nonetheless, it is clear that we are just beginning to unravel their potential. 
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Biodiversity can become a challenge as much as it is an asset, particularly in the case of such a 

diverse group of organisms with extremely reduced genomic annotation. Still, the current state-of-

the art shows the advantages of high-throughput “omics”, for the finding and characterisation of 

bioactive proteinaceous substances via homology search, with emphasis on proteomics and 

RNAseq or their combination. On the other hand, the molecular mechanisms of interaction between 

the compounds and potential target receptors is scarcely studied in these animals, albeit being one 

of the most critical aspects in drug discovery. Once again, novel molecular tools and state-of-the 

art bioinformatics can provide invaluable data on issues such as receptor orthosteric or allosteric 

docking sites and even predict interactions. However, this information must still be complemented 

with biochemistry, toxicology and even with the ecology and physiology of the Polychaeta in order 

to map taxa of interest and identify species that can offer purposeful bioproducts. Species whose 

physiology and ecology are still largely unknown, such as deep-sea vent worms and other 

extremophiles, are revealing the most extraordinary adaptations to some of the harshest habitats on 

Earth, many of which are likely linked to endogenous or symbiosis-derived bioproducts. These 

results should steer marine biotechnologists to look beyond coastal habitats. Altogether, 

multidisciplinarity is a key concept to produce the comprehensive set of information that is needed 

to hinge between the extraordinary biodiversity of marine Polychaeta and the immediate needs of 

industry. 
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