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Summary

Ciguatera fish poisoning (CFP) is a foodborne disease that can cause
gastrointestinal, cardiological and neurological symptoms that can last weeks,
months or even years and in some cases leads to death. It is caused by the
ingestion of fish containing ciguatoxins (CTXs), a group of cyclic polyether
lipophilic compounds produced by microalgae of the genera Gambierdiscus
and Fukuyoa, which accumulate into fish flesh and through the food webs.
Several fish species are implicated in CFP, and discriminating between
contaminated and uncontaminated specimens is an important challenge, since
toxic specimens do not look, smell or taste any differently from non-toxic ones.
Thus, taking into consideration that an antidote for CFP has not been found yet,
the efforts of the scientific community must focus on the prevention, by
providing fast and reliable tools for the detection not only of CTXs in fish and
algal samples, but also of the Gambierdiscus and Fukuyoa CTX producing
species in the environment.

The main goal of this doctoral thesis is to provide biotechnological tools for the
characterization of the risk of CFP in order to promote food safety and human
health. Particularly, the major focus is the development of bioanalytical devices
for the detection of different Gambierdiscus and Fukuyoa species and of CTXs.
Additionally, this thesis aims at providing fast and reliable strategies to shorten
and simplify the sample pretreatment necessary for the analysis of
environmental samples. In general terms, this thesis intends to demonstrate the
applicability of reliable biotechnological tools, which can be easily
implemented in portable devices, paving the way for the in situ detection that
would speed up monitoring analysis.

In order to achieve this objective, this thesis reports the development of fast
extraction techniques for DNA and CTXs with the use of portable devices.
Then, on one hand, it shows how primers modified with tails were exploited to
perform both recombinase polymerase amplification (RPA) and PCR to
simultaneously amplify DNA from the genera Gambierdiscus and Fukuyoa and
from more than one toxin producing species. On the other, the application of
antibodies that target four main CTXs belonging to two groups of congeners
(CTX1B and CTX3C) is described for their combined or separated detection.
At first, the systems were characterized with colorimetric assays, and then they
were integrated in the development of electrochemical biosensors for the
detection of DNA belonging to two Gambierdiscus species at the time or of
CTXs. Finally, this thesis provides a description of how the developed systems
were applied to the analysis of natural samples, comparing the results to well-
established techniques.
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This thesis has the following structure:

Introduction. In this chapter, a brief history of CFP is provided. Then,
Gambierdiscus and Fukuyoa distribution is detailed together with the
description of their toxic products, CTXs. Additionally, the known
methodologies to detect both DNA of Gambierdiscus species and CTXs, from
traditional tests up to sophisticated instrumental analysis, are listed and
commented. Finally, the utility of biosensor in the detection of both DNA and
CTXs, and the advantages in developing such tools to help CFP managing are
discussed.

Objectives. This section includes the general and specific objectives of this
thesis.

Scientific publications. A list of the scientific publications accomplished
during the duration of this thesis is provided together with my personal
contribution to each of them.

The experimental part of this thesis is divided in two sections, according to the
target of the studies:

Section one: Gambierdiscus and Fukuyoa detection

Chapter 1. The development of three molecular assays for the detection of the
Gambierdiscus and Fukuyoa genera and for G. australes and G. excentricus
species, based on the combination of RPA with a sandwich hybridization assay,
is here described together with the achievement of a remarkable limit of
detection.

Chapter 2. In this chapter, a multiplex-PCR approach, performed with
modified primers, is exploited in the development of an electrochemical DNA-
based biosensor for the simultaneous detection and discrimination between
G. australes and G. excentricus. Moreover, a rapid DNA extraction technique
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is described. Finally, the applicability of the developed technique to the analysis
of field samples is investigated.

Section two: CTXs detection

Chapter 3. The development of a biosensor for the detection of CTXs is herein
presented. Two capture and a detector antibody were used in a sandwich
configuration for the detection of four congeners belonging to two main group
of CTXs (CTX1B and CTX3C). Moreover, the applicability of the system is
tested on fish samples naturally contaminated with CTXGs.

Chapter 4. In this chapter, the deeper analysis of a unique fish sample
identified as positive for CTXs with cell-based assay is described. The crude
extract belonging to this individual was fractionated and the obtained fractions
were screened with the developed biosensor in order to precisely identify the
ones with CTXs.

Chapter 5. The application of the developed biosensor to the detection and
discrimination between the two main groups of CTXs (CTX1B and CTX3C) in
Gambierdiscus and Fukuyoa pellets, at low cell concentration, is investigated.
Moreover, a fast CTXs extraction technique is implemented into the analysis
protocol.

General discussion. In this section, a discussion of all the findings obtained in
this thesis is provided.

Conclusion. A summary of the general conclusions of this thesis is detailed
together with future works and potential applications of the developed
techniques.
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General introduction

1. Ciguatera fish poisoning

Ciguatera fish poisoning (CFP) is a foodborne disease that can cause
gastrointestinal, cardiological and neurological symptoms and may be fatal
(Hamilton et al. 2010). The history of CFP is difficult to establish, but it
probably dates to ancient times. One of the first mention to fish poisoning in
general can be read in Homer’s Odyssey (800 B.C.). Additionally, in the poem
it is clearly written that heroes were eating fish only if they had no other source
of food (Odyssey, 1V, 368 f.; XII, 330-332) (Figure 1). Evidently, it is
impossible to establish if in the poem a CFP event is described, but sure, it
makes think there was a general awareness regarding seafood poisoning also in
antiquity. Centuries later, Alexander the Great (356-323 B.C) demonstrated this
consciousness by forbid his soldiers to eat fish in order to avoid poisonings and
consequently a battle loss (Halstead 1988). The first historic record of ciguatera
could be the one that, in 1525, involved the intoxication of several crew
members of a Spanish fleet that ingested barracuda while anchored in the Gulf
of Guinea (Fraga et al 2011). Later, in 1601 another similar episode was
described aboard of a vessel that was navigating the south coastal area of
Mauritius Island (Indian Ocean). Again, in 1748, a mass mortality event was
reported after the consumption of intoxicated fish in the island of Rodrigues
(Halstead and Cox 1973) and, in 1774, a fish poisoning incident happened at
Vanuatu (Pacific Ocean) and reported by Captain Cook was attributed to
ciguateric fish (Doherty 2005). Even though, CFP was reported in the Indian
and Pacific Oceans already in the sixteenth century, its name was coined in the
Spanish West Indies (Bagnis 1981) much later. In fact, the term “ciguatera”
originated in the Spanish Antilles during the eighteenth century and referred to
the intoxication caused by the ingestion of Turbo pica, a marine snail
commonly known as “cigua”. In the Caribbean, the first reported episode of
CFP dates back to 1862 and happened after the ingestion of parrotfish (Halstead
1967). Of course none of this episodes is officially confirmed as a CFP, and it
is necessary to differentiate among intoxication in order to provide the best
treatment.

330 KOl ON AYPNV EHENECKOV UANTEVOVIES UVAYKT,
1yOug OpviBdc e, GLAUC O TL YEIPOS IKOLTO,
YVOUTTOLG AYKIGTPOLOLY' ETELPE OE YUGTEPO ALUOC

Figure 1. Homer’s verse XII, 330-332. “...and so, due to necessity, they start the hunting of fish
and birds and whatever they found, using curved hooks; hunger consumed their stomachs”
(Translation from Greek: Vincenzo Di Benedetto, English adaptation: Greta Gaiani).
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Fishes become ciguatoxic when they ingest a sufficient amount of ciguatoxins
(CTXs), or their precursors, which are a group of cyclic polyether lipophilic
compounds produced by microalgae of the genera Gambierdiscus and Fukuyoa
(Chinain et al. 2021). The grazing activity of herbivores and detritivores
constitutes the most known way of entrance of CTXs into the food webs, where
they are bio-magnified, bio-transformed and bio-accumulated while transferred
within them. In general terms, it is quite difficult to predict where and when a
ciguatera outbreak will take place, since more than 400 fish species are believed
to be potential vectors (Darius et al. 2021). Additionally, if a fish is identified
as toxic, it does not mean that all the other caught at the same moment and in
the same place will be toxic as well (Ragelis 1984). Nevertheless, certain
species are more likely to contain CTXs and their distribution has been
previously documented (Halstead 1988). Moreover, it seems that and also
sharks, which flesh ingestion led in some cases to death of numerous consumers
(Diogéne et al. 2017), and several species of marine invertebrates may be
involved in CFP pathways (Darius et al. 2018; Mak et al. 2013; Rongo and van
Woesik 2011; Roué et al. 2016; Silva et al. 2015). As if CFP was not already
problematic enough, it is almost impossible to distinguish between
contaminated and uncontaminated specimens since the toxic ones do not look,
smell or taste any differently. Thus, in countries in which CFP is endemic it led
from a decrease in fish consumption (Nellis and Barnard 1986) up to drastic
modification in dietary habits (Rongo and van Woesik 2011), and management
practices ban the sale of certain high-risk species, causing important financial
losses (Sanchez-Henao et al. 2019). Furthermore, in 2020 the International
Association for Medical Assistance to Travelers (IAMAT) labeled several
countries as “ciguatera at-risk destinations”, making CFP a threat also for the
tourism sector, important source of income for endemic populations.

Thus, considering that CFP it is quite difficult to diagnose and report, since the
symptoms can be easily misunderstood for another food poisoning, and there is
no reliable antidote for CFP, the efforts of the scientific community must focus
on the prevention, by providing reliable tools for the detection of
Gambierdiscus/Fukuyoa genera and CTXs in natural environments.

2. Gambierdiscus and Fukuyoa global distribution with particular
focus on the Mediterranean and Macaronesian regions

Until 1995, Gambierdiscus was considered as a monotypic taxon with just one
species named G. toxicus (Adachi and Fukuyo 1979). Up to date, 18 different
Gambierdiscus species (G. australes, G. balechii, G. belizeanus, G. caribaeus,
G. carolinianus, G. carpenteri, G. cheloniae, G. excentricus, G. holmesii,
G. honu, G. jejuensis, G. lapillus, G. lewesii, G. pacificus, G. polynesiensis,
G. scabrosus, G. silvae and G. toxicus) (Chinain et al. 1999; Litaker et al. 2009;
Fraga et al. 2011; Nishimura et al. 2014; Rhodes et al. 2017; Jang et al. 2018;
Kretzschmar et al. 2019) and 4 Fukuyoa species (F. paulensis, F. ruetlzeri, F.
yasumotoi, F. koreensis; Gdmez et al. 2015; Li et al. 2021) have been identified.
Among them, 14 (G. australes, G. balechii, G. belizeanus, G. caribaeus,
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G. carolinianus, G. carpenteri, G. excentricus, G. pacificus, G. polynesiensis,
G. scabrosus, G. silvae, G.toxicus, F. paulensis and F. ruetlzeri) are
considered able to produce CTXs (Tester et al., 2020) with different tests and
techniques (Chinain et al. 2010a; Fraga et al. 2011; Rhodes et al. 2014; Litaker
et al. 2017; Pisapia et al. 2017; Longo et al. 2019; Rossignoli et al. 2020).
Gambierdiscus and Fukuyoa genera are originally endemic of the subtropical
areas of the world (35°N and 35°S) (Bienfang et al. 2010; Chinain et al. 2021).
In more recent times, they have been identified in temperate areas such as
Korea, Japan, New Zealand (Jeong et al. 2012; Nishimura et al. 2014; Rhodes
etal. 2017), Gulf of Mexico, coast of North Carolina, Brazil (Gémez et al. 2015;
Litaker et al. 2009; Litaker et al. 2017) and also the Macaronesia region (Fraga
et al. 2011; Kaufmann and Béhm-Beck 2013; Fraga and Rodriguez 2014) and
the Mediterranean Sea (Aligizaki and Nikolaidis 2008; Aligizaki et al. 2009;
Laza-Martinez et al. 2016; Tudo et al. 2018, 2020). The region that hosts the
major diversity of Gambierdiscus and Fukuyoa species is the Pacific, where the
presence of 19 out of the 22 currently recognized species has been reported.
Thus, it is not surprising that several archipelagos of this region, such as French
Polynesia and Cook Islands, are identified as biodiversity “hotspots” of
Gambierdiscus (Chinain et al. 2021). In addition, the Caribbean region also
presents a huge variety of Gambierdiscus and Fukuyoa species, and it is quite
common to find the co-occurrence of 5 or 6 species (Tester et al. 2013). The
fact that G. excentricus and G. silvae, two of the most CTX-producing species,
are not as frequently found as other species draws the attention. The observable
disjunt distributional pattern has been related to their thermal tolerance
(Chinain et al. 2021). Addionally, still no G. australes, which is distribution is
global, has been identified in the Caribbean region. Different is the situation of
the Indian Ocean, where the distribution of the genera is poorly reported,
especially in the coastal areas of Africa. Additionally, most records reported
the species as G. toxicus, since the identification was mainly performed with
microscopy techniques (Turquet 1998; Lugomela 2006). Even if molecular
studies identified the presence of few species, like G. australes and G.
belizeanus (Lavenu et al. 2018), more studies are needed to have a correct
species composition of this region. Another recently found ‘“hotspot” of
Gambierdiscus is the Macaronesian region, with the Canary Island hosting the
highest biodiversity and the highest number of CTX-producing species (G.
australes, G. caribaeus, G. carolinianus, G. excentricus and G. silvae) (Fraga
et al. 2011; Fraga and Rodriguez 2014; Pisapia et al. 2017; Rodriguez et al.
2017; Reverté et al. 2018). Despite the fact that the settlement of a
Gambierdiscus and Fukuyoa species and the finding event can be separated by
several decades, there is a general concern that the geographic range of these
two genera, and especially of the CTX-producing species, will expand as a
consequence of the rise of sea surface temperature (Tester et al. 2010).
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According to Parsons et al. (2010), a significant modification in the distribution
and the abundances of ciguateric species is to be expected, with some species
becoming more dominant over others.
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Figure 2. Gambierdiscus and Fukuyoa distribution in Mediterranean and Macaronesian waters.
Symbol * indicates the places (Greece and Cyprus) in which the presence of both Gambierdiscus
and Fukuyoa was reported only at genus level. For the global distribution, see Tester et al. (2018).

3. Ciguatoxins

CTXs are cyclic polyether compounds with a rigid structure formed by 13-14
rings connected with ether bonds. CTXs target the binding site 5 of the voltage-
gated Na* channels (Lombet et al. 1987), inducing effects at the cellular and
physiological levels, such as membrane excitability, release of
neurotransmitters (Molgd et al. 1990), increase of intracellular calcium (Molgé
et al. 1993) and blockage of voltage potassium channels (Hidalgo et al. 2002).
The affinity of the different congeners of CTXs for the binding site on the
voltage-dependent Na* channels is proportional to their toxicity in mice (Lewis
1994).

Up to date, 34 different CTX congeners have been described and grouped in
Pacific (P-CTX) (22 congeners), Caribbean (C-CTX) (12 congeners) and
Indian (1-CTX) (no congeners described yet, see below), according to their
geographical origin (Longo et al. 2019). CTX1B was the first one to be
identified in 1990 by Murata and coworkers (Murata et al. 1990), followed by
the description of many other congeners. Additionally, in order to classify the
different congeners of P-CTXs, Legrand et al. (1998) proposed to distinguish
them into two different groups according to the number of carbons and the
structure of the E ring (7 in the CTX1B group and 8 in the CTX3C group) and
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to the presence (CTX1B) or absence (CTX3C) of the 4-carbon side chain of the
left wing (Figure 3). Afterwards, two CTXs from the Caribbean Sea (C-CTX5s)
were isolated by Vernoux and Lewis (1997) and identified structurally in 1998
(Lewis et al. 1998). Subsequently, other congeners were identified by Pottier et
al. (Pottier et al. 2002). More recently, six Indian Ocean CTXs (I-CTXs) were
isolated (Hamilton et al. 2002; Diogene et al 2017), but their structural
determination remains undescribed. Alongside with the CTXs bioaccumulation
in fish flesh and through the marine food webs, CTXs undergo metabolization
processes in fish (Ikehara et al. 2017), resulting in more toxic compounds, as
observed in fish samples from the Pacific area (Chinain et al. 2010b). The
occurrence of these different toxins in fish and microalgal samples can vary.
Nevertheless, P-CTX-1 (CTX1B) is found as dominant in toxin profiles in the
carnivorous fishes of the Pacific (Lewis et al. 1991). The toxicity of CTXs in
mice (i.p.) is equivalent to an LDsy 0.25, 2.3 and 0.9 ug/kg for P-CTX-1, P-
CTX-2 and P-CTX-3, respectively (Lewis et al. 1991), classifying them as
extremely potent marine toxins. Generally, P-CTXs are more potent than C-
CTXs (LDsgof 3.6 and 1 pg kg/1 for C-CTX-1 and C-CTX-2) and I-CTXs (5
ug kg/1). In humans, it has been estimated that no more than 1 ng P-CTX-1 per
kg of body weight is needed to cause the occurrence of mild CFP symptoms
(Lehane and Lewis 2000). Moreover, these toxins are heat resistant, so they
cannot be deteriorated by cooking processes (Abraham et al. 2012).

CTX1B :R=0H

CTX3C ‘R=H R
51-hydroxyCTX3C : R = OH

Figure 3. Structure of the two main groups of CTXs congeners: CTX1B and CTX3C.

The United States Food and Drug Administration (US FDA) proposed guidance
levels of <0.01 pg/kg of CTX1B and <0.1 ug/kg of C-CTX-1 equivalent
toxicity in fish, and these values represent the only existing suggested
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threshold. In fact, New Zealand and Australia provide general guidelines
(FZAN 2006) and Japan (MHWL 1953; 2001) banned from the market several
species associated with ciguatera. In European markets, no fish product
containing CTXs can be sold (Regulation (EC) No. 853/2004), but no
regulatory limits have been established and no suggestion regarding the
analytical methodology to use is given. Nevertheless, the European Food Safety
Authority (EFSA) has adopted the US FDA guidance levels for CTXs Thus,
the creation of fast, reliable and easy to use tools for the detection of even small
quantities of CTXs in fish and algal samples can be of outmost help for CFP
managment.

11
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4. Methods for Gambierdiscus and Fukuyoa detection

The presence of highly toxic Gambierdiscus and Fukuyoa species in a given
area is likely to contribute to the final toxic profile in fishes. Therefore,
document the presence of these ones, that might not be dominant in terms of
cell concentration, but whose contribution in the environmental flux of CTXs
is noticeable is of extreme importance (Longo et al. 2019). In the Pacific region,
G. polynesiensis is the species that has the widest range of distribution and is
the most CTXs producer (Longo et al. 2019). In the Atlantic, this role is played
by G. australes, G. silvae and G. excentricus. The presence of this last species
in the Macaronesia region represents a real threat since it is associated with
increasing CFP incidences (Pérez-Arellano et al. 2005). Thus, scientists all over
the world focused their efforts mainly in the detection of these CTXs producing
species in field samples. The most known and used technique is light
microscopy, followed by electron microscopy. These strategies are still used,
and even if it is possible to differenciate between species with the last one, the
required preparation of samples is complicated, time consuming, and requires
skilled personnel. Hence, the use of genetic sequencing has increased over the
years and nowadays almost mandatory to correctly identify to the species level
(Bravo et al. 2019). In fact, in every study concerning the detection of species,
especially in environmental samples, the confirmation with sequencing is
highly requested to support the findings obtained with other methods. Among
the existing sequencing procedures certainly the Sanger has been the most used
since its invention in 1977. Consequently, molecular techniques are more and
more implied in the identification of microalgal species in field samples. In fact,
guantitative polymerase chain reaction (gPCR) has been used on several
occasions for the identification and quantification of Gambierdiscus/Fukuyoa
genera, G. belizeanus, G. caribaeus, G. carolinianus, G. carpenteri and G.
ruetzleri, G. australes, G. scabrosus, G. excentricus, G. silvae, G. lapillus and
F. paulensis targeting the D1-D2 regions (Smith et al. 2017), the D1-D3 region
(Vandersea et al. 2012; Litaker et al. 2019; Kretzschmar et al. 2019), or the D8-
D10 (Nishimura et al. 2016; Kretzschmar et al. 2019) of the large subunit (LSU)
ribosomal gene. This method is strong and reliable, but it requires the use of a
thermocycler, is laboratory based and time consuming.

It has to be considered that most of the ciguateric areas are either isolated or
with reduced services and, as appears clear from the described methods above,
the detection of DNA is a long and expensive task to perform, and needs special
facilities and trained personnel. Additionally, an important and critical step of
the DNA detection is the sample pre-treatment, which includes the sample
conservation, DNA extraction and purification. Therefore, the development of
fast and reliable techniques that can shorten and simplify not only the pre-
treatment but also the DNA amplification step, avoiding the use of sophisticated
equipment and reagents, is of outmost interest. Additionally, the integration of
these techniques in portable devices for the in situ detection of CTXs producing
genera or, even better, directly several toxin producing species simultaneously
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would be of extreme interest for the risk assessment of this disease that has no
remedy.

5. Methods for ciguatoxin detection

Ciguatera is a threat for human health. Therefore, a huge variety of methods
have been developed to detect CTXs and therefore identify contaminated
fishes. Up to date, the techniques developed include native tests, animal
mortality tests, cell-based assays (CBAS), receptor-binding assays (RBAS),
immunological assays and instrumental analysis (such as LC-MS/MS)
(Hoffman et al. 1983, Chinain et al. 2010b, Reverté et al., 2014; Diogéne and
Campas, 2017; Pasinszki et al. 2020).

The first attempts to detect ciguateric fishes were performed by island
communities, whose diets depend mostly on seafood (Chinain et al. 2010b;
Darius et al. 2013). These test methods included all kind of traditional tests,
such as cooking fish with silver or copper and evaluating the discoloration,
rubbing a small piece of the fish on the own skin or mouth and check for
itchiness, make an incision on the tail of a dead fish and look for hemorrhagic
signs, or considering a fish as toxic if an hour after death (during the rigor
mortis) its flesh is flaccid. Although most of these tests are considered not
specific enough for the screening of fish extracts, Darius et al. (2013)
discovered that the bleeding and the rigor mortis tests allowed to discard some
contaminated fishes from non-contaminated ones. Maybe, if these traditional
tests were integrated with more analytical methods, they could help in the
management of CFP in areas where the disease is endemic and the resources
are limited.

Historically, the use of animal testing for the detection of pollutants or
contaminants has been quite common and the research on CTXs makes no
exception. In fact, since the toxic activity of these compounds can affect several
animals, several animal-based test have been developed using mammals
(Bagnis and Fevai 1971), birds (Vernoux et al. 1985), larvae of crustaceans
(Granade et al. 1976) and insects (Labrousse and Matile 1996). Even if these
tests are quite simple to perform and the results are easy to interpret, such
techniques are not sensitive enough, they are time consuming and expensive.
Additionally, in recent years, several ethical concerns started to rise around the
use of animals for laboratory testing. Even though none of the previously
mentioned tests is applied nowadays for the detection of CTXs or other marine
toxins, there is one animal-based test that is still in use: the mouse bioassay
(MBA) (ANSES). The MBA is useful since it provides a compositive
toxicological response, which is very convenient in case of samples with
unknow toxicity. Apart from sharing the limitation of the other animal-based
tests, it has a limit of detection that is approximately 0.56 ng/g for P-CTX-1B
(EFSA 2010), meaning that it does not attain the suggested FDA threshold.
Therefore, the scientific community switched to the use of assays based onto
mammalian cell, instead of entire animals.
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The CBAs developed for CTXs detection are based onto the activity of these
toxins on neuronal potassium and voltage-gated sodium channels (VGSCs)
(Lewis and Vetter 2016) and involve a huge assortment of cells and tissues,
from blood, used for the development of hemolytic assays (Shimojo and lwaoka
2000), the guinea pig ileums (Endean et al. 1993), the guinea pig atrium
(Hokama et al. 1994), frog nerve fibers (Benoit et al. 1986) and crayfish nerve
cords (Miller et al. 1986). Despite this variety of available tests, nowadays the
most used test is the mouse neuroblastoma cell assay (N2a CBA) (Manger et
al. 1993). This test overtook all the others because the necessary material and
reagents are commercially available, and the cells are relatively easy to grow.
Additionally, the test is easy to perform and interpret. Briefly, it is based on the
colorimetric detection of metabolically active N2a cells exposed to CTX in
presence of ouabain/veratridine (Manger et al. 1993). The detection of CTXs
requires the addition of veratridine, which is a VGSC activator with a different
binding site than CTX, and ouabain, a sodium/potassium pump inhibitor. The
combined effect of these three substances together increases the concentration
of intracellular sodium, which has a negative effect on cell viability and can be
measured as a function of CTX concentration. The amount of toxin is measured
with the MTT-based CBA, in which the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) is added in each well, reduced by
mitochondrial dehydrogenase activity into a formazan product, which is later
solubilized and whose absorbance intensity is proportional to the number of
live cells and so inversely proportional to the concentration of CTXs, within a
certain range. Even if the limit of detection (LOD) and limit of quantification
(LOQ) are different in each experiment, in general they are lower than the FDA
suggested threshold. However, a consensus protocol for the MTT-based CBA
is still lacking since users throughout the last decade made customized changes
to the assay (Viallon et al. 2020). The modifications included almost every
aspect of the test, starting from the cell seeding densities, the cell layer viability,
the MTT incubation time, up to the ouabain/veratridine treatment. Other N2a
CBA s have been developed. For example, in the study of Fairey et al. (1997),
they used N2a cells that expressed c-fos-Luciferase reporter gene. The c-fos is
a response gene and a sensitive biomarker that easily localize the effects of
toxins. Detection is achieved with luciferase-catalyzed light generation and a
luminometer for quantification. Additionally, cell lines other than N2a have
been exploited for application in CBA. In particular, the human neuroblastoma
cell line SH-SYS5Y has been used to develop another fluorescent assay (Lewis
et al. 2016). In this test, cells were loaded with a dye containing calcium
adsorbed into the cytoplasm, and then incubated with veratridine and
subsequently with CTXs. Fluorescence responses to CTXs were measured as
the increase of calcium ion influx into cells with a plate reader. These
fluorescent assays are not commonly used due to the costs of the fluorescent
dye, the need of specialized equipment, and the sensitivity to maitotoxin
presence, which can affect enormously the outcome of the test.

15



e il M e
UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Gran Canaria
Canary Islands (Spain)
Photo credit: Francesca Cucchi




UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Indeed, the interfering effects caused by maitotoxins, other toxic compound or
the natural matrix itself (i.e. fish or algal extracts) can induce an over or under
estimation of the CTXs content. Additionally, the cytotoxicity assays respond
similarly to all the toxins that block VGSCs (i.e. brevetoxin) and, therefore, it
will be impossible to distinguish one from another.

In order to focus more on the affinity of CTXs for their binding site on the
VGSC, RBAs have been developed. Although in an RBA the response is
structure-related, the fact that VGSCs are targeted may involve correlation with
toxicity. Since CTXs share with brevetoxins the same binding site on the VGSC
(i.e. binding site 5) but with a higher affinity, they can be considered as
competitors of brevetoxin binding (Fairey et al. 1997, Bottein Dechraoui et al.
2005). Therefore, measuring the competition binding of a radioactively labeled
brevetoxin ([3H]-brevetoxin-3) and CTXs for the receptor sites in a membrane
can be used to estimate the amount of CTXs in an extract. Hence, the
concentration of the labeled brevetoxin (that is maintained constant) should
decrease after the addition of CTXs, and a competition dose-response curve can
be obtained. This screening method has been widely used, but it is highly
sophisticated, making the comparison between laboratories quite complicated.
Thus, Diaz-Asencio and coworkers (Diaz-Asencio et al. 2018) made the effort
to provide guidance on its quality control checks for the analysis of
environmental samples, reaching an LOD of 0.75 ng/g of P-CTX-3C in fish
samples in their optimized assay. However, these assays imply the use of
radioactive compounds. To avoid the use of instable radioactive compounds, a
fluorescence-based RBA has been developed, where CTXs compete with a
fluorescently labeled brevetoxin (brevetoxin-2) (McCall et al. 2014). Following
this studies, Hardison and coworkers developed a fluorescent RBA using a
brevetoxin-2 labeled with BODIPY® (Hardison et al. 2016), which provides a
LOD of 0.075 ng/g of P-CTX-3C equivalents. Moreover, a commercial Kit for
CTXs based on this study has been marketed by Sea Tox Research Inc.
(Wilmington, NC, USA https://www.seatoxresearch.com/testing-kits/) and can
be used as screening tool for fish extracts.

Despite the undoubtable utility of the kit described above, it does not allow to
know which CTXs are inside a sample. The best solution to obtain toxin profiles
is to separate the toxins and HPLC is the method to perform this task. Since
most CTXs do not have a characteristic chromophore group in their structure
(i.e. alternating single and double bounds), they do not strongly absorb radiation
over the UV/VIS region, and therefore spectroscopy is not viable for their
detection. Indeed, the trials with classical HPLC method that uses UV detector
showed not enough sensitivity to detect the presence of low concentrations of
CTXs (Caillaud et al. 2010). Therefore, the HPLC with fluorescent detection
has been tried, since some CTX congeners have a primary hydroxyl group
available for fluorescent labelling. Even if this technique showed better
sensitivity than the previous one, it does not detect CTXs at the recommended
level (0.01 pg/kg). Additionally, it does not detect CTXs without a primary
hydroxyl group (i.e. P-CTX-3C). Therefore, in order to increase the sensitivity
and specificity of the system, Lewis and Jones (1997) combined the HPLC
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technique with tandem mass spectrometry (HPLC-MS/MS) for the detection of
CTXs. Then, Lewis and coworkers (1999) combined an electrospray triple
quadrupole mass spectrometer with a gradient reverse-phased HPLC and, with
this technique, a limit of detection of 0.04 ppb and 0.1 ppb for P-CTX1 and C-
CTX1 was achieved (Lewis et al. 1999). Right after this first trials, LC-MS/MS
become one of the most used, if not the most used, technique for detecting and
identify CTXs. It must be underlined that CBA is the most used technique to
perform sample screening, even though LC-MS/MS is the one that actually
confirm the presence of CTXs. Although instrumental analysis techniques are
highly sensitive, their application to monitoring programs is hampered by the
cost of the machinery, the time needed to prepare the samples for the analysis
and the need of highly trained personnel to perform the assays. Additionally,
the analysis of CTXs in natural samples is limited by the lack of CTX standards,
certified materials and the chemical complexity of the CTX compounds.

These limitations have also hindered the development of immunoassays, based
on antibodies (Abs). These assays take advantage from the high specificity of
the antigen-antibody reaction. The first group to produce anti-CTXs antibodies
was the one of Hokama and coworkers (1977). In their work, they produced an
anti-CTX polyclonal Ab (pAb) and labelled it with a radioactive compound to
subsequently perform a radioimmunoassay directly on fish tissues from the
Hawaiian Islands (Hokama et al. 1977; Kimura et al. 1982). The same pAb was
labelled horseradish peroxidase and exploited in an immunoassay also for fish
extracts (Hokama et al. 1983). The authors decided to simplify the enzyme
immunoassay by formatting it into a faster stick test that did not require any
instrumentation (Hokama 1985). These last findings were used to build two
commercial kits named Cigua-Check (Hokama 1985; Hokama et al. 1987) and
Ciguatect (Park 1995). Although these achievements represent an advance for
the development of easy-to-use tests, since no extraction whatsoever was
needed to perform the assay, these assays showed cross-reactivity with okadaic
acid and brevetoxin (Hokama et al. 1987; Hokama et al. 1989. This cross-
reactivity together with the low sensitivity led to false positive and false
negative results, respectively (Bienfang et al. 2011). Thus, the only ciguateric
fish reported up to date in the Mediterranean, which was analyzed with the
Cigua-Check kit (Bentur and Spanier 2007), is still pending of confirmation.
Although, in this particular occasion, one of the symptoms was the presence of
hallucinations, which is not one of the common symptoms of CFP. Due to the
disadvantages represented by the use of these pAbs, Hokama and coworkers
(1990) decided to focus on the production of monoclonal antibodies (mAbs),
that were subsequently used in a similar system but using colored latex beads
for the labelling of the mAbs. Another approach to produce mAbs was based
on the use of synthetic haptens instead of natural CTXs. The first work related
to the use of such technique is the one of Campora and coworkers (Campora et
al. 2008), which developed a sandwich enzyme linked immunosorbent assay
ELISA, using one specific Ab for the left wing of P-CTX1B and one specific
Ab for the right wing labeled with HRP. No cross-reactivity was observed with
other marine toxins such as brevetoxin-3, okadaic acid or domoic acid.
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Subsequently, Tsumuraya and coworkers immunized mice with haptens that
mimic the left and right wing of the four principal congeners of pacific CTXs,
CXT1B, 54-deoxy-CTX1B, CTX3C and 51-hydroxy-CTX3C. The resulting
antibodies were used to develop colorimetric sandwich ELISAs. The assays
performed with these mAbs demonstrate the high specificity and sensitivity that
was expected, showing no cross-reactivity with other marine toxins toxins such
as okadaic acid, maitotoxin, brevetoxin A, brevetoxin B (Oguri et al. 2003;
Nagumo et al. 2004; Tsumuraya et al. 2006, 2010, 2012). Additionally, the
previously described mAbs have been used to develop a fluorescent ELISA,
whose LOD was as low as 1 pg/mL for both CTX1B and CTX3C group.
Moreover, CTX1B was spiked into a fish extract at the suggested threshold and
then detected with the presented technique (Tsumuraya et al. 2018; Tsumuraya
and Hirama 2019). Based on this fluorescent technique, a kit named “CTX-
ELISATM 1B” for the detection of the CTX1B group of congeners was
marketed and can be bought from Fujifilm Wako Corporation (Osaka, Japan).
As previously mentioned for DNA, the CTXs detection is also a difficult
achievement, if not the most difficult, in the picture of ciguatera management.
The most reliable techniques are based on the use of expensive and delicate
equipment that cannot be easily transported in field and requires several
extraction and sample purification steps before the analysis, which are long and
expensive. Additionally, these analyses need the equipment to be at precise and
constant conditions of temperature and pressure, thing that can difficultly be
achieved in remote tropical and subtropical areas endemic for ciguatera. Thus,
the buildout of fast CTXs extraction techniques combined with the
development robust and reliable tools based on molecules with high affinity for
CTXs (i.e. antibodies), which would give reliable results in any condition, are
extremely needed in the ciguatera management. In fact, such devices would
screen samples with low CTXs concentrations in few hours, providing no false
positive and no false negative results, without requiring many pre-treatment
phases, making easier the ciguatera assessment in isolated endemic areas.

6. Biosensors

Biosensors are a practical and reliable tools to detect biological and chemical
hazards. They are composed of a biorecognition element that interacts
specifically with a target molecule, and a transducer that converts the
biorecognition event into a quantifiable signal, both in intimate contact. The
biorecognition element is the one that gives specificity to the system, and it
could be an aptamer, enzyme, antibody, oligonucleotide, receptor, whole cell,
bacteria, microorganism, animal or vegetal tissue. The transducer can be
electrochemical, optical, gravimetric, and thermometric, according to the type
of signal they transform in a measurable unit. Even if biosensors represent an
interesting and useful tool for the detection of different type of analytes, they
have been rarely used to detect DNA of toxin-producing microalgae. This is the
case for Karenia brevis (LaGier et al. 2007), Karlodinium armiger (Magrifia et
al. 2019), Ostreopsis ovata (Toldra et al. 2019) and for some species of
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Gambierdiscus (G. australes, G. excentricus and G. silvae), Coolia (C. monatis,
C. tropicalis and C. cf. canariensis), Ostreopsis genus and Prorocentrum lima
(Medlin et al., 2020). On the contrary, several biosensors have been developed
for the detection of marine toxins, such as surface plasmon resonance
immunosensors (palytoxins, tetrodotoxins), surface plasmon resonance
receptor-based biosensors (palytoxins), electrochemical immunosensors
(tetrodotoxins, okadaic acid, azaspiracids, domoic acid, saxitoxins, palytoxins,
brevetoxins), electrochemical enzyme-based sensors (okadaic acid),
electrochemical aptasensors (okadaic acid, brevetoxin-2, saxitoxin,
tetrodotoxins),  electrochemical  cell-based  biosensors  (palytoxin),
electrochemiluminescence immunosensors (palytoxins) (for more details see
Reverté et al., 2014, Leonardo et al., 2017), although none of them targeted
CTXs. The main reason behind the few existence of studies on CTXs has to be
found in the considerable lack of standards, and the few existing ones being
scarce and expensive. Therefore, the main challenge is to detect CTXs in
natural samples at low concentrations, without interference from the matrixes
or other marine toxic compounds. Considering the existence of molecular
techniques that exploit the use of tailed primers for the development of
sandwich hybridization assays for other microalgae detection (as described in
Toldra et al., 2019) and of antibodies with high affinity for CTXs and without
cross reactivity with other marine toxins (as demonstrated in Tsumuraya 2006,
2010, 2012), the development of biosensors based on these methods for the
detection of Gambierdiscus DNA and CTXs can be extremely interesting. In
fact, the development of biosensors can act as a step forward in the obtainement
of portable devices for the desired in situ detection, which would help the quick
detection of DNA belonging to CTXs producing species or fishes naturally
contaminated with CTXs, even at low concentration, and consequently, the
spotting in advance of a possible ciguatera outbreak.
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Objectives

The main objective of this thesis is to provide biotechnological tools for the
characterization of the risk of ciguatera in order to promote food safety and
protect human health. In particular, the major focus is the development of
bioanalytical devices for the detection of different Gambierdiscus/Fukuyoa
species and of ciguatoxins (CTXs). Additionally, this thesis aims at providing
fast and reliable strategies to shorten and simplify the sample pretreatment
necessary for the analysis of environmental samples.

With this purpose, the following specific objectives have been established:

e To test portable devices for the development of fast extraction
techniques for both DNA and CTXs from low cell concentrations of
Gambierdiscus and Fukuyoa.

e To exploit the advantages of tailed primers in both PCR and fast
isothermal amplification to simultaneous obtain amplified products
flanked with oligonucleotides tails from DNA of Gambierdiscus and
Fukuyoa genera and two toxin producing Gambierdiscus species
(G. australes and G. excentricus).

e To develop a dual biosensor for the simultaneous detection of DNA
from the two CTXs-producing species G. australes and G. excentricus
on the same electrode array.

e Todevelop abiosensor based on antibodies that target specifically four
main CTX congeners belonging to two groups (CTX1B and CTX3C)
for the combined or separate detection of them.

e To evaluate the applicability of the developed biotechnological tools
for the screening of algal samples from laboratory cultures, microalgal
field samples and fishes naturally contaminated with CTXs.

Generally, this thesis’ intention is to demonstrate the applicability of fast and
easy-to-use biotechnological tools that can be easily implemented in portable
devices for the screening of natural samples, paving the way for the in situ
detection of CTXs-producing species and CTXs, speeding up monitoring
analysis and spotting of possible ciguatera outbreaks.
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Scientific publications

The analysis performed during the development of this thesis resulted in eleven
publications, one of which is currently in progress. Five of the publications
represent the core of the thesis and are divided in two main sections, (1)
Gambierdiscus and Fukuyoa DNA detection and (2) Ciguatoxin detection,
according to the purpose of each of the study performed. Additionally, an
annexes section has been added containing the other six publications, which
have been accomplished in parallel to the main ones. In the following
paragraphs, all the publications are listed, specifying my personal contribution
to each of them.

Section 1: Gambierdiscus and Fukuyoa DNA detection

1. G. Gaiani, A. Toldra, K.B. Andree, M. Rey, C. Alcaraz, J. Diogéne,
C.K. O'Sullivan, M. Campas. Detection of Gambierdiscus and
Fukuyoa single cells using recombinase polymerase amplification
combined with a sandwich hybridization assay (2021). Journal of
Applied Phycology, 33, 2273-2282. (IF 2020: 3.215; Q1).

Personal contribution:

o DNA extraction from laboratory cultures pellets and molecular
identification;

o Recombinase polymerase amplification and sandwich
hybridization assay;

e Extraction and detection of DNA from single cells;

o Design of the DNA combination strategy to assess the
applicability of the system;

e  Manuscript writing.

2. G. Gaiani, F. Cucchi, A. Toldra, K.B. Andree, M. Rey, T. Tsumuraya,
C.K. O'Sullivan, J. Diogéne, M. Campas. Electrochemical biosensor
for the dual detection of Gambierdiscus australes and Gambierdiscus
excentricus in field samples. First report of G. excentricus in the
Balearic Islands. (2022). Science of the Total Environment, 86:150915.
(IF 2020: 7.963, Q1).

Personal contribution:
e Application and optimization of the new magnetic beads based
DNA extraction protocol optimization;
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e Application and optimization of the multiplex PCR protocol,

o Development, optimization and characterization of the
magnetic bead-based biosensor for the dual detection of G.
australes and G. excentricus;

o Field samples analysis;

o First report of G. excentricus in Balearic Island;

e Manuscript writing.

Section 2: Ciguatoxin detection

3. S. Leonardo, G. Gaiani, T. Tsumuraya, M. Hirama, J. Turquet, N.
Sagrista, M. Rambla-Alegre, C. Flores, J. Caixach, J. Diogéne, C.K.
O'Sullivan, C. Alcaraz, M. Campas (2020). Addressing the analytical
challenges for the detection of ciguatoxin using an electrochemical
biosensor. Analytical Chemistry, 92:4858-4865. (IF 2020: 6.986, Q1)

Personal contribution:
e Analysis of naturally contaminated fish samples with the
developed immunoassay and immunosensor;
e Correlation analysis among the different tests performed;
e Manuscript writing: section on fish matrix effects and recovery
and analysis of fish samples.

4. Multi-approached detection of a ciguateric fish in the Mediterranean
Sea. (manuscript in progress)

Personal contribution:
e Fish flesh extract fractionation;
e Magnetic bead-based immunoassay of the extract fractions;
e Manuscript writing: section of the immunoassay of the extract
fractions and map.

5. G. Gaiani, S. Leonardo, A. Tudd, A. Toldra, K.B. Andree, M. Rey, T.
Tsumuraya, M. Hirama, J. Diogéne, C. K. O'Sullivan, C. Alcaraz, M.
Campas (2020). Rapid detection of ciguatoxins in Gambierdiscus and
Fukuyoa with immunosensing tools. Ecotoxicology and Environmental
Safety, 204:111004. (IF 2020: 6.291, Q1).

Personal contribution:
o Development of a new fast ciguatoxin extraction protocol;
e Characterization of the system with colorimetric assay;
o Development of a biosensor for the detection of two main
group of CTXs congeners;
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e Analysis of laboratory cultures of Gambierdiscus and Fukuyoa
at low cell concentration with the developed immunoassay and
immunosensor;

e  Manuscript writing.

Annexes section:

6. G. Gaiani, C.K. O'Sullivan, M. Campas (2019). Magnetic Beads in
Marine Toxin Detection: A Review. Magnetochemistry, 5, 62. (IF
2019: 1.947, Q2).

Personal contribution:
e  Manuscript writing.

7. G. Gaiani, J. Diogene, M. Campas. Addressing ciguatera risk using
biosensors for the detection of Gambierdiscus and ciguatoxins, in: P.D.
Hansen, J.L. Marty, F. Regan, D. Barcel6 (Eds.), Biosensors for the
Marine Environment: Present and Future Challenges, Springer.

Personal contribution:
e Manuscript writing.

8. A. Tud6, G. Gaiani, M. Rey, T. Tsumuraya, K.B. Andree, M.
Fernandez-Tejedor, M. Campas, J. Diogéne (2020). Further Advances
of Gambierdiscus Species in the Canary Islands, with the First Report
of Gambierdiscus belizeanus. Toxins. 12(11), 692. (IF 2020: 3.895,
Q1).

Personal contribution:
¢ Ciguatoxin extraction from a G. belizeanus laboratory culture;
e Evaluation of the presence of two series of ciguatoxins
congeners in the G. belizeanus extract with the immunoassay
and immunosensor technique previously developed,;
e Manuscript writing: section related to the immunoassay and
immunosensor techniques.

9. M. Campas, M. Alkassar, G. Gaiani, S. Leonardo, M. Rambla-Alegre,
J. Diogene (2021). The wide spectrum of methods available to study
marine neurotoxins, in: A. Novelli, M.T. Fernandez-Sanchez, M.
Aschner and L. G. Costa (Eds.), Marine Neurotoxins Vol 6, Elsevier.
pp 275-302.

Personal contribution:
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e  Manuscript writing: “ciguatoxin case” section.

10. I. Ginés, G. Gaiani, A. Ruhela, V. Skouridou, M. Campas, L. Masip.
Nucleic acid lateral flow dipstick assay for the duplex detection of
Gambierdiscus australes and Gambierdiscus excentricus (2021).
Harmful Algae, 110:102135. (IF 2020: 4.273, Q1)

Personal contribution:
e Preparation of microalgal pellets from laboratory cultures;
o DNA extraction of the microalgal laboratory cultures pellets;
o Design of the DNA combination strategy to assess the
applicability of the system;
e Manuscript writing: microalgae-related sections.

11. G. Gaiani, M. Rey, A. Tud6, M. Rambla-Alegre, J. Diogéne, M.
Campas, C. Alcaraz (2021). New information about the toxicological
profile of the dinoflagellate Prorocentrum panamense (Prorocentrales,
Dinophyceae) and its global distribution. Phycological Research.
(Revised version submitted) (IF 2020: 1.675, Q3)

Personal contribution:
¢ DNA extraction and sample preparation for sequencing;
e Molecular analysis;
e Manuscript writing.
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Chapter 1

Detection of Gambierdiscus and Fukuyoa single
cells using recombinase polymerase amplification
combined with a sandwich hybridization assay

Greta Gaiani*, Anna Toldra!, Karl B. Andree?, Maria Rey?, Jorge Diogéne?,
Carles Alcaraz?, Ciara K. O’Sullivan®3, Monica Campas!

HIRTA, Ctra Poble Nou km 5.5, 43540 Sant Carles de la Rapita, Spain

2Departament d’Enginyeria Quimica, URV, Paisos Catalans 26, 43007 Tarragona,
Spain

3ICREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain

Abstract

Dinoflagellates of the genera Gambierdiscus and Fukuyoa are known to
produce several bioactive compounds including the potent neurotoxic
ciguatoxins (CTXs), which are able to accumulate in fish and through the food
web. When humans ingest fish contaminated with CTXs, it can result in an
intoxication named ciguatera. Although not all the currently recognized species
are able to produce toxins, G.australes and G.excentricus have been
highlighted to be the most abundant and toxic among the species present in the
Atlantic. Even though genus Gambierdiscus and Fukuyoa are endemic to
tropical areas, recently their presence was recorded in subtropical and
temperate regions. In this work, the development of three molecular assays for
the detection of the Gambierdiscus and Fukuyoa genera and for G. australes
and G. excentricus species, based on the combination of recombinase
polymerase amplification with detection via hybridization, is successfully
described. Furthermore, a remarkable limit of detection of a single cell was
achieved. Additionally, six different species have been used to check the ability
of each primer set to give an amplified product, even in presence of potentially
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interfering non-target DNAs. Therefore, these developments provide a rapid
and cost-effective strategy for detection of both genera and two of the most
toxic species, which will undoubtedly contribute to reliable screening of
samples and ciguatera risk assessment, guaranteeing seafood safety and
protection of human health.

1. Introduction

Marine dinoflagellates are well-established as toxin producers, and have thus
attracted the attention of researchers worldwide, with the epibenthic genera
Gambierdiscus and Fukuyoa being of particular interest due to their ability to
produce the potent neurotoxic ciguatoxins (CTXs) (Chinain et al. 2010;
Yasumoto et al. 2000; Yogi et al. 2011), maitotoxins (MTXs) (Holmes and
Lewis 1994; Murata et al. 1993; Pisapia et al. 2017b), and other bioactive
compounds (Nagai et al. 1992; Satake et al. 1993; Watanabe et al. 2013). When
Gambierdiscus and Fukuyoa cells are grazed by herbivorous and detritivorous
fish, these toxins accumulate through the food web, potentially reaching
humans and causing one of the most common foodborne diseases, known as
ciguatera (Begier et al. 2006; Larsson et al. 2019; Lewis 2001; Smith et al.
2017). The presence of Gambierdiscus and Fukuyoa in tropical areas is well
known (Lewis 2001; Stewart et al. 2010; Vandersea et al. 2012). However, in
the past decade, Gambierdiscus and Fukuyoa have been recorded in subtropical
and temperate regions, such as the Canary Islands (Fraga and Rodriguez 2014;
Fraga et al. 2011; Litaker et al. 2017), Madeira(Kaufmann and Béhm-Beck
2013), the Mediterranean Sea (Aligizaki and Nikolaidis 2008; Aligizaki et al.
2009; Laza-Martinez et al. 2016; Tud¢ et al. 2018), the Gulf of Mexico(Gémez
et al. 2015; Litaker et al. 2017; Litaker et al. 2009), Japan (Nishimura et al.
2014), Brazil (Gomez et al. 2015; Laza-Martinez et al. 2016) and the coast of
North Carolina(Litaker et al. 2017; Litaker et al. 2009). The reason behind the
increase of these new findings is still unclear. Whether this is due to a
worldwide expansion of these genera or because more intense samplings have
been performed in the last few years, global warming has most certainly played
and will continue to play a role in favor of their proliferation. This will create
changes in the diversity and distribution of Gambierdiscus and Fukuyoa
species, resulting in the spread of those species in new areas and potentially
increasing the occurrence of ciguatera.

Progress in the field has underlined the existence of 18 species of
Gambierdiscus (Chinain et al. 1999; Fraga et al. 2011; Jang et al. 2018;
Kretzschmar et al. 2019; Litaker et al. 2009; Nishimura et al. 2014; Rhodes et
al. 2017) and 3 species of Fukuyoa (Gomez et al. 2015). Whilst only some
species have been demonstrated to be toxic (F.paulensis, G. australes,
G. caribaeus, G. excentricus, G. pacificus, G. polynesiensis and G. toxicus)
(Chinain et al. 2010; Fraga et al. 2011; Gaiani et al. 2020; Litaker et al. 2017;
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Longo et al. 2019; Pisapia et al. 2017a; Rhodes et al. 2014; Rossignoli et al.
2020; Sibat et al. 2018), the ability to detect these genera and discriminate
among Gambierdiscus and Fukuyoa species in field samples is of utmost
interest. Light microscopy (LM) and electron microscopy allow the
identification and discrimination between Gambierdiscus and Fukuyoa genera,
but species identification is almost impossible using those methods. Therefore,
the use of genetic sequencing techniques is practically mandatory for the
correct identification of Gambierdiscus and Fukuyoa cells (Bravo et al. 2019).
As an alternative approach to save time and resources, molecular assays, based
mainly on the use of quantitative polymerase chain reaction (QPCR), have
appeared for the identification and quantification of Gambierdiscus and
Fukuyoa genera or species. These assays have been demonstrated to detect
G. belizeanus, G. caribaeus, G. carpenteri, G. carolinianus, G. ruetzleri and
Gambierdiscus sp. ribotype 2 (Vandersea et al. 2012), G. australes,
G. scabrosus, Gambierdiscus sp. type 2 and Gambierdiscus sp. type 3
(Nishimura et al. 2016), Gambierdiscus/Fukuyoa and F. paulensis (Smith et al.
2017), G.excentricus and G. silvae (Litaker et al. 2019) and G. lapillus
(Kretzschmar et al. 2019).

PCR-based methods require the use of a thermocycler, often laboratory based,
and can require several hours to perform, with this delay resulting in a lengthy
period between sampling and the analysis of results. Isothermal DNA
amplification techniques may overcome these limitations. These techniques
facilitate rapid DNA amplification at a constant temperature, requiring less time
and power than conventional PCR. Although handheld PCR-based devices are
commercially available, the use of a constant temperature for DNA
amplification could simplify the hardware. Among isothermal DNA
amplification techniques, recombinase polymerase amplification (RPA) is very
convenient as it does not require any initial denaturation step, can be carried
out at 22 — 45 °C without any need for tight temperature control, only requires
two primers, and can be completed in 15-30 min. In this work, we exploited the
use of primers modified with short oligonucleotide tails, which result in double-
stranded DNA (dsDNA) amplicons fringed with single-stranded DNA
(ssDNA) tails, avoiding the need for denaturation of the amplified products to
generate ssDNA for detection by hybridization. The detection is achieved using
a sandwich hybridization assay (SHA), where specific surface-anchored
thiolated capture probes are complementary to one of the amplicon tails and an
enzyme-labelled reporter probe is complementary to the tail in the other
extreme (Figure 1). Despite its undeniable advantages, this approach has been
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barely used for the detection of marine toxic dinoflagellates (Toldra et al.
2019a; Toldra et al. 2019b; Toldra et al. 2018).
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Figure 2 The three systems used in this work. (A) Gambierdiscus & Fukuyoa primer set
amplifies DNA from all the species of both genera and it does not detect DNA from other species.
(B) G. australes and (C) G. excentricus primer sets amplify only their target DNA and they do
not detect non-target species or genera

The availability of an assay capable of detecting the presence of all species of
the genera Gambierdiscus and Fukuyoa can provide information of the general
composition of a field sample. Additionally, since G. excentricus and G.
australes have consistently demonstrated the ability to produce toxic
compounds (Chinain et al. 1999; Gaiani et al. 2020; Pisapia et al. 2017a;
Rhodes et al. 2014; Rossignoli et al. 2020), and their range is rapidly expanding
(Hoppenrath et al. 2019; Rodriguez et al. 2017), a rapid assay for their
simultaneous and discriminable detection will be helpful in assessing the risk
of a ciguatera outbreak. Herein, we present the development of three molecular
assays based on the RPA-SHA strategy for the detection of the Gambierdiscus
& Fukuyoa genera, and the G. australes and G. excentricus species. The
specificity of the assays has been characterized using clonal cultures of
different Gambierdiscus species (G. australes, G. balechii, G. belizeanus,
G. caribaeus and G. excentricus) and F. paulensis, as well as Coolia monatis,
Ostreopsis cf. ovata and Prorocentrum lima as non-target genera. The detection
and identification of single cells from clonal cultures has been evaluated.
Finally, the amplification capacity of the three different primer sets and the
discrimination ability of the species-specific primer sets have been proved with
several mixtures of DNA from six different target species.
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2. Material and methods
2.1. Microalgal cultures

Several microalgal strains were used in this work, obtained from IRTA
collection (IRTA-SMM) and the Culture Collection of Microalgae of the
Instituto Espafiol de Oceanografia (CCVIEO) in Vigo, Spain (VGO) (Table 1).
Clonal cultures were grown in polystyrene flasks containing 500 mL of
modified ES medium (Provasoli 1968) prepared with filtered and autoclaved
seawater from L’ Ametlla de Mar, Spain (salinity adjusted at 36). Cultures were
maintained at 24 + 1 °C under a photon flux rate of 100 umol m-2 s -1 with
a 12:12h light:dark regime. Once the cultures reached the late exponential
phase (ca. 21 days), 5 UL containing single cells were isolated from some of
them. Isolations were performed under the microscope with the aid of a
micropipette. The 5-pL drop containing the cell was stored in PCR tubes at -
20 °C until DNA extraction. Culture aliquots were fixed with 3% Lugol’s
iodine and counted using a Kolkwitz chamber (Hydro-Bios, Altenholz,
Germany) under an inverted light microscope (Leica DMIL, Spain), following
the Sedgwick-Rafter method (Greeson 1977). Additionally, microalgal pellets
were obtained by harvesting the entire culture volume in 50 mL tubes and
centrifuging at 2,500 rpm for 25 min (Allegra X-15R, Beckman Coulter, Brea,
USA). Supernatants were discarded and tubes were stored at -20 °C until DNA
extraction.

2.2. DNA extraction

Extraction of genomic DNA from microalgal pellets was performed using a
bead beating system and the phenol/chloroform method (Toldra et al. 2019a).
Briefly, cell pellets were re-suspended in 200 uL of lysis buffer (1 M NaCl,
70 mM Tris, 30 mM EDTA, pH8.6) and moved to an extraction tube
containing zirconium beads (0.5 mm in diameter). Subsequently, 25 uL of 10%
w/v DTAB and 200 pL of chloroform were added for cellular disruption using
a Bead Beater-8 (BioSpec, Bartlesville, USA) for 45 s at full speed. Disrupted
cells were then centrifuged at 2,300 rpm for 5 min (Eppendorf 5415D,
Hamburg, Germany), the aqueous phase was transferred to a fresh tube and
DNA was extracted using standard phenol/chloroform method (Sambrook et al.
1989). Precipitation of the DNA was obtained by the addition of 2 volumes of
absolute ethanol and 0.1 volumes of 3 M sodium acetate (pH 8.0). The DNA
was rinsed with 70% v/v ethanol and then dissolved in 50 pL of molecular
DNAse/RNAse-free water. Extracted DNA samples (50 uL) were quantified
and checked for their purity using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Madrid, Spain). Extracted DNA was stored at -20 °C
until analysis.
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Extraction of genomic DNA from single microalgal cells was performed using
an Arcturus® PicoPure® DNA Extraction Kit (Thermo Fisher Scientific,
Madrid, Spain) following the manufacturer's instructions. Briefly, 155 uL of
reconstitution buffer were added to one of the kit vials containing Proteinase K
and mixed. Once the pellet had been dissolved, 15 pL of the obtained solution
were added to each tube containing a single cell. DNA extraction was
performed with a Nexus Gradient Thermal Cycler (Eppendorf, Spain) at 65 °C
for 3 h and then 95 °C for 10 min. Extracted DNA was stored at -20 °C until
analysis (Tudd et al. 2018).

2.3. Primers and probes

Primers were designed within the D8-D10 (Gambierdiscus & Fukuyoa) and
D1-D3 (G. australes and G. excentricus) regions of the 28 S LSU ribosomal
DNA (rDNA) gene and synthesized by Biomers (UIm, Germany). Three primer
sets were used: one for Gambierdiscus & Fukuyoa genera, one for G. australes,
and one for G. excentricus. G. australes and G. excentricus primer sets shared
the same reverse primer. Primers were subsequently modified with
oligonucleotide tails to enable direct detection of the RPA product. Each primer
set had its individual cognate capture probe, which hybridizes with the
corresponding primer tail. The reporter probe was common among all primer
sets and hybridizes with all primer tails. The primers are between 23 and 26 bp
long and amplify a product of around 150 bp. Tails and probes were tested using
Multiple Primer Analyser Software (Themo Fisher Scientific) to confirm
absence of cross-reactivity with primers and target sequences. The primers and
probes used are listed in Table 2.
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Table 1. Microalgae strains used in this study

Species

Strain

Sampling location and year

GenBank
accession number

Sequenced region

Source

9

9

O O 0 6 6 0 0 6 6 60 O

. australes

. australes

. australes

. australes

. balechii

. belizeanus
. belizeanus
. caribaeus

. excentricus
. excentricus
. excentricus
. excentricus

. excentricus

IRTA-SMM-13_07

IRTA-SMM-13_17

IRTA-SMM-16_286
IRTA-SMM-17_164
VG0920
IRTA-SMM-13_19
IRTA-SMM-17_421
IRTA-SMM-17_03
IRTA-SMM-17_01
IRTA-SMM-17_126
IRTA-SMM-17_407
IRTA-SMM-17_428
IRTA-SMM-17_432

Selvagem Grande Island,
Portugal, 2013

Selvagem Grande Island,
Portugal, 2013

Lanzarote, Spain, 2016
Menorca, Spain, 2017
Manado, Indonesia, 2007
La Réunion, France, 2013
El Hierro, Spain 2017
El Hierro, Spain 2017
Gran Canaria, Spain, 2017
Gran Canaria, Spain, 2017
La Gomera, Spain, 2017
La Gomera, Spain, 2017
La Gomera, Spain, 2017

KY564320

KY564328

MT119197
MG708120
KX268469
MW350058
MT379471
MT119203
MT119198
MT119199
MT119200
MT119201
MT119202

D1-D3

D1-D3

D8-D10
D8-D10
D8-D10
D8-D10
D8-D10
D8-D10
D8-D10
D8-D10
D8-D10
D8-D10
D8-D10

Reverté et al. (2018)

Reverté et al. (2018)

Gaiani et al. (2020)
Tudo et al. (2018)
Fraga et al. (2016)
This study
Tudo et al. (2020a)
Gaiani et al. (2020)
Gaiani et al. (2020)
Gaiani et al. (2020)
Gaiani et al. (2020)
Gaiani et al. (2020)
Gaiani et al. (2020)
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G. excentricus
F. paulensis
F. paulensis
F. paulensis
F. paulensis
C. monotis

O. cf. ovata

P. lima

VGO791
IRTA-SMM-17_206
IRTA-SMM-17_211
IRTA-SMM-17_220

VGO1185
IRTA-SMM-16_285
IRTA-SMM-16_133

IRTA-SMM-17_47

Tenerife, Spain, 2004
Mallorca, Spain, 2017
Menorca, Spain, 2017
Menorca, Spain, 2017
Ubatuba, Brazil, 2013

Formentera, Spain, 2016

Catalonia, Spain, 2016

Lanzarote, Spain, 2017

JF303066; JF303075
MT119204
MT119205
MT119206
KM886379
MW328563
MH790463
MW328564

AND THE CIGUATOXIN PRODUCING

D1-D3; D8-D10
D8-D10
D8-D10
D8-D10

18S; D1-D4; ITS

ITS
ITS
ITS

Fraga et al. (2011)
Tudo et al. (2020b)
Tudo et al. (2020b)
Tudo et al. (2020b)
Gomez et al. (2015)
This study
Toldra et al. (2019b)
This study

(Continues from the previous page)
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Table 2. Primers with tails and probes used in this study. Tails are underlined.

Name Sequence (5'-3")

GTT TTC CCA GTC ACG AC-C3-ATG CAT AAC

G. australes Reverse primer

TCTTCATTGCCAGTAG
G. excentricus Reverse primer TCT ACA GGC TCG TAT ATG TA-C3-AGC TTG
GGT CAC AGT GCA ACA GAG
G. australes & G. excentricus TGT AAA ACG ACG GCC AGT-C3-TGC TGC
Forward primer ATGYGGAGATTCTTT YYT KG
Gambierdiscus & Fukuyoa ATAGGCTGGTTC GTAATC GG-C3-GAY NCG
Forward primer GAC AAG GGG AAT CCG AC
Gambierdiscus & Fukuyoa TGT AAA ACG ACG GCC AGT-C3-GAG AGT
Reverse primer CAT AGT TAC TCC CGC CG

GTC GTG ACT GGG AAAACT TTT TTT TTT
TTT TT-C3-thiol

TAC ATA TAC GAG CCT GTA GAT TTT TTT
TTT TTT TT-C3-thiol

Gambierdiscus & Fukuyoa capture CCG ATT ACG AAC CAG CCT ATT TTT TTT
probe TTT TTT TT-C3-thiol

G. australes capture probe

G. excentricus capture probe

Reporter probe HRP-ACT GGC CGT CGT TTT ACA

2.4. Recombinase Polymerase Amplification (RPA)

DNA was amplified with RPA using the TwistAmp Liquid Basic kit (TwistDx
Ltd, San Diego, USA). Each reaction contained: 3.1 pL of DNAse/RNAse-free
water, 4.5 uL of dNTPs at 1.8 mM, 25 uL of rehydration buffer, 5 puL of Basic
E-mix, 2.5 pL of Core reaction mix, 1.2 pL of each primer at 480 nM, 5 pL of
genomic DNA at 1 ng/uL or solution with DNA extracted from single cells,
and finally 2.5 puL of 14 mM magnesium acetate was used to initiate the RPA
reaction. The total volume for each reaction was 50 uL. Non-target controls
(NTCs, only DNAse/RNAse-free water) were included in the experimental
design. Samples were isothermally amplified for 30 min at 37 °C. Following
amplification, RPA products were purified using a GeneJet PCR purification
kit (Thermo Fisher Scientific, Madrid, Spain) following the manufacturer’s
instructions, ending with 50 puL of DNA in TE buffer after the final elution step.

2.5. Sandwich hybridization assay (SHA)

Three assays were developed: one for the detection of the genera
Gambierdiscus & Fukuyoa, one for the detection of the species G. australes
and a last one for the detection of the species G. excentricus. In these assays,
the amplicons obtained in the respective RPA reactions were incubated with
the corresponding surface-anchored thiolated capture probe. Thiolated capture
probes were prepared in PBS (pH 7.4, 100 mM phosphate, 150 mM NacCl) at a
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concentration of 500 nM, and 50 pL of this solution were added to the wells of
a maleimide-coated plate (Pierce maleimide-activated microtitre plates from
Thermo Fisher Scientific, Madrid, Spain) and incubated overnight at 4 °C on a
microplate shaker under gentle agitation. Blocking of the non-functionalised
maleimide groups was performed in two different steps, first via the addition of
200 uL of 100 uM 6-mercapto-1-hexanol in Milli-Q water and secondly
200 pL of 5% w/v skimmed milk in PBS. Subsequently, 45 uL of RPA product
was added to the microtiter wells, followed by addition of 50 uL of 10 nM
HRP-conjugated reporter probe in PBS containing 0.05% v/v Tween-20 (PBS-
Tween). Three washing steps were performed between each step. All
incubations, except for capture probe immobilization, were performed at room
temperature for 30 min on a microplate shaker under gentle agitation. Finally,
100 pL of TMB liquid substrate were added and after 10 min, the absorbance
was measured at 620 nm using a Microplate Reader KC4 (BIO-TEK
Instruments, Winooski, USA). Gene 5 software was used to collect and evaluate
the data.

2.6. Molecular identification

To identify microalgae at species level, which had already been recognized at
genus level by light microscopy as either Gambierdiscus or Fukuyoa, the D8-
D10 domain of the 28S LSU rDNA gene was amplified by PCR using the pair
of primers FD8RB (5’-GGATTGGCTCTGAGGGTTGGG-3> and
5’- GATAGGAAGAGCCGACATCGA-3’) (Chinain et al. 1999). For
microalgae cells other than Gambierdiscus and Fukuyoa, the D2C (5°-
CCTTGGTCCGTGTTTCAAGA-3’) (Chomérat et al. 2010), and DI1R
(5’- ACCCGCTGAATTTAAGCATA-3") (Scholin et al. 1994) primers were
used. In both cases, the 25 pL reaction mixtures contained 600 uM dNTP,
2 mM MgCl,, 0.2 uM of each primer, 1 U of Taq polymerase, 5% DMSO and
2 uL of template DNA at 1 ng/uL. For Gambierdiscus and Fukuyoa cells, the
protocol included 45 cycles of amplification (95 °C for 30 s, 60 °C for 45 s and
72 °C for 30 s, followed by an elongation of 10 min at 72 °C) (Gaiani et al.
2020). For the other microalgae, the protocol includes 45 cycles of
amplification (94 °C for 30 s, 54 °C for 30 s and 72 °C 4 min, followed by an
elongation of 5 min at 72 °C) (Chomérat et al. 2010). Amplifications were
carried out in a Nexus Gradient Thermal Cycler (Eppendorf Iberica, Madrid,
Spain). PCR reactions were checked using agarose gel electrophoresis and PCR
products were then purified with a QIAquick PCR Purification Kit (Thermo
Fisher Scientific, Madrid, Spain). Bidirectional sequencing was performed by
Sistemas Genomicos, LLC (Valencia, Spain). Sequence reads were edited using
BioEdit v7.0.5.2 (Hall 1999) and a consensus sequence for each read was
obtained. Sequences were aligned using MAFFT v.7 (Rozewicki et al. 2019)
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and the phylogenetic relationships were inferred by Maximum Likelihood
(ML) using RaxML v.8 (Stamatakis 2014) and Bayesian Inference (BI) using
Mr. Bayes v.3.2.2 (Huelsenbeck and Ronquist 2001). GenBank codes for all
the sequences used in this work are listed in Table 1.

3. Results and discussion
3.1. RPA-SHA specificity

The Gambierdiscus & Fukuyoa primer set was tested with genomic DNA from
all the strains used in this work, since the objective was to assess the ability of
the system to detect both genera. The G. australes and G. excentricus primer
sets were tested with their target genomic DNA, as well as with genomic DNA
from other Gambierdiscus species (G. balechii, G. belizeanus and
G. caribaeus) and F. paulensis. Additionally, all primer sets were tested with
genomic DNA from other genera (C. monatis, O. cf. ovata and P. lima) and
with NTC.

Since previous works (Toldra et al. 2019a; Toldra et al. 2019b) have
demonstrated that the purification of RPA products is not always required, a
trial without a purification step was first performed. However, there were no
differences between samples with target DNA and with non-target genera, non-
target species or NTC, with all of them showing very high absorbance values.
Thus, despite the fact that the purification step is time consuming, it was
included in the procedure to remove undesirable proteins and residual primers,
and to avoid non-specific signals.

Results for the RPA-SHA using the three primer sets are shown in Figure 2.
The thresholds to discriminate between positive and negative results (i.e. the
limits of detection, LODs) were defined as the absorbance values of the NTC
plus 10-fold their standard deviations. As can be observed, the Gambierdiscus
& Fukuyoa system provided positive responses (> 0.196 Abs. units) for all
Gambierdiscus  species  (G. australes,  G. excentricus,  G. balechii,
G. belizeanus and G. caribaeus) and for F. paulensis, and no response from
C. monotis, O. cf. ovataand P. lima. The G. australes system provided positive
responses (> 0.136 Abs. units) for this species and no responses from all others.
Finally, the G. excentricus system also provided positive responses (> 0.090
Abs. units) only for the strains belonging to this species.

Comparing the three assays, absorbance values are higher in the system for the
detection of the genera Gambierdiscus & Fukuyoa. This fact could be attributed
to a better efficiency provided by primers during the RPA and/or the SHA. It
can also be observed that within the same assay, not all strains provide the same
absorbance value, this effect being more evident in the system for the detection

49



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

of G. excentricus. This is likely due to the differences in the rDNA copy number
of the samples analyzed. The rDNA copy number can vary between species,
strains, geographic origins, and even cell growth phases, and thus sample
harvesting times (Galluzzi et al. 2010; Kretzschmar et al. 2019; Nishimura et
al. 2016; Vandersea et al. 2012).

All these results confirm the specificity of the primers and the RPA-SHAs for
their respective targets. The three systems are not affected by non-target DNA
of microalgae that share the same ecological niche as Gambierdiscus and
Fukuyoa, making them suitable for the screening of field samples where
microalgae of other genera will be present.

3.2. Detection of single cells

The purpose of this work was to provide a method for the identification of
Gambierdiscus & Fukuyoa genera, and G. australes and G. excentricus species,
rather than a method for the quantification of cell abundances. Nevertheless,
the LOD of the technique plays an important role in such identification. When
working with clonal cultures, the number of cells used to extract the DNA is
not usually a problem, but in field samples, a robust identification system
requires the ability to detect even a single cell. Thus, to assess the sensitivity of
our systems, DNA was extracted from single cells isolated from the clonal
cultures of Gambierdiscus and Fukuyoa listed in Table 3, and the three RPA-
SHAs were performed simultaneously with aliquots of the same extract. Results
showed positive responses (above the respective threshold) in the presence of
target DNA and no responses from non-target genera or NTC. These results
demonstrate the successful detection and identification of individual cells and
confirm the specificity already observed in the previous section. In fact, a
unique single cell extract was used for the three RPA-SHAS, so the assays are
able to detect even less than 1 cell. This is not surprising since the rDNA copy
number per cell in Gambierdiscus species has been reported to be as high as
4,560-21,500 (Vandersea et al. 2012), or even up to 3,197,000 (Nishimura et
al. 2016), probably due to the large cell size and high amount of genomic DNA.
Thus, our approach allows the discrimination of the presence/absence of a
single cell belonging to the target genera/species.
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Table 3. Results of the RPA-SHAs performed with DNA extracted from single cells of clonal
cultures. Experiments were performed in duplicate.

- G.
Gambierdiscus .
. . australes  G. excentricus
Species Strain & Fukuyoa - .
. primer primer set
primer set
set
G. australes IRTA-SMM- + + -
13 07
G. australes IRTA-SMM- + + -
16_286
G. balechii VGO + - -
920
G. belizeanus IRTA-SMM- + - -
13 19
G. belizeanus IRTA-SMM- + - -
17_421
G. caribaeus IRTA-SMM- + - -
17 03
G. excentricus IRTA-SMM- + - +
17 126
G. excentricus IRTA-SMM- + - +
17_407
F. paulensis IRTA-SMM- + - -
17_206
F. paulensis IRTA-SMM- + - -
17 211
Sign + (plus) indicates the detection of amplified product and the sign — (minus) indicates the
absence.
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Figure 2. RPA-SHA experiments using genomic DNA extracted from different genera and species and the Gambierdiscus & Fukuyoa primer set (white), the G.
australes primer set (grey) and the G. excentricus primer set (black). Experiments were performed in triplicate and bars indicate standard deviations. Vertical dashed

lines separate species and/or genera



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

3.3. Detection of DNA combinations

i a  Inorder to assess the ability of the
- Gambierdiscus & Fukuyoa primer

3 set to amplify target DNA in the
presence of different species, 10
2 different DNA  combinations

composed by the target species
(five Gambierdiscus and one
; 22 D D | Fukuyoa) were tested with the
""""""""" RPA-SHA system (Table 4). All

2
B the combinations were prepared at
g 15 a total DNA concentration of 1
E ng/uL, and all the species within
% ! each combination were at the
5 same concentration. The results
<% obtained (Figure 3A)
0 = = == (@ demonstrated the ability of the

PO ¢ systemto amplify and detect the
amplicons without any false
positives (combination 2).

Differences in the absorbance
o4 values at 620 nm for each
y I combination  were  observed.
I Unlike the results shown in Figure

m - ] [ |

1 2 3 4 5 6 7 8 9

2, where the strains used for the
mixtures provided absorbance

Figure 3. RPA-SHA experiments using combinations Va_lues between 2.8 and 3.5, in
of genomic DNA extracted from different generaand this experiment some of the

species and the (A) Gambierdiscus & Fukuyoa primer - combinations provided lower

set (white), (B) the G. australes primer set (grey) and . P
(C) the G. excentricus primer set (black). Dotted lines values, with combinations 3 and

represent the LOD for each system. Experimentswere 4 giving the lowest signals,
performed in triplicate and bars indicate standard \which could be attributable to the
deviation use of microalgal pellets with
different rDNA copy number. Nevertheless, since the discrimination between
positive and negative results is clear, this experiment shows the reliability and
applicability of the RPA-SHA system for Gambierdiscus & Fukuyoa.

0
10

The same DNA combinations were then tested with the G. australes (Figure
3B) and the G. excentricus (Figure 3C) primer sets, to assess their ability to
amplify the corresponding target DNA when mixed with others. The results
obtained showed absorbance values higher than the LOD only for the
combinations where the target DNA was present. In both cases, absorbance
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values were lower than in Figure 2 (3.0 for G. australes IRTA-SMM-16_286
and 1.5 for G. excentricus VGO791), as expected since 1 ng/pL was the total
DNA concentration of the mixtures (i.e. the DNA concentrations for
G. australes IRTA-SMM-16 286 and G. excentricus VGO791 were between
0.16 and 0.5 ng/pL, depending on the combination). It is evident that DNA
concentration is not the only crucial parameter, and the presence of non-target
DNA may also be playing an important role. Nevertheless, even if the presence
of non-target DNA may cause steric hindrance and inhibit the efficiency of the
RPA, the experiments demonstrate the robustness of the RPA-SHA systems.

The results obtained with the combination trials demonstrated the ability of the
Gambierdiscus & Fukuyoa primer set to amplify target DNA in the presence of
different target species, and the capacity of the G. australes and G. excentricus
primers sets to discriminate the corresponding target DNA in a mixture with
DNA from other species. These achievements can be considered as a step
forward to the applicability of the systems to screen field samples, even though
further studies, beyond the current work, are needed.

Table 4. DNA combinations.

Species Strain 1 2 3 4 5 6 7 8 9 10
G. australes IRTA-SMM- + - + + - + - - +
16_286
G. excentricus VGO + - + - + o+ - - - +
791
G. balechii VGO + - + + + - + + + +
920
G. belizeanus IRTA-SMM- + - + 0+ o+ - + o+ o+ o+
17_421
G. caribaeus IRTA-SMM- + - + 0+ o+ - + o+ o+ o+
17_03
F. paulensis VGO + - - + + - - +
1185

Sign + (plus) indicates presence of the species and sign - (minus) indicates absence.

4. Conclusions

This work reports the successful development and application of the RPA-SHA
system for the detection of microalgae of the genera Gambierdiscus and
Fukuyoa, and the discrimination between the species G. australes and
G. excentricus. The method showed a high specificity for the target species and
a sufficient LOD for identification of a single cell. Furthermore, the ability of
the Gambierdiscus & Fukuyoa primer set to amplify target DNA in the presence
of different species was demonstrated, together with the discriminable capacity
of the species-specific primer sets (G. australes and G. excentricus).
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This approach, applied for the first time to microalgae of the genera
Gambierdiscus and Fukuyoa, has several advantages. Firstly, the ability to
discriminate these genera from other microalgae is extremely helpful, because
the assay is more rapid than traditional light microscopy and does not require
taxonomical experts to screen samples. Furthermore, unlike microscopy
techniques, the strategy can discriminate between the species G. australes and
G. excentricus, which are known CTX producers. Additionally, the ability to
detect a single cell is of extreme importance to avoid false negatives due to the
LOD. Moreover, the RPA-SHA system is versatile, and with additional primer
optimization, can be utilized for the detection of other toxic microalgal species.

Therefore, the summation of the achievements obtained demonstrate the
robustness of the developed system, although further studies are needed to test
the applicability for screening of field samples. Undoubtedly, the inclusion of
the RPA-SHA system in monitoring programs would be useful to assess the
risk of ciguatera, to predict possible outbreaks and consequently to preserve
human health.

Acknowledgments

The research has received funding from the Ministerio de Ciencia e Innovacion
(MICIN) and the Agencia Estatal de Investigacion (AEI) and theFondo
Europeo de Desarrollo Regional (FEDER) through the CIGUASENSING
(Bl102017-87946-C2-2-R) project and from the European Food Safety
Authority through the EuroCigua project (GP/EFSA/ AFSCO0/2015/03). The
authors also acknowledge support from the CERCA Programme/Generalitat de
Catalunya. G. Gaiani acknowledges the IRTA-Universitat Rovira i Virgili for
her PhD grant (2018PMF-PIPF-19).

55



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

References

Aligizaki K, Nikolaidis G (2008). Morphological identification of two tropical
dinoflagellates of the genera Gambierdiscus and Sinophysis in the
Mediterranean Sea. J of Biol Res-Thessalon 9:75-82.

Aligizaki K, Nikolaidis G, Katikou P, Baxevanis AD, Abatzopoulos TJ (2009).
Potentially toxic epiphytic Prorocentrum (Dinophyceae) species in
Greek coastal waters. Harmful Algae 8:299-311.

Begier EM, Backer LC, Weisman RS, Hammond RM, Fleming LE, Blythe D
(2006). Outbreak bias in illness reporting and case confirmation in
ciguatera fish poisoning surveillance in south Florida. Public Health
Rep 121:658-665.

Bravo I, Rodriguez F, Ramilo I, Rial P, Fraga S (2019). Ciguatera-Causing
Dinoflagellate Gambierdiscus spp.(Dinophyceae) in a subtropical
region of North Atlantic Ocean (Canary Islands): morphological
characterization and biogeography. Toxins 11:423.

Chinain M, Faust MA, Pauillac S (1999). Morphology and molecular analyses
of three toxic species of Gambierdiscus (Dinophyceae): G. pacificus,
sp. nov., G. australes, sp. nov., and G. polynesiensis, sp. nov. J Phycol
35:1282-1296.

Chinain M, Darius HT, Ung A, Cruchet P, Wang Z, Ponton D, Laurent D,
Pauillac S (2010). Growth and toxin production in the ciguatera-
causing dinoflagellate Gambierdiscus polynesiensis (Dinophyceae) in
culture. Toxicon 56:739-750.

Chomérat N, Sellos DY, Zentz F, Nézan E (2010). Morphology and molecular
phylogeny of Prorocentrum consutum sp. nov. (Dinophyceae), a new
benthic dinoflagellate from South Brittany (Norwestern France). J
Phycol 46:183-194.

Fraga S, Rodriguez F, Caillaud A, Diogene J, Raho N, Zapata M (2011).
Gambierdiscus excentricus sp. nov.(Dinophyceae), a benthic toxic
dinoflagellate from the Canary Islands (NE Atlantic Ocean). Harmful
Algae 11:10-22.

Fraga S, Rodriguez F (2014). Genus Gambierdiscus in the Canary Islands (NE
Atlantic Ocean) with description of Gambierdiscus silvae sp. nov., a
new potentially toxic epiphytic benthic dinoflagellate. Protist 165:839-
853.

Fraga S, Rodriguez F, Riobd P, Bravo | (2016). Gambierdiscus balechii sp.
nov (Dinophyceae), a new benthic toxic dinoflagellate from the
Celebes Sea (SW Pacific Ocean). Harmful Algae 58:93-105.

Gaiani G, Leonardo S, Tud6 A, Toldra A, Rey M, Andree KB, Tsumuraya T,
Hirama M, Diogeéne J, O'Sullivan CK, Alcaraz C, Campas M (2020).
Rapid detection of ciguatoxins in Gambierdiscus and Fukuyoa with
immunosensing tools. Ecotoxicol Environ Saf 204:111004.

Galluzzi L, Bertozzini E, Penna A, Perini F, Garcés E, Magnani M (2010).
Analysis of rRNA gene content in the Mediterranean dinoflagellate
Alexandrium catenella and Alexandrium taylori: implications for the

56



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

guantitative real-time PCR-based monitoring methods. J Appl Phycol
22:1-9.

Gomez F, Qiu D, Lopes RM, Lin S (2015). Fukuyoa paulensis gen. et sp. nov.,
a new genus for the globular species of the dinoflagellate
Gambierdiscus (Dinophyceae). PLoS One 10.

Greeson PE (1977). Methods for collection and analysis of aquatic biological
and microbiological samples. In: Techniques of water-resources
investigations of the United States Geological Survey, vol 5.
Laboratory analysis. US Department of the Interior, Geological Survey

Holmes MJ, Lewis RJ (1994). Purification and characterisation of large and
small maitotoxins from cultured Gambierdiscus toxicus. Nat Toxins
2:64-72.

Hoppenrath M, Kretzschmar AL, Kaufmann MJ, Murray SA (2019).
Morphological and molecular phylogenetic identification and record
verification of Gambierdiscus excentricus (Dinophyceae) from
Madeira Island (NE Atlantic Ocean). Mar Biodivers Rec 12:16.

Huelsenbeck JP, Ronquist F (2001). MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 17:754-755.

Jang SH, Jeong HJ, Yoo YD (2018). Gambierdiscus jejuensis sp. nov., an
epiphytic dinoflagellate from the waters of Jeju Island, Korea, effect of
temperature on the growth, and its global distribution. Harmful Algae
80:149-157.

Kaufmann M, Bohm-Beck M (2013). Gambierdiscus and related benthic
dinoflagellates from Madeira archipelago (NE Atlantic). Harmful
Algae News 47:18-19

Kretzschmar AL, Larsson ME, Hoppenrath M, Doblin MA, Murray SA (2019).
Characterisation of two toxic Gambierdiscus spp. (Gonyaulacales,
Dinophyceae) from the Great Barrier Reef (Australia): G. lewisii sp.
nov. and G. holmesii sp. nov. Protist 170.

Larsson ME, Harwood TD, Lewis RJ, Swa H, Doblin MA (2019).
Toxicological characterization of Fukuyoa paulensis (Dinophyceae)
from temperate Australia. Phycol Res 67:65-71.

Laza-Martinez A, David H, Riobé P, Miguel I, Orive E (2016).
Characterization of a strain of Fukuyoa paulensis (Dinophyceae) from
the Western Mediterranean Sea. J Eukaryotic Microbiol. 63:481-497.;

Lewis RJ (2001). The changing face of ciguatera. Toxicon 39:97-106.

Litaker RW, Vandersea MW, Faust MA, Kibler SR, Chinain M, Holmes MJ,
Holland WC, Tester PA (2009). Taxonomy of Gambierdiscus
including four new species, Gambierdiscus caribaeus, Gambierdiscus
carolinianus, Gambierdiscus carpenteri and Gambierdiscus ruetzleri
(Gonyaulacales, Dinophyceae). Phycologia 48:344-390.

Litaker RW, Holland WC, Hardison DR, Pisapia F, Hess P, Kibler SR, Tester
PA (2017). Ciguatoxicity of Gambierdiscus and Fukuyoa species from
the Caribbean and Gulf of Mexico. PLoS One 12:e0185776.

57



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Litaker RW, Tester PA, Vandersea MW (2019). Species-specific PCR assays
for Gambierdiscus excentricus and Gambierdiscus silvae
(Gonyaulacales, Dinophyceae). J Phycol 55:730-732.

Longo S, Sibat M, Viallon J, Darius HT, Hess P, Chinain M (2019).
Intraspecific Variability in the toxin production and toxin profiles of in
vitro cultures of Gambierdiscus polynesiensis (Dinophyceae) from
French Polynesia. Toxins 11:735.
doi:https://doi.org/10.3390/toxins11120735

Murata M, Naoki H, Iwashita T, Matsunaga S, Sasaki M, Yokoyama A,
Yasumoto T (1993). Structure of maitotoxin. J Am Chem Soc
115:2060-2062.

Nagai H, Murata M, Torigoe K, Satake M, Yasumoto T (1992). Gambieric
acids, new potent antifungal substances with unprecedented polyether
structures from a marine dinoflagellate Gambierdiscus toxicus. J Org
Chem 57:5448-5453.

Nishimura T, Sato S, Tawong W, Sakanari H, Yamaguchi H, Adachi M (2014).
Morphology of Gambierdiscus scabrosus sp. nov.(G onyaulacales): a
new epiphytic toxic dinoflagellate from coastal areas of Japan. J Phycol
50:506-514.

Nishimura T, Hariganeya N, Tawong W, Sakanari H, Yamaguchi H, Adachi M
(2016). Quantitative PCR assay for detection and enumeration of
ciguatera-causing dinoflagellate Gambierdiscus spp.(Gonyaulacales)
in coastal areas of Japan. Harmful Algae 52:11-22.

Pisapia F, Holland WC, Hardison DR, Litaker RW, Fraga S, Nishimura T,
Adachi M, Nguyen-Ngoc L, Sechet V, Amzil Z, Herrenknecht C, Hess
P (2017a). Toxicity screening of 13 Gambierdiscus strains using
neuro-2a and erythrocyte lysis bioassays. Harmful Algae 63:173-183.

Pisapia F, Sibat M, Herrenknecht C, Lhaute K, Gaiani G, Ferron PJ, Fessard V,
Fraga S, Nascimento SM, Litaker RW, Holland WC, Roullier C, Hess
P (2017b). Maitotoxin-4, a Novel MTX Analog Produced by
Gambierdiscus excentricus. Mar Drugs 15:220.

Provasoli L (1968). Media and prospects for the cultivation of marine algae. In:
Hattori A (ed). Proceedings of the US-Japanese conference, cultures
and collection of algae. Japanese Society of Plant Physiology, Hakone
(Japan), pp 63-75.

Reverté L, Toldra A, Andree KB, Fraga S, de Falco G, Campas M, Diogéne J
(2018). Assessment of cytotoxicity in ten strains of Gambierdiscus
australes from Macaronesian Islands by neuro-2a cell-based assays. J
0Appl Phycol 30:2447-2461.

Rhodes L, Harwood T, Smith K, Argyle P, Munday R (2014). Production of
ciguatoxin and maitotoxin by strains of Gambierdiscus australes, G.
pacificus and G. polynesiensis (Dinophyceae) isolated from Rarotonga,
Cook Islands. Harmful Algae 39:185-190.

Rhodes LL, Smith KF, Murray S, Harwood DT, Trnski T, Munday R (2017).
The Epiphytic Genus Gambierdiscus (Dinophyceae) in the Kermadec

58



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Islands and Zealandia Regions of the Southwestern Pacific and the
associated risk of ciguatera fish poisoning. Mar Drugs 15:219.
Rodriguez F, Fraga S, Ramilo I, Rial P, Figueroa RI, Riob6 P, Bravo | (2017).
Canary Islands (NE Atlantic) as a biodiversity ‘hotspot’of
Gambierdiscus: Implications for future trends of ciguatera in the area.

Harmful Algae 67:131-143.

Rossignoli AE, Tudo A, Bravo |, Diaz PA, Diogene J, Riobo P (2020). Toxicity
Characterisation of Gambierdiscus Species from the Canary Islands.
Toxins 12:134.

Rozewicki J, Li S, Amada KM, Standley DM, Katoh K (2019). MAFFT-
DASH: integrated protein sequence and structural alignment. Nucleic
Acids Res 47:W5-W10.

Sambrook J, Fritsch EF, Maniatis T (1989). Molecular cloning: a laboratory
manual. Cold spring harbor laboratory press.

Satake M, Murata M, Yasumoto T (1993). Gambierol: a new toxic polyether
compound isolated from the marine dinoflagellate Gambierdiscus
toxicus. J Ame Chem Soc 115:361-362.

Scholin CA, Herzog M, Sogin M, Anderson DM (1994). Identification of
group-and strain-specific genetic markers for globally distributed
Alexandrium (Dinophyceae). Il sequence analysis of a fragment of the
LSU rRNA gene. J Phycol 30:999-1011.

Sibat M, Herrenknecht C, Darius HT, Roué M, Chinain M, Hess P (2018).
Detection of pacific ciguatoxins using liquid chromatography coupled
to either low or high resolution mass spectrometry (LC-MS/MS). J
Chromatogr A 1571:16-28.

Smith KF, Biessy L, Argyle PA, Trnski T, Halafihi T, Rhodes LL (2017).
Molecular identification of Gambierdiscus and Fukuyoa
(Dinophyceae) from environmental samples. Mar Drugs 15:243.

Stamatakis A (2014). RAxXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30:1312-1313.

Stewart I, Eaglesham GK, Poole S, Graham G, Paulo C, Wickramasinghe W,
Sadler R, Shaw GR (2010). Establishing a public health analytical
service based on chemical methods for detecting and quantifying
Pacific ciguatoxin in fish samples. Toxicon 56:804-812.

Toldra A, Jauset-Rubio M, Andree KB, Fernandez-Tejedor M, Diogéne J,
Katakis I, O'Sullivan CK, Campas M (2018). Detection and
quantification of the toxic marine microalgae Karlodinium veneficum
and Karlodinium armiger using recombinase polymerase amplification
and enzyme-linked oligonucleotide assay. Anal Chim Acta 1039:140-
148.

Toldra A, Alcaraz C, Andree KB, Fernandez-Tejedor M, Diogene J, Katakis I,
O’Sullivan CK, Campas M (2019a). Colorimetric DNA-based assay
for the specific detection and quantification of Ostreopsis cf. ovata and
Ostreopsis cf. siamensis in the marine environment. Harmful Algae
84:27-35.

59



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Toldra A, Alcaraz C, Diogéne J, O'Sullivan CK, Campas M (2019b). Detection
of Ostreopsis cf. ovata in environmental samples using an
electrochemical DNA-based biosensor. Sci Total Environ 689:655-
661.

Tud6 A, Toldra A, Andree KB, Rey M, Fernandez-Tejedor M, Campas M,
Diogéne J (2018). First report of Gambierdiscus in the Western
Mediterranean Sea (Balearic Islands). Harmful Algae News.

Tud6 A, Gaiani G, Varela MR, Tsumuraya T, Andree KB, Fernandez-Tejedor
M, Campas M, Diogéne J (2020a). Further advance of Gambierdiscus
species in the Canary lIslands, with the first report of Gambierdiscus
belizeanus. Toxins 12:692.

Tudé A, Toldra A, Rey M, Todoli I, Andree KB, Fernandez-Tejedor M,
Campas M, Sureda FX, Diogéne J (2020b). Gambierdiscus and
Fukuyoa as potential indicators of ciguatera risk in the Balearic Islands.
Harmful Algae 99:101913.

Vandersea MW, Kibler SR, Holland WC, Tester PA, Schultz TF, Faust MA,
Holmes MJ, Chinain M, Litaker RW (2012). Development of semi-
guantitative pcr assays for the detection and enumeration of
Gambierdiscus species (gonyaulacales, Dynophyceae). J Phycol
48:902-915.

Watanabe R, Uchida H, Suzuki T, Matsushima R, Nagae M, Toyohara Y,
Satake M, Oshima Y, Inoue A, Yasumoto T (2013). Gambieroxide, a
novel epoxy polyether compound from the dinoflagellate
Gambierdiscus toxicus GTP2 strain. Tetrahedron 69:10299-10303.

Yasumoto T, Igarashi T, Legrand A-M, Cruchet P, Chinain M, Fujita T, Naoki
H (2000). Structural elucidation of ciguatoxin congeners by fast-atom
bombardment tandem mass spectroscopy. J Am Chem Soc 122:4988-
49809.

Yogi K, Oshiro N, Inafuku Y, Hirama M, Yasumoto T (2011). Detailed LC-
MS/MS analysis of ciguatoxins revealing distinct regional and species
characteristics in fish and causative alga from the Pacific. Anal Chem
83:8886-8891.

60



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Chapter 2

Electrochemical biosensor for the dual detection of
Gambierdiscus australes and Gambierdiscus
excentricusin field samples. First report of
G. excentricus in the Balearic Islands.

Greta Gaiani?, Francesca Cucchi*?, Anna Toldra?, Karl B. Andree!, Maria
Rey!, Takeshi Tsumuraya®, Ciara K. O’Sullivan*®, Jorge Diogéne?,
Monica Campas!

HIRTA, Ctra Poble Nou km 5.5, 43540 Sant Carles de la Rapita, Spain
2Dipartimento di Scienze della Vita,UNITS, Via Giorgieri, 5, 34127 Trieste, Italy

SDepartment of Biological Sciences, Graduate School of Science, Osaka Prefecture
University, Osaka 599-8570, Japan

‘Departament d’Enginyeria Quimica, URV, Paisos Catalans 26, 43007 Tarragona,
Spain

SICREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain

Abstract

Several genera of marine dinoflagellates are known to produce bioactive
compounds that affect human health. Among them, Gambierdiscus and
Fukuyoa stand out for their ability to produce several toxins, including the
potent neurotoxic ciguatoxins (CTXs), which accumulate through the food
web. Once fishes contaminated with CTXs are ingested by humans, it can result
in an intoxication named ciguatera. Within the two genera, only some species
are able to produce toxins, and G. australes and G. excentricus have been
highlighted to be the most abundant and toxic. Although the genera
Gambierdiscus and Fukuyoa are endemic to tropical areas, their presence in
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subtropical and temperate regions has been recently recorded. In this work, the
combined use of species-specific PCR primers for G. australes and
G. excentricus modified with short oligonucleotide tails allowed the
development of a multiplex detection system for these two toxin-producing
species. Simultaneous detection was achieved using capture probes specific for
G. australes and G. excentricus immobilized on maleimide-coated magnetic
beads (MBs), separately placed on the working electrodes of a dual electrode
array. Additionally, a rapid DNA extraction technique based on a portable bead
beater system and MBs was developed, significantly reducing the extraction
time (from several hours to 30 min). The developed technique was able to detect
as low as 10 cells of both Gambierdiscus species and allowed the first detection
of G. excentricus in the Balearic Islands in 8 out of the 9 samples analyzed.
Finally, field samples were screened for CTXs with an immunosensor,
successfully reporting 13.35 + 0.5 pg CTX1B equiv. cell* in one sample and
traces of toxins in 3 out of the 9 samples analyzed. These developments provide
rapid and cost-effective strategies for ciguatera risk assessment, with the aim
of guaranteeing seafood safety.

1. Introduction

Marine dinoflagellates are known producers of a wide range of toxins. These
toxins may be transferred along the food chain and accumulate in the flesh of
seafood. Therefore, they can reach seafood consumers resulting in foodborne
diseases. Among all the existing foodborne diseases caused by marine toxins,
ciguatera is one of the most common in intertropical and nearby areas (Begier
et al., 2006; Larsson et al., 2019; Lewis, 2001; Litaker et al., 2017). Ciguatera
is caused by the ingestion of fish contaminated with ciguatoxins (CTXs), potent
marine neurotoxins that can accumulate in the food webs, rarely in bivalves,
echinoderms and crustaceans, and more frequently in herbivorous, detritivorous
and carnivorous fish (Kelly et al., 1992; Ledreux et al., 2014; Roué et al., 2016;
Silva et al., 2015). CTXs are produced by dinoflagellates of the genera
Gambierdiscus and Fukuyoa, which also produce other bioactive compounds
such as maitotoxins (MTXs) (Holmes and Lewis, 1994; Murata et al., 1993;
Pisapia et al., 2017b), gambieric acids (Nagai et al., 1992), gambierol (Satake
etal., 1993), gambieroxide (Watanabe et al., 2013) and gambierone (Murray et
al., 2019; Rodriguez et al., 2015). However, it is not clear yet if these
compounds play a role in ciguatera (Kohli et al., 2015). The Gambierdiscus and
Fukuyoa genera are endemic of subtropical areas, although in the past decade
they have been found in temperate areas such as Japan (Nishimura et al., 2014),
the coast of North Carolina (Litaker et al., 2009), the Gulf of Mexico (Litaker
et al.,, 2017), Brazil (Gomez et al., 2015), the Canary Islands (Fraga and
Rodriguez, 2014; Fraga et al., 2011), Madeira (Kaufmann and Bohm-Beck,
2013) and the Mediterranean Sea, first detected in Greece (Aligizaki and
Nikolaidis, 2008; Aligizaki et al., 2009) and then a few years later in the
Balearic Islands (Laza-Martinez et al.,, 2016; Tudé et al.,, 2018). The
intensification of monitoring efforts could give the impression of an increase in
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the spread of the genera, as it has been demonstrated for the perceived global
increase in algal blooms (Hallegraeff et al., 2021). Nevertheless, the global
warming trend is supposed to favor the proliferation and expansion of these
harmful genera. Therefore, the probable raise in the occurrence of ciguatera
poisoning events in new areas increases the threat to human health.

To date, 18 Gambierdiscus species (Chinain et al., 1999; Fraga et al., 2011;
Jang et al., 2018; Kretzschmar et al., 2019; Litaker et al., 2009; Nishimura et
al., 2014; Rhodes et al., 2017), and 3 Fukuyoa species have been described
(Gomez et al., 2015). Only few species of these genera have demonstrated the
ability to produce toxic compounds (G. australes, G. caribaeus, G. excentricus,
G. pacificus, G. polynesiensis, G. toxicus and F. paulensis) (Chinain et al.,
2010; Fraga et al., 2011; Gaiani et al., 2020; Litaker et al., 2017; Longo et al.,
2019; Pisapia et al., 2017a; Rhodes et al., 2014; Rossignoli et al., 2020; Sibat
et al., 2018). Hence, identifying the presence of Gambierdiscus and Fukuyoa
toxin-producing species directly in field samples can be very useful for
predicting and assessing the risk of ciguatera outbreaks. Light microscopy and
electron microscopy are the techniques most commonly used to identify
Gambierdiscus and Fukuyoa, but they suffer from the drawback that it is almost
impossible to achieve species identification using these techniques alone. In
fact, the use of genetic sequencing is practically mandatory to correctly assign
the species to field sample isolates (Bravo et al., 2019), and to this end,
molecular techniques are increasingly used to identify species of interest in
field samples. Regarding Gambierdiscus and Fukuyoa, the quantitative
polymerase chain reaction (qPCR), has been used for the identification and
quantification of G. belizeanus, G. caribaeus, G. carolinianus, G. carpenter
and G. ruetzleri (Vandersea et al., 2012), G. australes and G. scabrosus
(Nishimura et al., 2016), Gambierdiscus/Fukuyoa and F. paulensis (Smith et
al., 2017), G. excentricus and G. silvae (Litaker et al., 2019), and G. lapillus
(Kretzschmar et al., 2019). However, all these techniques require laboratory
work, resulting in a time lag between field sampling and species detection.
Thus, to shorten the time between these events, researchers have developed
molecular-based strategies that could be integrated into portable devices for the
in situ detection of microalgae (Medlin et al., 2020; Toldra et al., 2018a; Toldra
etal., 2019b).

In this work, we used species-specific PCR primers for G. australes and
G. excentricus modified with short oligonucleotide tails to create a multiplex
detection system for these two toxin-producing species (Figure 1). The species-
specific detection was achieved using capture probes of G. australes and
G. excentricus immobilized on maleimide-coated magnetic beads (MBs), and
subsequently capturing them separately on the working electrodes of a dual
electrode array. One tail of the amplified products binds specifically to the
corresponding capture probe and the other to an enzyme-labelled reporter
probe. A similar approach was previously used for the detection of other toxic
marine dinoflagellates (Toldra et al., 2019b), and this is the first time that such
a strategy is combined with a dual electrochemical biosensor and used for the
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simultaneous detection of two toxin-producing Gambierdiscus species in field
samples. In addition, a rapid DNA extraction technique combining a portable
bead beater system and MBs was developed, which reduces the extraction time
from several hours to a few minutes, which can be considered as a step forward
for the extraction of samples directly in field. Moreover, we used the sandwich
immunosensor previously developed by our group (Gaiani et al., 2020), to
screen CTX contents directly in field samples. This technique involves the use
of monoclonal antibodies (mAbs) specific for CTXs. Specifically, two capture
antibodies were used, the 3G8 mAb which has affinity for the left wing of
CTX1B and 54-deoxyCTX1B (Tsumuraya et al., 2012), and the 10C9 mAb
which has affinity for the left wing of CTX3C and 51-hydroxyCTX3C (Oguri
et al., 2003). Moreover, a detector antibody, 8H4 mAb was used for the
recognition of the right wing of the four congeners (Tsumuraya et al., 2006).
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Figure 1. Schematic representation of the strategy developed in this work. (A) Species-specific
capture probes were immobilized separately on maleimide-coated MBs and then (B) exposed to
PCR products. (C) Detection of tailed G. australes and G. excentricus PCR products was
achieved on each working electrode of a dual electrode array using amperometry.

2. Materials and methods

2.1. Microalgal cultures and field samples

One strain of G. australes obtained from the IRTA collection (IRTA-SMM-
16_286) and one of G. excentricus from the Culture Collection of Microalgae
of the Instituto Espafiol de Oceanografia (CCVIEO) in Vigo, Spain (VGO791)
were used in this work. Monoclonal cultures were grown in polystyrene flasks
containing 500 mL of modified ES medium (Provasoli, 1968) prepared with
filtered and autoclaved seawater from L’Ametlla de Mar, Spain (salinity
adjusted to 36 psu). Cultures were maintained at 24 + 1 °C under a photon flux
rate of 100 umol m? s "t with a 12:12h light:dark regime. Culture aliquots were
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fixed with 3% v/v Lugol’s iodine and counted using a Kolkwitz chamber
(Hydro-Bios, Altenholz, Germany) under an inverted light microscope (Leica
DMIL, Spain), following the Sedgwick-Rafter method (Greeson, 1977) every
second day. Once the cultures reached the early exponential phase (ca. 21 days),
microalgal pellets of 10* cells were prepared splitting accordingly the entire
culture volume in 50 mL tubes. The tubes were then centrifuged at 2,500 rpm
for 25 min (Allegra X-15R, Beckman Coulter, Brea, USA). Supernatants were
discarded and tubes were stored at -20 °C until DNA extraction. A total of 12
samples were collected in Majorca during October 2020 (Table 1). For the
sampling, 100-200 g fresh weight of microalgae substrate were mixed with 250
mL of seawater, vigorously shaken and filtered through a 200-pm mesh. Once
the 250-mL bottles reached the laboratory, the entire volume was fixed with
3% v/v Lugol’s iodine solution and 10 mL of the fixed samples were stained
with Calcofluor white M2R (Sigma Aldrich, Spain) for identification and
counted under UV light using an epifluorescence microscope (LEICA DMLB)
with the Uterméhl method (Utermdéhl, 1958). Cell abundances were expressed
as cell L. Fifty millilitre aliquots from each field sample were centrifuged at
2,500 rpm for 25 min. Supernatants were discarded and tubes were stored at -
20 °C until DNA extraction.

2.2. DNA extraction methods

Several DNA extraction methods were compared in this work in order to
identify the most rapid, efficient and suitable to be used in field analysis. Firstly,
extraction of genomic DNA was performed using a bead beating system and
the phenol/chloroform/isoamyl alcohol method (Toldra et al., 2019a). Briefly,
cell culture pellets were re-suspended in 200 uL of lysis buffer (1 M NacCl,
70 mM Tris, 30 MM EDTA, pH 8.6) and transferred to 2-mL screw-cap
cryotubes containing ca. 20 pug of 0.5-mm diameter zirconium glass beads
(BioSpec, USA). Subsequently, 25 uL of 10% w/v DTAB and 200 pL of
chloroform were added and cellular disruption was performed with a Bead
Beater-8 (BioSpec, Bartlesville, USA) for 45 s at full speed. Disrupted cells
were then centrifuged at 2,300 rpm for 5 min (Eppendorf 5415D, Hamburg,
Germany), the aqueous phase was transferred to a fresh tube and DNA was
extracted using a standard phenol/chloroform/isoamyl alcohol method as
described in Sambrook et al. (1989). Precipitation of the DNA was then
performed by the addition of 2 volumes of absolute ethanol and 0.1 volumes of
3 M sodium acetate (pH 8.0). The DNA was rinsed with 70% v/v ethanol and
then dissolved in 50 uL of molecular biology grade DNAse/RNAse-free water.
This procedure was considered to be the reference method.

Additionally, DNA was extracted from cell culture pellets using the Biomeme
Sample Prep Kit for DNA (Biomeme Inc., Philadelphia, USA) using the
protocol optimized by Toldra et al. (2018b), with some minor modifications.
Briefly, cell pellets were re-suspended in 250 pL of lysis buffer and moved to
2-mL screw-cap cryotubes containing ca. 20 pg of 0.5-mm diameter zirconium
glass beads and cell disruption was performed as described above.
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Homogenized cell pellets were added to tubes containing 500 uL of Biomeme
Lysis Buffer and pumped through a syringe with an ion exchange cartridge
attached (5 pumps). Subsequently, samples were washed with 500 pL of
Biomeme Protein Wash and 500 pL of Biomeme Salt Wash. Each wash step
consisted of a single pumping. Samples were then dried by pumping only air
through the columns ( ca. 50 pumps), and finally the samples were eluted in
250 pL of Biomeme Elution Buffer (5 pumps).

DNA was also extracted from cell culture pellets using the Dynabeads™ DNA
DIRECT™ Universal Kit (Thermo Fisher, Barcelona, Spain), following the
manufacturer’s instructions with some minor modifications. Briefly, cells were
first re-suspended in 100 pL of lysis buffer, transferred to 2-mL screw-cap
cryotubes containing ca. 10 pg of 0.5-mm diameter zirconium glass beads, and
bead beating was carried out as for the previous extraction methods. This
procedure was also tested without the bead beating step. Subsequently, the
disrupted cells were moved to new tubes and 200 pL of Dynabeads™ fully
resuspended in lysis buffer (provided by Thermo Fisher) were added to each
sample with a rapid pipetting action, and the protocol was then followed as
recommended by the manufacturer. After 5 min, tubes were placed on a magnet
and the supernatant was discarded. The tubes were then removed from the
magnet and 200 pL of Washing Buffer (1X) were rapidly pipetted into each
tube. Again, tubes were placed on the magnet and supernatant was discarded.
The washing step was repeated twice. After discarding the supernatant, tubes
were removed from the magnet and DNA/Dynabeads™ complexes were re-
suspended and homogenized (by pipetting) in 30 uL of resuspension Buffer.
DNA was eluted off the Dynabeads™ by incubation at 65 °C for 5 min. Tubes
were placed one last time on the magnet and the eluted DNA was transferred to
new tubes. With the aim of moving closer to DNA extraction that could be
carried out in the field, the bead beating step was also performed with a
TerraLyzer (Zymo Research, USA), a portable bead beater. A 2-mL screw-cap
cryotube containing ca. 20 pug of 0.5-mm diameter zirconium glass beads
(BioSpec, USA) was again used for each sample, and bead beating was
performed for 1 min instead of 45 s.

The genomic DNA obtained with the different techniques was quantified and
checked for purity by measuring the absorbance at 260/280 using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Spain), and subsequently
stored at -20 °C until analysis.DNA from field samples was extracted from one
of the 50 mL tubes, by resuspending the pellets in 1 mL of seawater, and then
taking 500 uL to be processed with the chosen technique (Terralyzer and MBs).
The remaining 500 pL were used for CTX extraction.

2.3. DNA amplification

In this study, three different primers previously developed by our group (two
reverse primers specific for G. australes and G. excentricus and a common
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forward primer) (Gaiani et al., 2021) were used. Primers were designed within
the D1-D3 region of the 28S LSU ribosomal DNA (rDNA) gene and
synthesized by Biomers (UIm, Germany). Particularly, species-specific reverse
primers were modified with oligonucleotide tails that bind to their
corresponding species-specific thiolated capture probes. The forward primer
was also modified with a tail that hybridizes with the reporter probe containing
a horseradish peroxidase (HRP) enzyme as label (Table S1). The primers are
between 24 and 26 bp long and amplify a product of around 150 bp. Tails and
probes were tested using Multiple Primer Analyser Software (Themo Fisher
Scientific) to confirm absence of cross-reactivity with primers and target
sequences.

DNA was amplified using the Invitrogen Tag DNA kit (Thermo Fisher
Scientific, Madrid, Spain). In the amplification of just one target DNA with its
corresponding pair of primers (single PCR reactions), each reaction mixture
contained 0.5 pL of 0.2 uM of each primer, 3 pL of 600 uM dNTP, 5 pL of
PCR Buffer 1X (-Mg), 2 uL of 2 mM MgCl,, 0.2 pL of 1 U of Taq polymerase,
2 uL of template DNA, and DNAse/RNAse-free water up to 50 uL. The
amplification reactions in presence of the three primers (multiplex PCR
reaction) contained 0.5 uL of 0.2 uM of each reverse primer and 1 pyL of
0.4 uM of the forward primer, all the other reagents were kept at the same
concentrations, and DNAse/RNAse-free water was added up to 50 pL. Non-
target controls (NTCs, only DNAse/RNAse-free water) were included in the
experimental design. To optimize the system, 1 uL of DNA (1 ng uL?) of each
target species was used. After optimization, the amplification protocol was as
follows: 95 °C for 5 min, 40 cycles of 95 °C for 30 s, 59 °C for 30s and 72 °C
for 30s, terminated by a final elongation at 72 °C for 5 min. Amplifications
were carried out in a Nexus Gradient Thermal Cycler (Eppendorf Iberica,
Madrid, Spain). PCR products were then purified using a Genelet PCR
purification kit (Thermo Fisher Scientific, Madrid, Spain) following the
manufacturer’s instructions, resulting in 50 uL of DNA in TE (Tris-acetate-
EDTA) buffer following the final elution step. The size of the products from
the PCR reactions were checked with agarose (2% w/v) gel electrophoresis.

2.4. Colorimetric assay

Thiolated capture probes were prepared in 100 mM phosphate, 150 mM NaCl,
pH 7.4, at a concentration of 500 nM and 50 pL were incubated in each well of
a maleimide-coated plate (Pierce maleimide-activated microtitre plates from
Thermo Fisher Scientific, Madrid, Spain). A first blocking of the non-
functionalised maleimide groups was performed via the addition of 200 pL of
a 100 pM 6-mercapto-1-hexanol solution dissolved in Milli-Q water. A
secondary blocking was executed with 200 pL of 5% w/v skimmed milk in
PBS, to avoid non-specific adsorption. Subsequently, 45 puL of PCR product
was exposed to the immobilized capture probes, followed by addition of 50 pL
of 10nM HRP-conjugated reporter probe in washing buffer (100 mM
phosphate, 150 mM NacCl, 0.05% v/v Tween-20, pH 7.4). Three washing steps
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were performed between each step. Capture probe immobilization was
performed overnight at 4 °C, whereas all the other incubations were performed
at room temperature for 30 min. For all the incubation steps, a microplate
shaker was used, to obtain a constant gentle agitation. Finally, 100 uL of TMB
(3,3',5,5'-tetramethylbenzidine) Liquid Substrate System for ELISA (Sigma-
Aldrich, Tres Cantos, Spain) were added and after 10 min, the absorbance was
measured at 620 nm using a Microplate Reader KC4 (BIO-TEK Instruments,
Winooski, USA). Gene 5 software was used to collect and evaluate the data.
Colorimetric measurements were performed in duplicate.

2.5. Electrochemical biosensor

For the electrochemical biosensor, 5 uL of PureCube maleimide-activated
MagBeads (Cube Biotech, Monheim, Germany) were transferred to a tube to
be used as immobilization substrates for each of the capture probes. Fifty
microlitres of the thiolated capture probe (500 nM in 100 mM phosphate,
150 mM NaCl, pH 7.4) were added and incubated overnight at 4 °C.
Afterwards, 50 pL of 6-mercapto-1-hexanol solution (100 pM in 100 mM
phosphate, 150 mM NaCl, pH 7.4) were added to block non-functionalised
maleimide groups. Subsequently, conjugates were suspended in 5 pL of
washing buffer. MB-capture probe conjugates (4.5 pL) were placed in new
tubes and the supernatant was discarded with the aid of a magnetic stand. PCR
product (45 pL) was then added, followed by the addition of 90 pL of 10 nM
HRP-labelled reporter probe, diluted in washing buffer. Samples were washed
three times after each step. All steps were performed for 30 min and under tilt
agitation at room temperature (apart from capture probe immobilization).

For the electrochemical measurements, 10 uL of the oligocomplexes with the
G. australes capture probe were captured on one of the working electrodes of a
dual screen-printed carbon Dropsens electrode array (DRP-X1110) with a
customized magnetic support underneath, and 10 uL of the oligocomplexes
with the G. excentricus capture probe were captured on the other electrode.
TMB Enhanced One Component HRP Membrane Substrate (100 pL) (Sigma-
Aldrich, Tres Cantos, Spain) was added and incubated for 10 min, followed by
application of -0.2V vs. Ag for 5 s. The reduction current was measured by
amperometry using an Autolab (Methrom, Madrid, Spain). Nova 2.1.4 software
was used to collect and evaluate the data. Electrochemical measurements were
performed in triplicate.

2.6. DNA extraction and sequencing from single cells isolated in field
samples

Single cells from field samples were isolated as described in our previous work
(Gaiani et al., 2021). Extraction of genomic DNA from these single microalgal
cells was performed using an Arcturus PicoPure DNA Extraction Kit (Thermo
Fisher Scientific, Spain) following the manufacturer’s instructions. Briefly, 155
pL of reconstitution buffer were added to one of the provided vials with
lyophilized proteinase K and mixed. Once dissolved, 10 pL of the solution were
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added to each tube containing single cells isolated from field samples and
identified as Gambierdiscus with light microscopy. DNA extraction was then
achieved with a Nexus Gradient Thermal Cycler (Eppendorf, Spain) by
incubating at 65 °C for 3 h ending with a step at 95 °C for 10 min. Extracted
DNA was stored at -20 °C until analysis. The D1-D3 domain of the 28 S rDNA
gene was amplified using G. excentricus primers (Table S1) in the single PCR
mode as described in Section 2.3. The PCR reactions of single cell DNA
preparations were executed in a total volume of 25 pL containing 600 pM
dNTP, 2 mM MgCly, 0.2 uM of each primer, 1 U of Taq polymerase, 5% v/v
DMSO, and 2 pL of the DNA extracted from single cells. Amplifications were
performed in a Nexus Gradient Thermal Cycler (Eppendorf, Spain) and
included 45 cycles of amplification following a three-step protocol (95 °C for
30 s, 60 °C for 45 s and 72 °C for 30 s). Each PCR reaction was checked by
agarose (2% wi/v) gel electrophoresis. PCR products of 150 bp were purified
with QlAquick PCR Purification Kit and bidirectionally sequenced (Sistemas
Genomicos, LLC, Valencia, Spain). Forward and reverse sequence reads were
edited using BioEdit v7.0.5.2 (Hall, 1999), and the consensus sequences
obtained were checked for similarities with the NCBI BLAST function.

2.7. Ciguatoxin extraction and detection

For the extraction of ciguatoxins from field samples, the remaining 500 pL of
the 1-mL pellet resuspension used for DNA extraction were processed
according to the protocol described in our previous work (Gaiani et al., 2020).
Briefly, this volume was centrifuged, and supernatant was discarded and 1 mL
of MeOH was then added to each tube and re-suspended pellets were
transferred to 2-mL screw-cap cryotubes containing ca. 50 pg of 0.5 mm
diameter zirconium glass beads. Subsequently, bead beating was conducted for
3 runs of 40 s each and extracts were then centrifuged at 3,700 rpm for 1 min
and transferred to glass vials. Extracts were stored at -20 °C until analysis.

Analyses of extracts were performed as described in our previous work (Gaiani
etal., 2020). Briefly, Dynabeads M-270 Carboxylic Acid MBs (Invitrogen, Life
Technologies S.A., Alcobendas, Spain) were first activated with an EDC and
NHS solution and then incubated with the capture mAb 3G8 (left wing of
CTX1B and 54-deoxyCTX1B) or 10C9 (left wing of CTX3C and 51-
hydroxyCTX3C) (Tsumuraya and Hirama, 2019). After incubation, the mAb-
MB conjugates were washed, and an equal volume of both was placed into new
tubes, exposed to microalgal extract (previously evaporated and suspended in
PBS-Tween) or CTX1B standard (for the construction of the calibration curve).
A blocking step was then performed in PBS-Tween-BSA. The conjugates were
then incubated with a biotinylated 8H4 mAb, which binds to the right wing of
CTX1B and 54-deoxyCTX1B and has cross-reactivity with the right wing of
CTX3C and 51-hydroxyCTX3C. Finally, immunocomplexes were incubated
with polyHRP-streptavidin, washed, and re-suspended in PBS-Tween.
Electrochemical measurements were performed on the working electrodes of
an 8-electrode array, following addition of TMB and H.0,, and measuring the
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reduction current using amperometry (-0.2 V vs. Ag for 5 s). Measurements
were performed in triplicate.
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Table 1. Gambierdiscus cell abundances of samples from Majorca obtained with the developed biosensor and light microscopy following the Uterméhl method.

. Light
Biosensor :
microscopy
. . Macrophyte
Sampling point Sample code S
substrate G. australes G. excentricus Total Gaml?slsrr)dlscus
-1 -1 -1 .
(cell L™ (cell L) (cell L) (cell LY
Cala Gat 2020-ME-886* Posidonia oceanica ND ND ND ND
Platja Canyamel 2020-ME-906* Posidonia oceanica ND ND ND ND
Portocolom 2020-ME-946* Posidonia oceanica ND ND ND ND
Platja Canyamel 2020-ME-914 Corallina elongata 484 176 660 5,800

Digenea simplex

Digenea simplex
Cala Anguila 2020-ME-930 Corallina elongata 349 109 458 7,800
Jania adhaerents

Cala Anguila 2020-ME-934 Corallina elongata ND 280 280 700
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Cladostephus

Cala Llombards 2020-ME-966 . 515 108 623 2,700
spongiosus
Halopteris scoparia

Cala Llombards 2020-ME-970 Jania adhaerents 1,181 58 1,239 36,100
Cala Galiota 2020-ME-986 Halopithys incurva 428 ND 428 3,200
Cala Galiota 2020-ME-990 Halopithys incurva 4,824 1,883 6,707 1,000
Cala Galiota 2020-ME-994 Posidonia oceanica 536 163 699 100
Cala Mosques 2020-ME-1034 Posidonia oceanica 2,536 273 2,809 2,300

(rizoma)

(Continues from the previous page

*Samples used for the control trial without Gambierdiscus spp. ND: not detected)
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3. Results and discussion
3.1. Optimization of PCR and DNA extraction methods

The DNA used for this experiment was extracted from pellets obtained from 50
mL of microalgal cultures and using the phenol/chloroform/isoamyl alcohol
method. The Dynabeads™ DNA DIRECT™ Universal Kit procedure was also
tested without the bead beating step, to check if it was possible to furtherly
reduce time and machinery to perform the extraction. However, Gambierdiscus
are known to be armored microalgae, and the disruption of their thecae can be
a difficult task to perform.

PCR conditions were optimized with the colorimetric assay on microtiter
plates, and the final optimization led to the results shown in Figure 2.
Absorbance values in the presence of target DNA at 1 ng pL™ and the
corresponding capture probe were always higher than the NTC absorbance
values, indicating that the system is able to discriminate between the presence
and absence of target DNA. In the presence of both G. australes and G.
excentricus DNA, absorbance signals were also observed and clearly
distinguished from the NTC. The absorbance values for the amplification of
G. australes DNA in the presence of G. excentricus DNA were higher than
those obtained for the amplification of G. excentricus DNA in the presence of
G. australes DNA. This effect, also observed in our previous work (Gaiani et
al., 2021), seems to indicate that the G. australes primers are more efficient
than the G. excentricus ones when both species are present.

O G. austraies M G. excentricus 8 G. australes and G. excentricus ONTGC

% s [ N _
TN B BT
AB A B A B A B AB A B
Single Multiplex

Figure 2. Absorbance values of the PCR-SHA on microtiter plates using single and multiplex
PCR. Measurements were performed in triplicate and bars indicate standard deviations. Black
line separates results obtained with the single and multiplex strategies. A: G. australes capture
probe; B: G. excentricus capture probe.
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Using the optimized PCR, the different DNA extraction protocols (described in
Section 2.2) were evaluated. For this test, 1,000 cells from G. australes IRTA-
SMM-16_286 and 1,000 cells from G. excentricus VGO791 were extracted
with each technique. This concentration of cells was chosen as a compromise
between a low number of cells and the possibility to obtain sufficient good-
quality DNA for the amplification. In this experiment, 1 uL of each extracted
DNA was amplified with the multiplex PCR protocol, and the amplified
product was then exposed to the G. australes and G. excentricus capture
probes. For all protocols and for both species, higher absorbance values were
observed in the presence of the amplified product obtained from a target DNA
with its corresponding capture probe (i.e., G. australes target DNA with
G. australes capture probe, and G. excentricus target DNA with G. excentricus
capture probe) than in the presence of the non-corresponding capture probe
(Figure 3). Comparing the extraction techniques, the use of the TerraLyzer with
MBs was the only one that provided absorbance values close to the ones
obtained with the phenol/chloroform/isoamyl alcohol method for both species,
which in this experiment is considered as the standard method. This method is
also advantageous because the bead beating step with the TerraLyzer can be
performed in the field, since it is a portable device with a compact charging
system, and also because the use of MBs significantly reduces the DNA
extraction time (from several hours to 30 min).

It is known that rDNA copies per cell can vary according to species, strain,
geographic origin and growth phase (Galluzzi et al., 2010; Kretzschmar et al.,
2019; Nishimura et al., 2016; Vandersea et al., 2012). Hence, to minimize
differences due to the copy number, the G. australes and G. excentricus strains
chosen for this experiment came from the same geographic region (Canary
Islands) and cells were harvested at the same growth phase (i.e., exponential).
However, the G. excentricus always provided lower absorbance values than the
G. australes. Even though we tried to minimize as much as possible the effect
of the rDNA copy number, the performance of the assay may be affected by
this factor.

In fact, these results are in agreement with those previously obtained with the
recombinase polymerase amplification (RPA), which showed different
absorbance values between several G. australes and G. excentricus strains at
the same DNA template concentration (Gaiani et al., 2021). The chosen rapid
DNA extraction technique (Terralyzer and MBs) enables the procurement of
DNA quality and quantity equivalent to that obtained using the reference
method, moving towards the realization of an in situ DNA extraction method.
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Bead Beater and Bead Beater and Bead Beater and Magnetic Beads Terralyzer and
Phenol/Chloroform Biomeme Magnetic Beads Magnetic Beads

Figure 3. Absorbance values of the PCR-SHA (single) on microtiter plates using 103 cells and
different DNA extraction methods. Measurements were performed in triplicate and bars indicate
standard deviations. A: G. australes capture probe; B: G. excentricus capture probe.

3.2. Electrochemical biosensor for DNA detection

Using the optimized PCR conditions, calibrations curves for G. australes and
G. excentricus were constructed using the dual biosensor and genomic DNA
extracted from 104, 103, 102 and 10 cells of each species as well as dilutions of
genomic DNA extracted from a sample containing 10* cells (using the
Terralyzer and MBs for the DNA extraction). The precipitation of TMBx was
chosen, since it has been reported as an efficient electrochemical substrate (del
Rio et al., 2014). In our configuration, the HRP-labelled reporter probe
hybridizes with the tail of the amplified product, which is hybridized with the
G. australes or G. excentricus capture probe on the MBs. In the presence of
HRP in the system, the addition of TMB Enhanced One Component HRP
Membrane Substrate produces a stable electroactive precipitate at the surface
of the electrode that does not dissolve in aqueous buffer, as TMB used for
colorimetric ELISA normally does (Sanchez et al., 2016). In this way, it was
possible to differentiate between the presence of amplified product on one
electrode and the absence on the other, without cross-reactivity.

Results showed higher reduction current intensity with increasing
concentrations of DNA for both DNA extracted from cells as well as dilutions
of genomic DNA, as expected. The analysis of dilutions of G. australes
genomic DNA resulted in higher absorbance values in comparison to the
corresponding extracted cells (Figure 4A). It is important to take into account
that in the calibration curve obtained from the cell dilutions, there is an
extraction step for each point of the curve. The efficiency of this extraction step
may be compromised by the number of cells, and may be lower when cells are
more dispersed in the lysis buffer. However, on the other hand, the analysis of
dilutions of G. excentricus genomic DNA and extracted cells resulted in closer
absorbance values between equivalent concentrations (Figure 4B). We
postulate that the cells of this strain and culture may be easier to disrupt in
comparison to the G. australes ones, and thus the effect of the efficiency of the
extraction is less notable. For both G. australes and G. excentricus, the strategy
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facilitated successful extraction of DNA, allowing detection of a small number

of cells (10).

A Gambierdiscus australes SUbsequently’ " 0
demonstrate the ability of the
o T ¢ dual biosensor to
26:000 I § simultaneously detect both
< 5,000 5 i} species, nine mixtures of
£ somo I : cells (Table 2) were prepared
£ 2000 I and DNA was extracted with
1,000 the TerraLyzer and MBs,
o © . Lo o a@mplified with PCR
cells (multiplex), and analyzed
cell dilutions © genomic DNA dilutions with the biosensor. The
results obtained demonstrate
B Gambierdiscus excentricus that reduction currents above
8,000 the background are observed
A;ggg 3 . > when the target amplified
2 so0 products are exposed to the
Z 2000 corresponding capture
g 2,000 8 probes. The system allows
s discrimination between
' amplified products

1 10 100 1,000 10,000

belonging to G. australes

Figure 4. Calibration curves obtained from the extraction and G. excentricus species.
ofglo, 162, 10% and 10* cells (grey/black) and genomic Negllglble_ signals  were
DNA dilutions from 10* cells (white) using the dual observed in the absence of
biosensor (multiplex). Measurements were performed in both targets, i.e. mix 9
triplicate and bars indicate standard deviations. A: (Figure 5)_ As observed in
G. australes; B: G. excentricus. previous experiments, the

presence of the non-target
amplified product affects the detection of the target ones. Indeed, the analysis
of the mixes in which only one of the two target species is present (mixes 1 and
4 for G. australes and mixes 7 and 8 for G. excentricus) gave higher current
intensity values in comparison with the mixes with the same amount of target
cells, but in the presence of different concentrations of the other species (mixes
2, 3, 5 and 6). The observed differences could be attributed to a better affinity
of the primers for the target region of G. australes, since its presence seems to
hinder more the detection of G. excentricus than the contrary even though,
when only G. excentricus is present (mixes 7 and 8), current intensities are
higher than for G. australes (mixes 1 and 4). Again, as observed in the previous
experiment (Figure 4), it seems that G. excentricus cells are easier to lyse than
those of G. australes. Therefore, a better extraction efficiency of G. excentricus
cells can also be the explanation for the differences observed. However, as
mentioned above, the rDNA copy number cannot be excluded as one of the
reasons contributing to these differences. Moreover, the presence of

cells
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G. australes cells has a higher effect on the detection of G. excentricus than the
contrary (mixes 2 and 6). Nevertheless, at an equal concentration of cells (mixes
3 and 5), the intensity values are similar, indicating that, even if the detection
is to some extent influenced by the non-target species, the system recognizes
both. In summary, since the specificity of the primers allows them to amplify
target DNA even in the presence of non-target species belonging to the same
genus (as demonstrated in this work and in Gaiani et al., 2021), the system is
suitable for the screening of field samples.

Table 2. G. australes and G. excentricus cells amount for each mix.

Mix number G. australes  G. excentricus
cells cells
1 10° 0
2 103 102
3 103 108
4 10? 0
5 102 102
6 102 108
7 0 102
8 0 108
9 0 0

3.3. G. australes and G. excentricus DNA detection in field samples

To evaluate the applicability of the TerraLyzer and MBs protocol combined
with the dual biosensor for the analysis of field samples, a preliminary
experiment was performed using several dilutions (pure, 1:10, 1:100, 1:1,000)
of DNA extracted from samples in which no Gambierdiscus sp. had previously
been detected with light microscopy (2020-ME-886, 2020-ME-906, 2020-ME-
946 in Table 1), but other microalgae were present (Table S2). Results
demonstrate that the presence of other genera of microalgae did not give current
intensity values higher than the limit of detection (LOD). The amount of
Gambierdiscus spp. cells, if any, was below the LOD for both G. australes and
G. excentricus. Subsequently, 102, 10° and 10* G. australes cells were spiked
into those field samples. Samples spiked with G. excentricus cells were
prepared in a similar manner. DNA was again extracted with the TerraLyzer
and MBs protocol and PCR amplification was performed with several dilutions
of the extracted DNA (pure, 1:10, 1:100, 1:1,000). Results were very similar to
those obtained in the construction of the calibration curves, but at 1:1,000 DNA
dilutions, indicating that the field sample matrix affects the detection of the
target species, in agreement with that observed by Nishimura et al. (2016).
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Figure 5. Current intensity values of the PCR-SHA (multiplex) on the dual electrode using
mixes with different amounts of G. australes and G. excentricus cells. Measurements were
performed in triplicate and bars indicate standard deviations. A: G. australes capture probe; B:
G. excentricus capture probe.

Subsequently, DNA was extracted from 9 field samples from Majorca in which
Gambierdiscus spp. had previously been detected with light microscopy, using
the TerraLyzer and MBs protocol (Table 1). DNA was diluted 1:1,000,
multiplex PCR was performed, and the amplified products were analyzed with
the dual biosensor. Cell abundancies were estimated using the calibration
curves of cell dilutions. Results showed an overall higher estimated abundance
of G. australes cells rather than G. excentricus (Table 1), with the exception of
sample 2020-ME-934 in which G. australes was not detected. Furthermore,
G. excentricus was not detected in sample 2020-ME-986. In general (6 out of 9
samples), the cell abundances estimated with our strategy are lower than the
ones obtained with light microscopy (apart from sample 2020-ME-990, 2020-
ME-994 and 2020-ME-1034, in which the difference in cell abundance
estimation does not go over one order of magnitude), similar to that reported
by Vandersea et al. (2012). This may be attributable to the rDNA copy number
of the field samples cells differing with that obtained in cultured cells, and this
can result in an over/under estimation of the real cell abundances in a sample
(Galluzzi et al., 2010; Andree et al. 2011). Additionally, it should be taken into
consideration that other species may also be present in the samples and their
identification based on morphological features by light microscopy is almost
impossible due to the similarities among species of this genus (Litaker et al.,
2009). Recently, another biosensor for the detection of different toxin-
producing microalgae, including G. australes and G. excentricus, was
developed (Medlin et al., 2020), where they used an approach similar to our
system with synthetic DNA or RNA of G. australes and G. excentricus. The
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LOD achieved by Medlin and coworkers was close to 1 pM of RNA, but they
did not provide a corresponding quantification of cell abundance. Nevertheless,
for the other dinoflagellates targeted in their study, the number of cells
corresponding to 1 pM of RNA ranged from 10 to 444 cultivated cells, so it is
probable that the LOD for Gambierdiscus species is in that range, and thus,
similar to our results. While the technique presented by Medlin and coworkers
is faster, as there is no PCR step, the analysis of genomic DNA/RNA or the
screening of field samples was not demonstrated. Additionally, RNA has a
highly labile nature, thus detecting it from fixed field samples cells can be
problematic (Loukas, et al., 2017). Therefore, despite its limitations, the
strategy developed by our group can be considered as a successful step towards
practical application in the field, with the developed biosensor allowing the
simultaneous discrimination between G. australes and G. excentricus, both of
which are known toxin-producing microalgae species, making the tool suitable
for monitoring and research programs. Moreover, Gambierdiscus cell
abundances in field samples can reach more than 1,000,000 cells per g wet
weight algae (Chinain et al., 1999; Litaker et al., 2010; Vandersea et al., 2012),
but CTX production has also been detected at very low cell abundances (80.4
+ 56.9 cells per g Dictyota, Liefer et al. (2021)). Therefore, the ability to detect
low Gambierdiscus cell abundances in field samples is of utmost importance to
provide timely warnings of possible ciguatera outbreaks, thus enabling
informed management decisions.

3.4. First report of Gambierdiscus excentricus in Balearic Islands

To date only one species of Gambierdiscus, G. australes, has been described in
the Balearic archipelago (Tud6 et al., 2018, Tudo et al., 2020a). Our results
obtained from the screening of field samples with the developed biosensor
revealed the presence of DNA belonging to G. excentricus. Therefore, to have
a further confirmation, several single cells were isolated from field samples,
and the DNA was extracted and sequenced. Results showed that, among the
analyzed cells, 5 belonged to G. excentricus species (2 from Cala Galiota, 2
from Platja Canyamel and 1 from Camp de Mar, see Figure 6). As significant
as this discovery might seem, it is not entirely surprising since Gambierdiscus
species have been found in cohabitation in several studies of other locations
(Nishimura et al., 2016; Vandersea et al., 2012; Tester et al., 2020; Tudo et al.,
2020b). Particularly, in the Canary Islands G. excentricus is usually
accompanied by the presence of G. australes (Tudo6 et al., 2020b). Nevertheless,
G. excentricus was the first species identified and described in the Canary
Islands (Fraga et al., 2011), and only some years later, G. australes was
identified in field samples together with the description of another new species,
G. silvae (Fraga and Rodriguez, 2014). Something similar happened in the
Mediterranean, where the presence of Gambierdiscus was recorded for the first
time in Crete (Aligizaki and Nicolaidis, 2008) (the species was not assigned
then, even if the authors stated that it was a “G. toxicus type”). Later on, G.
carolinianus (Holland et al., 2013), G. cf. belizeanus and G. silvae (Aligizaki
et al., 2018) were found and identified again in Crete waters. In 2018, Tud6 and
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coworkers reported the presence of G. australes in the Balearic Islands (Tudé
etal, 2018; Tudé et al., 2020a), and the detection of another species in Majorcan
waters was somewhat expected. The reason behind the delay in detecting
different species is still unclear. It can either be due to an increase in the
monitoring effort, which can cause a perceived increase in the reports of
Gambierdiscus spp. outside of their endemic area (as Hallegraeff et al. (2021)
demonstrate for the perceived global increase in algal blooms), or to the true
recent introduction of Gambierdiscus spp. In this last scenario, coastal ship
traffic could play an active role as a vector of introduction, as this has already
been found to be responsible for the transport of various genera of harmful
dinoflagellates (Butron et al., 2011; Roy et al. 2012). Another hypothesis could
involve the transport through plastics or other types of substrates.

3.5. Ciguatoxin detection in

Majorca field samples

h Analysis with our previously
developed  immunosensor
with the combined 3G8 and
10C9 capture antibodies
revealed the presence of
quantifiable CTX1B
equivalents in 1 (2020-ME-
970 from Cala Llombards)
out of the 9 analyzed
samples. Three samples
(2020-ME-990 and 2020-
ME-994 from Cala Galiota
and 2020-ME-1034 from
Cala Mosques) showed very
low CTX1B equivalents,

Figure 6. Sampling points of Majorca. (1) Cala Gat, (2) which were not quantifiable,
Platja Canyamel, (3) Cala Anguila, (4) Portocolom, (5) since the values were above

Cala Llombards, (6) Cala Galiota, (7) Cala Mosques and
(8) Camp de Mar. Grey color indicates the points from the LOD but below the LOQ.

which G. excentricus single cells have been isolated and Recently, Liefer and
identified. coworkers (2021) suggested

considering a cell toxin quota
(pg CTX equiv. cell) rather than cell abundances to investigate the presence
of CTX, since in their studies CTX detection mostly occurred in the presence
of low abundances of Gambierdiscus cells. Liefer et al. (2021) converted the
mouse units (one mouse unit = 18 ng of CTX3C for Pacific samples and 72 ng
of C-CTX-1 for Caribbean samples) of the mouse bioassay (MBA) data
obtained in previous works to CTX toxin quotas (whose ranges were 0.03-1
(Bagnis et al., 1980), 0.05-1.35 (Bagnis et al., 1990), 0.09-3.60 (Chinain et al.,
1999), 1.14-5.14 (McMiillan et al., 1986), 0.23 (Holmes et al., 1994), 0.96-1.42

20 km
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(Yasumoto et al., 1979) and 24 pg CTX equiv. cell* (Withers, 1983)), in order
to make the comparison among different studies easier to interpret. In recent
years, due to the ethical controversy and the lack of specificity of the MBA,
other tests have been used to detect CTX in field samples such as the
Radioligand Receptor Binding Assay (RBA) (Chinain et al., 2020; Darius et
al., 2007) (which results ranged respectively from 0.5-13.5 and 0.85-3.90 pg of
CTX1B equiv. cell* ) and the in vitro neuroblastoma cell-based assay
(Neuro2a) (Liefer et al., 2021; Pawlowiez et al., 2013) (which results ranged
respectively from 0-12.62 and 0.03 + 0.004 pg of CTX1B equiv. cell). In our
study, sample 2020-ME-970 showed 13.35 + 0.5 pg CTX1B equiv. cell?, a
value that is comparable to the results obtained in the studies mentioned above,
indicating that our rapid and reliable strategy is suitable for the analysis of field
samples. The CTX contents obtained in the analysis of laboratory cultures are
usually much lower than those obtained from field samples. In fact, CTX
contents in laboratory cultures of G. australes isolates from Majorca analyzed
with the Neuro2a assay ranged from 1.38 to 381 fg CTX1B equiv. cell’* (Tudo6
et al., 2020a). Regarding G. excentricus, to date there are no studies regarding
the toxicity of strains from Majorca (or the Balearic Islands in general) since it
has not yet been isolated and cultured. However, the data available for cultured
strains of this species from other regions presented a CTX production
comparable to that obtained in our study (0.47 pg CTX3C equiv. cell * (Litaker
et al., 2017) and 1.43 pg CTX3C equiv. cell  (Pisapia et al., 2017a)).
Undoubtedly, laboratory studies of cultured Gambierdiscus are essential to
better understand the ecotoxicological behavior of this toxin-producing genus,
but these artificial systems cannot completely mimic the complex interactions
that occur in a natural system. It must be underlined that, even if the cell toxin
guota value obtained from the analysis of Balearic Island samples is
comparable to the ones obtained in the Great Caribbean region, it has to be
considered as a preliminary result, and further studies are definitely needed to
better investigate the risk of a future ciguatera outbreak.

4. Conclusion

In this study, the development of the first dual biosensor for the simultaneous
detection of G. australes and G. excentricus in field samples is presented.
Additionally, a protocol for the rapid extraction of DNA, based on a portable
bead beater and MBs, is developed and successfully tested on microalgal
cultures and field samples. Using the strategy presented in this work, it has been
possible to detect G. excentricus in the Balearic Islands, the presence of which
had not yet been reported. Therefore, the developed strategy could be
implemented in monitoring systems to identify new areas of expansion of these
two toxin-producing species, preventing the occurrence of a ciguatera
intoxication event.

Furthermore, for the first time, an electrochemical immunosensor is exploited
for the detection of CTXs in a field sample extract, and the results obtained are
similar to those previously observed in the Great Caribbean Region. This result
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underlines the need for rapid and easy-to-use tools to monitor the
Mediterranean Sea for CTXs in order to correctly manage potential ciguatera
outbreaks.
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Supplementary material

Table S1. Primers with tails and probes used in this study. Tails are underlined.

Name Sequence (5'-3")

G. australes reverse primer GTT TTC CCA GTC ACG AC-C3-ATG CAT AAC TCT
TCATTGCCAGTAG

G. excentricus reverse primer TCT ACA GGC TCG TAT ATG TA-C3-AGC TTG GGT
CAC AGT GCA ACA GAG

G. australes & G. excentricus TGT AAA ACG ACG GCC AGT-C3-TGC TGC ATG

. YGGAGATTCTTT YYTKG
forward primer

G. australes capture probe GTCGTG ACT GGG AAAACTTTTTTTTTITTTTTT-
C3-thiol
G. excentricus capture probe TAC ATA TAC GAG CCT GTA GAT TTT TTT TTT

TTT TT-C3-thiol

Reporter probe HRP-ACT GGC CGT CGT TTT ACA

Table S2. Microalgae abundances other than Gambierdiscus in the samples used in this work.

Sampling Sample Fukuyoa Ostreopsis Prorocentrum Coolia sp.
point code sp. (cell L= sp. (cell L- sp. (cell L) (cell L)
D) D)

Cala Gat 2020-ME- ND 12,252 32,672 34,714
886

Platja 2020-ME- ND 2,700 9,700 7,000

Canyamel 906

Platja 2020-ME- ND 61,260 55,134 106,184

Canyamel 914

Cala Anguila  2020-ME- ND 38,798 47,266 51,050
930

Cala Anguila  2020-ME- ND 12,252 14,294 18,378
934

Portocolom 2020-ME- ND 1,000 1,000 400
946

Cala 2020-ME- ND ND 2,900 900

Lombards 966

Cala 2020-ME- ND ND 6,126 34,714

Llombards 970

Cala Galiota 2020-ME- ND ND 18,378 12,252
986

Cala Galiota 2020-ME- ND 200 2,542 22,462
990

Cala Galiota 2020-ME- ND 700 ND 100
994

Cala 2020-ME- ND 100 500 1,000

Mosques 1034

ND: not detected
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Abstract

The high relevance of ciguatoxins (CTXs) in seafood safety and their emerging
occurrence far away from tropical areas highlight the need for simple and low-
cost methods for the sensitive and rapid detection of these potent marine toxins
in order to protect seafood consumers. Herein, an electrochemical
immunosensor for the detection of CTXs is presented. A sandwich
configuration is proposed using magnetic beads (MBs) as immobilisation
supports for two capture antibodies that allow the detection of CTXIB,
CTX3C, 54-deoxyCTX1B and 51-hydroxyCTX3C. PolyHRP-streptavidin is
used for the detection of the biotinylated detector antibody and signal
amplification. Experimental conditions are first optimised using colorimetry
and subsequently used for electrochemical detection on electrode arrays. Limits
of detection at the pg/mL level are achieved for CTX1B and 51-
hydroxyCTX3C. The applicability of the immunosensor to the analysis of fish
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samples is demonstrated, attaining detection of CTX1B at contents as low as
0.01 pg/kg and providing results that agree with those obtained using mouse
bioassay (MBA) and cell-based assay (CBA). Liquid chromatography coupled
to high-resolution mass spectrometry (LC-ESI-HRMS) is used to confirm the
presence of CTXs in the fish. This user-friendly bioanalytical tool for the rapid
detection of CTXs can mitigate ciguatera risk and contribute to the protection
of consumer health.

1. Introduction

Ciguatera fish poisoning (CFP) is the most common and one of the most
relevant seafood-borne diseases worldwide, affecting from 10,000 to 500,000
people per year, and probably even more due to underdiagnosis and
underreporting (Friedman et al 2017) CFP is characterised by severe
neurological, gastrointestinal and cardiovascular disorders that usually abate
within a few days or weeks but can persist for months or years.(Lehane and
Lewis 2000) CFP is caused by the ingestion of fish contaminated with
ciguatoxins (CTXs), p otent lipophilic marine toxins with complex chemical
structures(Murata et al. 1989; Satake et al. 1998; Yasumoto et al. 2000)
produced by microalgae of the genus Gambierdiscus (Caillaud et al. 2011;
Chinain et al. 2010; Litaker et al. 2017; Reverté et al. 2018) and Fukuyoa
(Lewis et al. 2016; Litaker et al. 2017) that accumulate in fish through the food
webs. There are several types of CTXs depending on their chemical structure.
CTXs have been historically classified according to their geographical origin
into Pacific (P), Caribbean (C) and Indic (I) CTXs. However, CTXs are
emerging in places not previously expected according to their latitude,
particularly in Europe. In recent years, several species of Gambierdiscus have
been found in the Canary Islands (Bravo et al. 2019; Fraga and Rodriguez 2014;
Fraga et al. 2011; Rodriguez et al. 2017) where several CFP outbreaks have also
occurred (Boada et al. 2010; Bravo et al. 2015; Perez-Arellano et al. 2005).
CTXSs have also been detected in fish from other areas of the Macaronesia, i.e.
Azores and Madeira archipelagos (Portugal) (Costa et al. 2018; Silva et al.
2015). Gambierdiscus sp. (Aligizaki and Nikolaidis 2008), G. australes (Tudd
et al. 2018) and F. paulensis (Laza-Martinez et al. 2016) have been recorded in
the Mediterranean Sea.

To protect consumer health, the United States Food and Drug Administration
(US FDA) proposed guidance levels of <0.01 pg/kg of CTXI1B equivalent
toxicity in fish (US FDA, 2011). In Europe, although the legislation requires
that no fish products containing CTXs are placed on the market (Regulation
(EC) No. 853/2004), no regulatory limits have been established and no details
about the analytical methodology to be used have been provided. Other parts of
the world, such as Australia or New Zealand, provide guidelines on the
susceptible fish species and the local areas where fish may be toxic (FSANZ)
and, in Japan, the sale of barracuda and other fish species associated with CFP
is banned, but no specific regulations for CTXs are provided.(MHWL 1953;
2001).
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The mouse bioassay (MBA) has been the most widely used method to detect
CTXs. Due to its insufficient detection capability and ethical concerns, other
methods have been developed, including high-performance liquid
chromatography coupled with mass spectrometry, cell-based assays (CBAs)
and receptor binding assays (Reverté et al. 2014). The analysis of CTXs in fish
is hampered by the fact that certified reference calibrants and materials are not
readily available. This issue together with the chemical complexity of CTXs
have hindered the production of specific antibodies. Hokama and co-workers
produced anti-CTX polyclonal antibodies (pAbs) that were used for the
development of some immunoassays (Hokama et al. 1977; 1983) and two
immunostrip tests, marketed as Cigua-Check (Hokama et al. 1985, 1987) and
Ciguatect kit (Park 1995). These antibodies showed high cross-reactivity with
another marine toxin, okadaic acid, which raised high controversy regarding
the performance of the tests, since false positive and false negative results were
obtained (Dickey et al. 1994; Bienfang et al. 2011; Ebesu & Campora 2012). In
fact, fish determined as positive in Israel,(Bentur and Spanier 2007) the first
and only report on ciguateric fish in the Mediterranean, had been analysed using
only the Cigua-Check kit. Therefore, confirmation of CTXs in fish from this
area is still pending. On the other hand, synthetic haptens as an alternative to
natural CTXs were exploited for the production of monoclonal antibodies
(mAbs) that were subsequently used in immunoassays, and observed to have
high enough specificity and sensitivity.(Nagumo et al. 2001, 2004; Oguri et al.
1999, 2003; Tsumuraya et al. 2006, 2010, 2012, 2014, 2018) Taking into
account these successful results and with the aim to move towards compact and
automated devices, the development of an electrochemical immunosensor for
the detection of CTXs is undertaken for the first time.

In this work, three different mAbs (3G8, 10C9 and 8H4) that specifically bind
to one of the wings of the four principal congeners of CTXs (CTX1B, CTX3C,
51-hydroxyCTX3C and 54-deoxyCTX1B) have been used to develop a
sandwich immunosensor. Magnetic beads (MBs) are exploited as a support to
provide an enlarged surface area for the immobilisation of mAbs, to shorten the
analysis time and to minimise matrix effects. The applicability of the
immunosensor to the analysis of fish is successfully demonstrated, being able
to discriminate between contaminated and non-contaminated samples and
allowing the detection of CTXIB contents at 0.01 pg/kg. Liquid
chromatography coupled to electrospray ionisation high-resolution mass
spectrometry (LC-ESI-HRMS) analysis has confirmed the presence of CTX1B
in fish. The availability of this user-friendly bioanalytical tool for the rapid
detection of CTXs can mitigate the ciguatera risk and contribute to protect
consumer health.
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2. Experimental section
2.1 Reagents and solutions

Dynabeads M-270 Carboxylic Acid (2 x 10° beads/mL) were supplied by
Invitrogen (Life Technologies, S.A., Alcobendas, Spain). Potassium phosphate
monobasic, potassium phosphate dibasic, potassium chloride, 4-
morpholineethanesulfonic acid (MES) hydrate, N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
Tween®-20, bovine serum album (BSA), anti-mouse IgG (whole molecule)-
horseradish peroxidase antibody produced in rabbit (IgG-HRP), and 3,3°,5,5°-
tetramethylbenzidine (TMB) liquid substrate were purchased from Sigma-
Aldrich (Tres Cantos, Spain). PolyHRP-streptavidin was obtained from
Thermo Fisher (Barcelona, Spain). Milli-Q water (Millipore, Bedford, USA)
was used to prepare all solutions. For the extractions, acetone and diethyl ether
were obtained from Chem-lab (Zedelgem, Belgium), ethanol from J. T. Baker
(Madrid, Spain), and methanol and n-hexane from Honeywell (Barcelona,
Spain). For LC-ESI-HRMS, HPLC-MS grade acetonitrile and water were
supplied by Chem-lab (Zedelgem, Belgium), and ammonium formate and
formic acid by Sigma-Aldrich (Tres Cantos, Spain). CTX1B standard solution
was obtained from Prof. Richard J. Lewis (The Queensland University,
Australia) and calibrated (correction factor of 90%) in relation to the NMR-
quantified CTX1B standard solution from Prof. Takeshi Yasumoto (Japan Food
Research Laboratories, Japan). NMR-quantified 51-hydroxyCTX3C standard
solution was kindly provided by Prof. Takeshi Yasumoto. 3G8, 10C9 and 8H4
mAbs had been prepared by immunising mice with keyhole limpet
hemocyanine (KLH) conjugates of rationally designed synthetic haptens (Oguri
et al., 1999, 2003; Nagumo et al., 2001, 2004; Tsumuraya et al., 2006, 2010,
2012, 2014). Biotin labelling of the 8H4 mAb was performed with the EZ-
Link™ NHS-PEG4 Biotinylation Kit from Thermo Fisher (Barcelona, Spain)
following the manufacturer’s instructions. Unreacted NHS-PEG4-Biotin was
removed using Zeba Spin Desalting Columns (7 kDa MWCO, 2mL) included
in the kit.

2.2 Equipment

Magnetic separation was performed using a MagneSphere Technology
Magnetic Separation Stand (for twelve 0.5-mL or 1.5-mL tubes) and a
PolyATtract System 1000 Magnetic Separation Stand (for one 15-mL tube)
from Promega Corporation (Madison, WI, USA). Colorimetric measurements
were performed with a Microplate Reader KC4 from BIO-TEK Instruments,
Inc. (Vermont, USA). Gen5 software was used to collect and evaluate data.
Screen printed electrode arrays (DRP-8x110), a boxed connector (DRP-
CASTS8X) and a magnetic support (DRP-MAGNET8X) were purchased from
Dropsens S.L. (Oviedo, Spain). The arrays consist of 8 carbon working
electrodes of 2.5 mm in diameter, each with its carbon counter and silver
reference electrodes. Amperometric measurements were performed with a

96



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

PalmSens potentiostat connected to an 8-channel multiplexer (MUXS) (Houte,
The Netherlands). PalmSens PC software was used to collect and evaluate data.

2.3 Fish samples and extraction

Sampling was performed at various locations of the Indian Ocean close to
Réunion and Maurice Islands. Variola louti (N=9), Lutjanus bohar (N=6) and
Thyrsitoides marleyi (N=1) specimens were collected. Fishing dates and sites
are summarised in Table 1. Fish samples were processed as previously
described (Solifio et al. 2015). Briefly, 10 g of fish flesh homogenate were
heated at 70 °C for 15 min in a water bath. Subsequently, 20 mL of acetone was
added and the sample mixture was homogenised with an Ultra-turrax blender
at 17500 xg for 5 min. The sample mixture was centrifuged at 3000 xg for 10
min to obtain the supernatant. The pellet was re-extracted with acetone, and
supernatants were pooled, filtered with 0.45 pm nylon filters and evaporated at
55 °C. The dried extract was dissolved in 5 mL of methanol:water (9:1, v:v) and
partitioned twice with 5 mL of n-hexane, and the n-hexane phases were
discarded. The aqueous methanol solution was dried by rotary evaporation. The
residue was dissolved in 5 mL of ethanol:water (1:3, v:v) and partitioned twice
with 5 mL of diethyl ether. Diethyl ether fractions were pooled and dried. The
residue was re-suspended in 4 mL of methanol and kept at -20 °C until analysis.
For calculation purposes, 1 mL of extract contains 2.5 g equivalents of fish
flesh.

2.4 Conjugation of the capture mAbs to MBs

3G8 and 10C9 mAb-MB conjugates were prepared as follows: (1) 8 uL of MB
suspension were transferred to a tube and washed twice with 500 pL of MES
(25 mM MES, pH 5.0) with vigorous mixing; for the washing steps, the tube
was placed on the magnetic separation stand and the washing solution was
removed; (2) 40 pL of 50 mg/mL EDC and 40 pL of 50 mg/mL NHS were
added and incubated for 30 min; (3) the activated MBs were washed twice with
MES; (4) 80 pL of 3G8 or 10C9 mAb in MES (from 1/50 to 1/3200 dilution for
protocol optimisation and 1/50 dilution for the final assay) were added and
incubated for 1 hour; (5) the mAb-MB conjugate was washed three times with
PBS-Tween (0.1 M PBS, 0.05% v/v Tween®-20, pH 7.2) and re-suspended in
80 uL of the same buffer. All incubations were performed at room temperature
and with slow tilt rotation. When amounts of MB varied, volumes were adjusted
proportionally. To confirm the conjugation of the mAbs to the MBs and
optimise the dilution to be used, 25 uL of mAb-MB conjugate were transferred
to a new tube and incubated with 250 pL of anti-mouse [gG-HRP in PBS-Tween
containing 1% w/v BSA (PBS-Tween-BSA) (1/1000 dilution) for 30 min; after
two washing steps with PBS-Tween, 20 pL of immunoconjugate were
transferred to a new tube, the supernatant was removed and 125 pL of TMB
were incubated for 5 min; the tube was placed on the magnetic separation stand
and 100 pL were taken for absorbance reading at 620 nm.
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2.5 Colorimetric immunoassay and electrochemical immunosensor

Sandwich immunoassays were performed in 0.5-mL tubes following this

protocol: (1) 150 puL of mAb-MB conjugates (75 pL of each mAb-MB
conjugate) were exposed to 75 pL of CTX1B or 51-hydroxyCTX3C standard
solution (congeners chosen as model CTXs) or fish extract (previously
evaporated and re-suspended in PBS-Tween) for 30 min; (2) after three washing
steps with PBS-Tween, a blocking step was performed with PBS-Tween-BSA
(PBS-Tween containing 2% w/v BSA) for 30 min; (3) the conjugates were
washed three times with PBS-Tween and incubated with 75 pL of biotin-8H4
mAb in PBS-Tween-BSA (from 1/50 to 1/4000 dilution for protocol
optimisation and 1/2000 dilution for the final assay) for 30 min; (4) three
washing steps were performed with PBS-Tween and 75 pL of polyHRP-
streptavidin in PBS-Tween-BSA (from 1/500 to 1/5000 dilution for protocol
optimisation and 1/1000 dilution for the final assay) were added and incubated
for 30 min; (6) finally, three washing steps were performed in PBS-Tween and
the content of each tube was re-suspended in 75 uL of the same buffer. All
incubations were performed at room temperature and with slow tilt rotation.
When amounts of MB varied, volumes were adjusted proportionally.
Subsequent steps differed slightly between the immunoassay and the
immunosensor and are described below. For the colorimetric immunoassay: (7)
10 pL of immunocomplexes were transferred to a new tube and the supernatant
was removed; (8) 125 uL of TMB were incubated for 10 min; (9) tubes were
placed on the magnetic separation stand and 100 pL of solution were taken for
absorbance reading at 620 nm. Measurements were performed in duplicate or
triplicate. For the electrochemical immunosensor: (7) 10 pL of
immunocomplexes were placed on each working electrode of the 8-electrode
array with a magnetic support on the back, the magnetic immunocomplex was
captured and the supernatant was removed; (8) 10 uL. of TMB were incubated
for 2 min; (9) the TMB reduction current was measured using amperometry,
applying —0.2 V (vs. Ag) for 5 s. Measurements were performed in triplicate or
quadruplicate.

2.6 Mouse bioassay

The protocol was based on a standard method developed by ANSES. Fish
extracts were solubilised in Tween-60 1-5% v/v saline solution, and then
injected into three mice (male, OF1; 20 + 2 g) by intraperitoneal (i.p.) route.
The mice were observed continuously during the first 2 h, and then monitored
regularly up to 24 h after injection. The interpretation of the results was based
on the time-to-death and symptoms (profuse diarrhea, piloerection, respiratory
disorders, dyspnoea and transient pre-erectional cyanosis of the penis, which
can become priapism).

2.7 Cell-based assay

The CBA was performed as previously described (Diogéne et al. 2017; Solifio
et al. 2015). Briefly, neuro-2a (N2a) cells (ATCC, CCL131) were seeded in a
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96-well microplate in 200 mL of RPMI medium containing 5% v/v fetal bovine
serum (RPMI-FBS) at 42,500 cells per well, and incubated at 37 °C in a 5%
CO; humid atmosphere for 24 h. Prior to exposure to CTX1B standard solution
or fish extract, some N2a cells were pre-treated with ouabain and veratridine at
1 and 0.1 mM, respectively. CTX1B standard solution or fish extract were
dried, reconstituted in 200 mL of RPMI-FBS medium, serially diluted, and 10
uL were added to the wells with and without ouabain/veratridine pre-treatment.
After 24 h, cell viability was measured using the MTT assay (Manger et al.,
1993). Measurements were performed in triplicate.

2.8 LC-ESI-HRMS analysis

One V. louti individual caught in March 2015, one L. bohar individual caught
in February 2003 and the 7. marleyi individual were analysed by LC-ESI-
HRMS. An Orbitrap-Exactive HCD (Thermo Fisher Scientific, Bremen,
Germany) mass spectrometer equipped with heated electrospray source (H-ESI
I1), a Surveyor MS Plus pump and an Accela Open AS auto-sampler kept at 15
°C (Thermo Fisher Scientific, San José, California) were used for the LC-ESI-
HRMS analysis. The chromatographic separation was performed on a Kinetex
XB-C18 reversed phase (100 mm X 2.1 mm, 2.6um) (Phenomenex,
Torrance,CA, USA) at a flow rate of 250 pL/min. Mobile phase A was water
and B was acetonitrile/water (95:5), both containing 2 mM ammonium formate
and 0.1% v/v formic acid. The gradient elution program was: 30% B 1 min, 30-
40% B 2 min, 40-50% B 1 min, 50-90% B 5 min, 90% B 3 min and return to
initial conditions for re-equilibration (11 min 30% B). A 5-uL injection volume
was used. The total duration of the method was 25 min. The analysis was carried
out in electrospray positive ionisation (H-ESI+). CTX1B was used to optimize
the source, transmission and HRMS conditions in positive mode. The final
parameters were: spray voltage of 4.0 kV, capillary temperature of 275 °C,
heater temperature of 300 °C, sheath gas flow rate of 35 psi and auxiliary gas
flow rate of 10 (arbitrary units). Capillary voltage of 47.5 V, tube lens voltage
of 186 V and skimmer voltage of 18 V were used. Nitrogen was employed as
sheath, auxiliary and collision gas. The mass range was m/z 400-1500 in full
scan acquisition mode. The resolution was 50,000 (m/z 200, FWHM) at a scan
rate 2Hz, the automatic gain control was set as "balanced" (le6) with a
maximum injection time of 250 ms. Data were processed with Xcalibur 2.2 SP1
software (Thermo Fisher Scientific, Bremen, Germany). Automatic
identification/quantification were performed. The peaks found were confirmed
by the exact mass of [M+H]", [M+NH4]" and [M+Na]* diagnostic ions with a
mass accuracy of = 3ppm (mass extraction window) and the retention time
window. The following restrictive criteria were also used: elements considered
were restricted in accordance with CTXs molecular formulae and adduct
signals [C 55 to 70, H 64 to 110, O 11 to 25, N 0 to 1, and cations (Na) 0 to 1],
the isotopic pattern was matched and the charge, the ring double bond
equivalents and nitrogen rule were taken into account. Additionally, the
monoisotopic pattern (M+1 ion) of these signals was used to assist in the further
confirmation of the toxin identity. The relative ion intensities between
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[M+NH,4]", [M+Na]" and their M+1 ions were calculated and matched taking
into account a tolerance according to the EU Decision 2002/657/EC. An
external standard calibration was carried out from 1 to 100 ng/mL of CTX1B
with a limit of detection (LOD) of 0.3 ng/mL. The sum of the areas of
[M+H]"+[M+NH4]"+[M+Na]" signals was used for quantification purposes.

3. Results and discussion

The concept of the immunosensor is shown in Figure 1. On one side, two
different mouse mAbs, 3G8 mAD able to bind to the left wing of CTX1B and
54-deoxyCTX1B (Tsumuraya et al. 2012) and 10C9 mAb able to bind to the
left wing of CTX3C and 51-hydroxyCTX3C (Oguri et al. 2003), were
immobilised separately on MBs and used as capture antibodies. On the other
side, 8H4 mouse mAb, which binds to the right wing of CTX1B, CTX3C, 54-
deoxyCTXIB and 51-hydroxyCTX3C (Tsumuraya et al. 2006), was
biotinylated and used as a detector antibody. Following successive incubations
of the magnetic immunocomplexes with the analyte and the biotinylated 8H4
mADb, polyHRP-streptavidin was used for signal reporting. Signal amplification
was achieved by replacing the conventional HRP-streptavidin by polyHRP-
streptavidin, a conjugate that contains a polymer with approximately 20 HRP
molecules per streptavidin molecule. The experimental conditions to be used in
the immunosensor were first optimised using colorimetric detection, and the
immunoconjugates were transferred to electrode arrays to perform sequential
electrochemical measurements.

3.1 Optimisation of the experimental conditions

Capture mAbs were conjugated to carboxylic acid-modified MBs through
carbodiimide coupling using EDC-NHS. First, several 3G8 mAb dilutions were
used to optimise the amount of antibody. Anti-mouse IgG-HRP was used to
detect the immobilised antibody. As expected, absorbance values increased
with increasing amounts of antibody (Figure S1). No saturation of the MBs was
observed even with the highest antibody concentration tested (1/50 mAb
dilution). This dilution was selected for further experiments as well as for 10C9
mAD.

The amount of biotinylated 8H4 mAb was optimised using 3G8 mAb at 1/50
dilution, CTX1B at 1000 and 0 pg/mL and polyHRP-streptavidin at 1/1000
dilution. The best signal-to-noise absorbance ratio was achieved with 1/2000
biotinylated 8H4 mAb dilution (Figure S2), which was selected for further
experiments. These results demonstrated the correct performance of the system
as well as the successful biotinylation of the 8H4 mAb, which maintains its
affinity for the right wing of CTX1B once biotinylated. PolyHRP-streptavidin
was selected to amplify the signals and its concentration was optimised to
achieve the best signal-noise ratio. The 3G8 mAb-MB conjugates were exposed
to CTX1B at 100 and 0 pg/mL and biotinylated 8H4 mAb at 1/2000 dilution,
and subsequently incubated with a range of polyHRP-streptavidin dilutions
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(Figure S3). Very low non-specific values were observed. In the presence of
CTXI1B, absorbance values achieved from 1/500 to 1/2000 dilutions did not
show significant differences and the signal observed at a 1/5000 dilution was
only slightly lower. Although saturation of the response was observed even with
1/2000 polyHRP-streptavidin dilution, a 1/1000 dilution was selected for
further experiments to ensure polyHRP-streptavidin availability

* Reduced
¥y .
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~ Oxidised

i’/gmﬁ +'s" mediator
K , f, polyHRP-streptavidin
iy —
. ¥ 8H4 mAb-biotin
CTX1B ¢

51-OH-CTX3C

3G8 mAb

Electrode array

Figure 3. Representation of the electrochemical immunosensor for the detection of CTXs.

101



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

Table 1. Fish data and CTX1B equivalent contents (pg/g) (+ standard deviation) obtained in their analysis using MBA, CBA, colorimetric immunoassay and

electrochemical biosensor.

Species Fishing date Fishing site MBA CBA Immunoassay Immunosensor
Variola louti January 2013 Saint-Gilles, Réunion nd nd nd nd
Variola louti March 2013 Saint-Gilles, Réunion nd nd nd nd
Variola louti March 2013 Saint-Gilles, Réunion nd nd nd nd
Variola louti March 2013 Saint-Gilles, Réunion nd nd nd nd
Variola louti April 2013 Saint-Gilles, Réunion nd nd nd nd
Variola louti July 2003 La Pérouse Seamount, ++ 9.74 +0.47 33.44+2.04 26.14 + 1.56
Réunion

Variola louti April 2004 La Pérouse Seamount, ++ 81.66 £ 9.77 45.81 +13.99 44.40 £ 20.37
Réunion

Variola louti January 2003 La Pérouse Seamount, ++ 580.06 + 86.36 107.31+£5.18 97.41 + 34.36
Réunion

Variola loutif* March 2015 Maurice +++ 2104.00 £ 279.77 £ 3.69 247.85 + 35.56

224.43

Lutjanus bohar September 2002 La Pérouse Seamount, ++ 21.75+0.30 9.19+0.51 7.36 £0.64
Réunion

Lutjanus bohar August 2003 La Pérouse Seamount, ++ 440.68 + 20.94 9.02+1.01 7.72+£0.90
Réunion

Lutjanus bohar August 2003 La Pérouse Seamount, ++ 552.70 £83.91 22.76 + 0.54 18.92 +5.41
Réunion

Lutjanus bohar December 2003 La Pérouse Seamount, ++ 506.47 + 86.36 27.12 £0.92 27.73+£8.79

Réunion
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CIGUATOXIN PRODUCING

Lutjanus bohar* February 2003 La Pérouse Seamount, ++ 1296.73 £ 149.46 £ 8.21 134.66 + 32.8
Réunion 181.60

Lutjanus bohar January 2002 La Pérouse Seamount, +++ 2481.03 = 142.46 £ 2.51 147.04 + 28.44
Réunion 727.47

Thyrsitoides June 2015 Saint-Paul, Réunion +++ 600.48 + 68.86 88.21 £ 9.50 78.12 £ 34.11

marleyit*

(Continues from previous page)
+ Fish individuals involved in a poisoning case
* Fish individuals analysed by LC-ESI-HRMS

nd: not detected; ++: intermediate toxicity; +++: strong toxicity
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3.2 Colorimetric characterisation

Using the optimised conditions, the calibration curve for CTX1B was
constructed with 10 pL of 3G8 mAb-MB conjugate (equivalent to 1 pL of
MBs). As expected, a dose-dependent response was observed (Figure 2A). The
calibration curve was blank-subtracted and fitted to a sigmoidal logistic four-
parameter equation. The LOD and limit of quantification (LOQ) were
calculated using 3 and 10 times the standard deviation of the blank value (no
CTX), and were 3.29 and 17.52 pg/mL, respectively. The calibration curve for
51-hydroxyCTX3C was then constructed using 10 pL of 10C9 mAb-MB
conjugate. Again, a dose-dependent response was observed, with a slight
saturation at high toxin concentrations (Figure 2B). LOD and LOQ values of
6.17 and 28.31 pg/mL were obtained, respectively. These values are lower than
those attained with the colorimetric ELISA (LOD of 280 pg/mL for
CTX1B)(Tsumuraya et al. 2012) but higher than those achieved with the
fluorescence ELISA (LODs of 0.16 and 0.10 pg/mL for CTX1B and 51-
hydroxyCTX3C, respectively) (Tsumuraya et al. 2018).

Since the purpose of the immunosensor is to detect as many CTX analogues as
possible, both capture antibodies should be able to work together with no
interferences from each other. To evaluate this issue, 10 pL of 3G8 mAb-MB
conjugate and 10 uL of 10C9 mAb-MB conjugate were mixed together and
calibration curves for CTX1B and 51-hydroxyCTX3C were constructed. The
presence of twice the amount of MBs did not interfere in the recognition event
and the measurement, as no significant differences were observed as compared
to the calibration curves obtained using separated conjugates. Thus, in principle
the immunosensor should be able to detect CTX1B and 51-hydroxyCTX3C
simultaneously, as well as other analogues recognised by the mAbs, providing
a global response. It is important to add that no cross-reactivity of 3G8 mAb-
MB conjugates and 10C9 mAb-MB conjugates to 51-hydroxyCTX3C and
CTX1B (at 500 pg/mL), respectively, was observed.

3.3 Electrochemical immunosensor

To develop the electrochemical biosensor, the magnetic immunocomplexes
were transferred to 8-electrode arrays. Electrochemical calibration curves for
CTX1B and 51-hydroxyCTX3C were first constructed using 10 pL of 3G8
mAb-MB or 10 puL of 10C9 mAb-MB conjugates, respectively (Figure 2C and
2D). No saturation of the amperometric response was observed at the highest
CTX concentration tested, the dynamic ranges being well over two orders of
magnitude for both CTXs. LOD and LOQ values of 1.96 and 2.94 pg/mL,
respectively, were obtained for CTX1B, and 3.59 and 13.91 pg/mL for 51-
hydroxyCTX3C. These values are lower than those obtained with the
colorimetric approach, but still higher than the ones obtained with the
fluorescence ELISA. Nevertheless, the electrochemical biosensor provides
added advantages in terms of cost, possibility to be integrated into compact
analysis devices and portability.
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Subsequently, 10 pL of 3G8 mAb-MB conjugate and 10 pL of 10C9 mAb-MB
were mixed together and immobilised on electrode arrays. Calibration curves
for CTX1B and 51-hydroxyCTX3C were constructed, and results did not differ
from those achieved with separated conjugates. The fact that the electrode
surface was modified with twice the amount of magnetic immunocomplexes
did not hamper the electrochemical measurement. Like in the colorimetric
approach, CTX1B, 51-hydroxyCTX3C and the other CTXs analogues
recognised by the mAbs should be detected together without a loss of
sensitivity. Repeatability and reproducibility of the immunosensor for 100
pg/mL CTX1B were evaluated performing multiple measurements on the same
(intra-day precision) and different days (inter-day precision), respectively. The
relative standard deviation (RSD) value for the measurements performed on the
same day with the same mAb-MB conjugate pool was 12% (N=3). The RSD
value for the measurements performed on different days with different mAb-
MB conjugate pools was 14% (N=6). These values show an appropriate
reliability for the whole procedure including both immunosensor preparation
and amperometric transduction

3.4 Fish matrix effects and recovery

Sample matrices contain compounds that may interfere in the assay. First, the
effect of the fish matrix on the responses of the immunoassay and the
immunosensor (using both mAb-MB conjugates together) was evaluated using
a V. louti individual that had previously been determined as negative for CTXs
by CBA. Absorbance and current intensity values at different extract dilutions
were not significantly different from those obtained from the corresponding
blanks (no fish extract), even at 2500 mg/mL. This experiment indicates that
there is not non-specific adsorption of the capture antibody and/or the
polyHRP-streptavidin on the system

In order to evaluate if the presence of fish matrix may interfere in the response
of the immunoassay and the immunosensor towards CTXs, 100 pg/mL of
CTX1B were spiked to several dilutions of the same V. louti extract.
Absorbance and current intensity values were compared with those attained
with the same amount of CTX1B in buffer. Recovery percentages are shown in
Table 2. Although the highest matrix concentration tested had not shown any
effect on the previous experiment, the CTX detection was affected. As the
matrix was diluted, recovery percentages increased reaching nearly 90%.
Despite the fact that matrix affects CTX quantification, these preliminary
recovery values can be used as correction factors to be applied to the CTX
quantifications provided by the immunoassay and the immunosensor in the
analysis of naturally-contaminated fish in a first approach.
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Figure 4. Calibration curves for CTX1B (A and C) and 51-hydroxyCTX3C (B and D)
obtained using the colorimetric immunoassay (A and B) and the electrochemical
immunosensor (C and D) (N=3). Curves are background-subtracted (Abs value = 0.089 +
0.007; Intensity = 417 + 121 nA).

To evaluate matrix effects between fish individuals, different CTX1B
concentrations (from 3 to 100 pg/mL) were spiked to two non-contaminated V.
louti extracts at 2500 mg/mL. According to the ANCOVA test, no significant
differences were observed between individuals (P=0.65 for the immunoassay
and P=0.38 for the immunosensor). Nonetheless, a more exhaustive analysis
(including different fish species, of different size and from different
geographical locations) would be required to refine the correction factors.
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Table 2. CTX1B recovery values obtained in the analysis of a non-contaminated V. louti
individual at different matrix concentrations using the colorimetric immunoassay and the
electrochemical immunosensor. Values are expressed in percentages (%) and calculated with
reference to the CTX1B spiking level of 100 pg/mL.

2500 1000 500 250 100
mg/mL mg/mL mg/mL mg/mL mg/mL
Colorimetry 65+3 77+3 86 +6 884 89%3
Electrochemist 58 17 72+2 76 + 14 83+ 17 89+9

ry

3.5 Analysis of fish samples spiked at 0.01 pg/kg CTX1B

Although regulatory limits for CTXs in fish have not yet been issued by official
organisations, an important feature of the immunosensor presented herein
should be the ability to detect at least CTX1B at 0.01 pg/kg. Effective LOQs
were calculated from the calibration curves constructed from the CTX1B
spiked V. louti extracts at 2500 mg/mL. The eLOQs achieved were 0.01 pg/kg
and 0.002 pg/kg for the assay and biosensor, respectively, which are in
agreement with the LOQs calculated from the calibration curve in buffer after
applying the corresponding correction factors. The precision at the LOQ value
was lower than 15% for both immunosensing tools. Thus, in principle, the
developed tools should be able to detect CTX1B at 0.01 pg/kg.

To demonstrate this experimentally, the non-contaminated V. Jouti extract was
spiked with 25 pg/mL of CTXI1B and analysed at 2500 mg/mL (which
corresponds to 0.01 ug/kg of CTX1B in the fish flesh). Once the absorbance
and current intensity values were obtained, the previous recovery values
achieved in the analysis of non-contaminated V. louti extract at 2500 mg/mL
were used as correction factors and applied to the quantifications of the CTXSs.
Compared to the spiked level, the recovery values were 99% and 103% for the
colorimetric immunoassay and the electrochemical biosensor, respectively.

It is important to take in mind that FDA guidance level is provided in CTX1B
equivalent toxicity in fish. This equivalent toxicity is the composite toxicity in
relation to CTX1B of the contaminated fish, in which several CTX congeners
could be present. Thus, values achieved by the immunoapproaches can be
straightforward compared with US FDA guidance levels when only CTX1B is
present in the sample. The immunosensing tools are able to detect CTX3C, 51-
hydroxyCTX3C and 54-deoxyCTX1B in addition to CTX1B, but in an extent
not necessarily related to their toxicity. Otherwise, other non-structurally-
related analogues are not detected by the immunoapproaches. Nevertheless, the
detection of CTX1B at 0.01 pg/kg level highlights the good enough sensitivity
of these bioanalytical tools.
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3.6 Analysis of naturally-contaminated fish samples

Results for the MBA and CTXs contents determined by the immunoassay, the
immunosensor and CBA are summarised in Table 1. (Table S1 shows crude
results achieved by the immunosensing tools before applying the correction
factors). Negative and positive individuals as determined by MBA and CBA
were also negative and positive by the immunoassay and the immunosensor.
An excellent correlation was obtained when comparing the CTX1B equivalent
contents obtained using the immunosensor and the immunoassay (» = 0.997; P
< 0.001) (Figure 3A). A good correlation was also observed between the
immunosensor and the CBA (r = 0.891; P < 0.001) (Figure 3B). The usually
higher CTXs contents obtained with the CBA as compared to the immunoassay
and the immunosensor can be explained by the different recognition principles.
Whereas the immunochemical tools detect analogues that possess specific
wings in their structures (structural immunorecognition), CBA detects
analogues that activate voltage-gated sodium channels (toxicological
recognition). Thus, CBA could be detecting a higher number of CTXs and thus
providing higher toxin contents. Since the cross-reactivity factors (CRFs) are
not necessarily the same as the toxic equivalency factors (TEFs) and
additionally many of them are unknown, quantifications cannot be always
straightforwardly compared. Additionally, as the CBA is a toxicological assay,
interferences from other compounds different from CTXs on the response
cannot be discarded.

To confirm the presence of CTXs, LC-ESI-HRMS analysis of three naturally-
contaminated individuals was performed. The analysis revealed the presence of
CTX1B in the V. louti individual at 1609 pg/g (Figure 4, Figure S4). The
presence of other CTX congeners was not confirmed. LC-ESI-HRMS provided
around 6-fold higher CTXs content than that obtained using immunochemical
tools. However, no CTXs were detected in the L. bohar and T. marleyi
individuals analysed using LC-ESI-HRMS, despite the high toxicities or CTXs
contents observed by MBA, CBA and the immunosensing tools. It is important
to note that the LOQ of LC-ESI-HRMS is much higher than the LOQs attained
with the immunochemical tools (i.e. ~400 pg/g vs. ~2-10 pg/g). Additionally,
whereas LC-ESI-HRMS quantifies individual CTX analogues, the
immunochemical tools provide a global response, being more useful for the
detection of CTXs contents in multi-toxin samples where each analogue is at a
low concentration.

A higher number of samples should be analysed to provide statistically sound
comparisons with LC-ESI-HRMS analysis. Samples with higher CTXs
contents and/or pre-concentration and clean-up steps for samples to be analysed
by LC-ESI-HRMS would be necessary, this work being beyond the scope of
this work. Nevertheless, the comparison of the results obtained with the
immunological tools and CBA shows a good correlation. In the end, each
methodology has advantages and limitations, and their application provides
complementary information.
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Figure 3. Correlations between CTX1B equivalent contents in fish provided by the
electrochemical immunosensor and the colorimetric immunoassay (A) and the electrochemical
immunosensor and CBA (B).
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Figure 4. Extract ion chromatogram of CTX1B at m/z 1111.5836 [M+H]*, 1128.6102
[M+NH4]*, 1133.5656 [M+Na]* and [M+H+NHs+Na]* of CTX1B standard and V. louti extract.

4. Conclusion

An electrochemical immunosensor for the determination of CTXs in fish has
been developed. Taking advantage of the sandwich configuration using
magnetic beads as immobilisation supports and polyHRP-streptavidin for
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signal amplification, together with the benefits provided by the electrochemical
detection, the biosensor showed good analytical performance in terms of
sensitivity and reproducibility and allowed the detection of CTX1B and 51-
hydroxyCTX3C. The immunosensor was successfully applied to the analysis
of fish samples, enabling the detection of CTX1B at 0.01 pg/kg and showing a
good correlation with CTX levels determined by the CBA. Compared to CBA,
the electrochemical immunosensor can tolerate higher matrix concentrations.
Whilst the LOD for CTX1B achieved by the immunosensor is slightly higher
than using CBA, the effective LOQ is similar. The magneto-immunosensor
provides robustness, specificity, simplicity and rapidity in contrast with CBA,
which requires working with “live” materials that need maintenance. On the
other hand, the immunosensor attains an LOQ over two orders of magnitude
lower than LC-ESI-HRMS, is much cheaper and does not require sophisticated
instrumentation. Due to its lower cost, ease of operation, lack of need for
maintenance and portability, there is no doubt that the electrochemical
biosensor can be easily implemented in monitoring and research programs.
Certainly, this work represents a successful and useful step forward the
challenging CTXs detection.
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Figure S1. Conjugation of different 3G8 capture mAb dilutions to MBs. Signal is obtained after
incubation of 3G8 mAb-MB conjugates with anti-mouse 1gG-HRP and subsequent incubation
with TMB.
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Figure S2. Optimisation of the biotinylated 8H4 detector mAb dilution. Dark grey bars show
absorbance values after the incubation with different biotinylated 8H4 mAb dilutions in the
presence of 1000 pg/mL CTX1B. Light grey bars show absorbance values in the absence of
CTX1B.
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Figure S3. Optimisation of the polyHRP-streptavidin dilution. Dark grey bars show absorbance
values after the incubation with different polyHRP-streptavidin dilutions in the presence of 100
pg/mL CTX1B. Light grey bars show absorbance values in the absence of CTX1B.
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Table S1. Fish data and CTX1B equivalent contents (pg/g) obtained in the analysis by
colorimetric immunoassay and electrochemical biosensor without applying the correction

factors

Species Fishing Fishing site Immunoassay Immunosensor
date

Variola louti January Saint-Gilles, nd nd
2013 Réunion

Variola louti March Saint-Gilles, nd nd
2013 Réunion

Variola louti March Saint-Gilles, nd nd
2013 Réunion

Variola louti March Saint-Gilles, nd nd
2013 Réunion

Variola louti April Saint-Gilles, nd nd
2013 Réunion

Variola louti July La Pérouse 21.57+1.32 18.79£1.12
2003 Seamount,

Variola louti April La Pérouse 39.27 +£12.00 33,57 +15.40
2004 Seamount,

Variola louti January La Pérouse 94.73 £4.57 80.83 £28.51
2003 Seamount,

Variola loutit* March Maurice 246.98 £3.26  205.66 £ 29.50
2015

Lutjanus bohar September La Pérouse 5.94+0.33 4.24 +0.37
2002 Seamount,

Lutjanus bohar August La Pérouse 5.83+0.66 445 +0.52
2003 Seamount,

Lutjanus bohar August La Pérouse 1471 £0.35 10.91 £3.12
2003 Seamount,

Lutjanus bohar December La Pérouse 17.53 £ 0.59 15.99 £5.07
2003 Seamount,

Lutjanus bohar February La Pérouse 131.94+7.25 111.74+27.21
2003 Seamount,

Lutjanus bohar January La Pérouse 12576 +2.22  122.01 £ 23.60
2002 Seamount,

Thyrsitoides June Saint-Paul, 77.87 £8.39 64.82 + 28.30

marleyit 2015 Réunion
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Abstract

Ciguatera fish poisoning occurs when seafood contaminated with ciguatoxins
(CTXs) is consumed. This intoxication is an expanding phenomenon which
repercussions can affect not only human health but also the fishery sector
causing important economic losses. Since no antidote for this disease has been
found yet, and the Gambierdiscus/Fukuyoa species, primary producers of
ciguatoxin, are well established in tropical, sub-tropical and temperate areas (as
the Mediterranean basin) the effort has to be focused on the prevention
strategies. For this reason, in this work, 196 crude extracts of fishes from
Mediterranean waters were screened with cell-based assay, and the unique
positive individual identified (12.4 pg equiv. CTX1B/g flesh equiv.) was
analyzed also with the immunosensor previously developed by our group,
confirming the presence of CTXs (4.98 pg equiv. CTX1B/g flesh equiv.).
Therefore, the crude extract of this particular individual was fractionated and
subsequently re-analysed with the cell-based assay and the immunosensor to
identify the exact fractions in which the CTX-like activity/CTXs were present.
The interval of fractions in which the toxicological activity and the toxins were
identified was comparable to the one previously obtained from the analysis of
a shark individual naturally contaminated with CTXs. This study showed the
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combination of two economical techniques can help in the pre-screening of
naturally contaminated samples, reducing the use of instrumental techniques
only to the analysis of particular individuals.

1. Introduction

Ciguatera fish poisoning (CFP) is a foodborne disease caused by the
consumption of fish contaminated with ciguatoxins (CTXs) (Lewis 2001).
These potent neurotoxins are produced by microalgae of the genera
Gambierdiscus and Fukuyoa, which are epibenthic dinoflagellates that live
attached to different substrates such as macroalgae, corals and rocks (Lewis and
Holmes 1993). Herbivorous fishes graze those substrates and incorporate
CTXs, which are accumulated in other organisms (mainly piscivorous fishes,
but also crustaceans, echinoderms and bivalves) through the food web (Ledreux
et al. 2014). CFP is known to affect at least from 10 000 to 500 000 people per
year, and causes severe neurological, gastrointestinal and cardiovascular
disorders that may persist for years (Friedman et al. 2017).

CFP was historically associated to tropical and subtropical areas, e.g. the
Caribbean Sea, the Pacific, Atlantic and Indian Oceans. However, CFP has
geographically expanded, due to international seafood trade and travel as well
as changes in the aquatic environment, and emerged in places not previously
expected according to their latitudes, particularly in Europe. In the Canary
Islands (Spain), several CFP outbreaks have been reported (Gobierno de
Canarias). CTXs have also been detected in fish from other areas of the
Macaronesia, i.e., Azores and Madeira archipelagos (Portugal) (Silva et al.
2015; Costa et al. 2018). Regarding Gambierdiscus, apart from their presence
in the Canary Islands (Fraga et al. 2011; Fraga and Rodriguez 2014; Rodriguez
et al. 2017; Bravo et al. 2019; Tud¢ et al., 2020a) and Madeira (Kaufmann and
Bohm-Beck 2013), they have also been detected in the Mediterranean Sea,
specifically in the Balearic Islands (Tudo et al. 2018; Tudo et al. 2020b; Gaiani
et al. 2022), Greece (Aligizaki and Nikolaidis 2008; Aligizaki et al. 2018) and
Cyprus (Aligizaki et al. 2018). Fukuyoa cells have also been found in the
Mediterranean Sea (Laza-Martinez et al. 2016; Tudo et al. 2020b; Aligizaki et
al. 2018), but not yet in the Macaronesia.

The purpose of this work has been the screening of CTXs in Mediterranean fish
with the use of a cytotoxicity cell-based assay (CBA) and the further analysis
of one positive individual fished in Cyprus waters.
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2. Materials and methods

2.1. Reagents and materials

The CTXI1B standard was obtained from Prof. Richard J. Lewis (The
Queensland University, Australia) and calibrated (correction factor of 90%) in
relation to the NMR-quantified CTX1B standard obtained from Prof. Takeshi
Yasumoto (Japan Food Research Laboratories, Japan).

Methanol HPLC grade was obtained from Honeywell (Barcelona, Spain).
Acetonitrile hypergrade for LC-MS was purchased from Merck (Darmstadt,
Germany). Ultrapure water was obtained with a Milli-Q purification system
(Millipore, Bedford, MA, USA).

Neuroblastoma murine cells (N2a) were purchased from ATCC LGC standards
(USA). Foetal bovine serum (FBS), L-glutamine solution, ouabain, veratridine,
phosphate buffered saline (PBS), penicillin, streptomycin, RPMI-1640
medium, sodium pyruvate, thiazolyl blue tetrazolium bromide (MTT) and
SKF96365 were purchased from Merck KGaA (Germany). Dimethyl sulfoxide
(DMSO) was purchased from Chemlab (Spain).

Dynabeads M-270 Carboxylic Acid (2 x 10° beads/mL) were supplied by
Invitrogen (Life Technologies, S.A., Alcobendas, Spain). 3G8, 10C9 and 8H4
mAbs had been prepared by immunizing mice with keyhole limpet
hemocyanine (KLH) conjugates of rationally designed synthetic haptens (Oguri
et al., 1999, 2003; Nagumo et al., 2001, 2004; Tsumuraya et al. 2006, 2010,
2012, 2014, 2018, 2019). Biotin labelling of the 8H4 mAb was performed with
the EZ-Link™ NHS-PEG4 Biotinylation Kit from Thermo Fisher (Barcelona,
Spain) following the manufacturer’s instructions. Unreacted NHS-PEG4-
Biotin was removed using Zeba Spin Desalting Columns (7 kDa MWCO, 2
mL) included in the kit. Potassium phosphate monobasic, potassium phosphate
dibasic, potassium chloride, 4-morpholineethanesulfonic acid (MES) hydrate,
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), Tween®-20, bovine serum album (BSA), and
3,3',5,5'-tetramethylbenzidine (TMB) liquid substrate were purchased from
Sigma-Aldrich (Tres Cantos, Spain). PolyHRP-streptavidin was obtained from
Thermo Fisher (Barcelona, Spain).

2.2. Sampling

Fish samples were obtained from the Balearic Islands (n = 44; Palma/Majorca,
Cabrera/Majorca, Mao/Menorca, Ciutadella/Menorca and Ibiza/Ibiza), Greece
(Crete) (n = 70; Kissamos bay, Grambousa bay and Kolymbari bay) and Cyprus
(n = 82; Zygi/Larnaca, Latsi/Paphos, Cavo Kiti/Larnaca, Paphos/Paphos, Cavo
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Pyla/Larnaca, Larnaca/Larnaca and Zygi area/Limassol) during 2017, 2018,
2019 and 2020 (Figure 1). The sampled species were: Chelon labrosus, Conger
conger, Coriphaena hippurus, Dentex dentex, Diplodus sargus, Epinephelus
aeneus, Epinephelus costae, Epinephelus marginatus, Muraena helena,
Muraena spp., Pagrus pagrus, Seriola dumerili, Shyraena shyraena, Siganus
luridus, Siganus rivulatus and Sphyraena viridensis. For 3 of them, only the
flesh was available; for 2 of them, only the liver was available; for the rest, both
flesh and liver were available.

A Crete Cyprus
@’”
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Balearic Islands X“ﬁ} g
g
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Figure 5. Fish sampling points.

2.3. Ciguatoxin extraction

Fish samples were extracted and purified as follows: 10 g of fish flesh or liver
homogenate were heated at 70 °C for 15 min in a water bath. After cooling, 20
mL of acetone was added, and the sample mixture was homogenized with an
Ultraturrax blender at 17,500 g for 5 min. The sample mixture was centrifuged
at 3,000 g for 15 min to obtain the supernatant. The pellet was re-extracted with
acetone, and supernatants were pooled, passed through 0.2-um PTFE filters,
rotary evaporated to a small volume, and adjusted to a volume of 4 mL with
Milli-Q water. The sample was partitioned twice with 16 mL of diethyl ether.
The water phases were discarded, and the diethyl ether phases were pooled and
evaporated to dryness. The dried extract was resuspended in 2 mL of aqueous
methanol (80%) and partitioned three times with 4 mL of n-hexane. The n-
hexane phases were discarded, and the aqueous methanol phases were pooled
and evaporated to dryness with N2. The dried extract was then resuspended in
4 mL of HPLC-grade methanol (100%), filtered with 0.2-um PTFE membrane
filters and stored at —20 °C until analysis by CBA and immunoassay, obtaining
the “crude extract”. For calculation purposes, 1 mL of crude extract contains
2.5 gequivalents of fish flesh. After the first screening with CBA, an additional
fish flesh crude extract was prepared from the sample in which CTX-like
activity was detected, using 130 g of flesh in a final volume of 52 mL (2.5 g
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fish flesh/mL of methanol). This extract was used to study more deeply the
toxins present in the fish, including fractionation steps through preparative
chromatography.

2.4. Fish flesh extract fractionation

A total of 44 mL of fish flesh crude extract was evaporated to dryness with N,
and resuspended in 1 mL of HPLC-grade methanol (110 g fish flesh/mL of
extract). The analytical fractionation was performed on an Acquity UPLC®
BEH C18, 1.7 um (2.1 mm X 50 mm) column, protected with an Acquity
UPLC® in-line filter and a VanGuard precolumn (2.1 mm % 5 mm), all of them
from Waters Corporation (Milford, MA, USA), as previously described
(Caillaud et al. 2011; Diogéne et al. 2017). Binary gradient elution was
achieved with mobile phase (A) water and (B) acetonitrile:water (95:5 v/v),
both with 2 mM ammonium formate and 50 mM formic acid. The program
started at 35% B, then linearly increased up to 100% B at 5.0 min. Such
percentage was held to min 10.0 and returned to the initial conditions at min
10.1. Finally, the column was equilibrated to complete a total run-time cycle of
14 min. The auto sampler temperature, the oven temperature and the flow rate
were set at 4 °C, 40 °C and 0.2 mL/min, respectively. The injection volume was
0.1 mL and, after loading, the syringe was washed for 4 seconds with
100% methanol at the flush port to avoid carry-over. The flow was diverted to
waste by a 10-port Valco valve during the first 1.5 min of each run to keep the
ion source clean. Fractions were collected every 0.5 min (n=28). After
fractionation, the content of each tube (1 mL) was evaporated to dryness,
resuspended in 1 mL of HPLC-grade methanol, passed through 0.2-um PTFE
filters and stored at —20 °C until analysis by CBA and immunoassay.

2.5. Neuro-2a cell-based assay

The CBA for the detection of CTX-like activity was performed as previously
described (Diogene et al., 2017). Briefly, N2a cells (ATCC, CCL131) were
seeded in a 96-well microplate in 200 uL. of RPMI medium containing
5% v/v fetal bovine serum (RPMI-FBS) at 34,000 cells/well, and incubated
under a 5% CO, humid atmosphere for 24 h at 37 °C. Some N2a cells were
treated with 100 uM ouabain and 10 uM veratridine. Then, 10 pL of CTX1B
standard solution, fish crude extract or fraction (V% serially diluted from 12.5 to
0.1 pg/mL for CTX1B standard solution, from 200 to 25 mg/mL for fish crude
extract, from 4.78 to 0.15 g equiv./mL for fraction), and from 17,000 to 10
cells/'mL (depending on the strain) for microalgae extract, previously
evaporated to dryness with N, and resuspended in 200 pL of RPMI-FBS
medium, were added to the wells with and without the ouabain/veratridine
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treatment (no treatment was used as a control to evaluate matrix effects). After
24 h, cell viability was measured using the MTT assay (Manger et al., 1993).
Measurements were performed in triplicate.

The CBA for the detection of MTX-like activity was performed as previously
described (Caillaud et al., 2010). The assay was very similar to the one for
CTX-like activity, the only difference being the pre-treatment of some N2a cells
with 30 uM SKF96365 for 30 min instead of ouabain and veratridine.

2.6. Magnetic bead-based immunoassay

Analyses were performed following our previous protocols (Leonardo et al.
2020; Gaiani et al. 2020). Briefly, 8 uL of magnetic bead suspension were
transferred to a tube and activated by incubation with 40 puL of 50 mg/mL EDC
and 40 uL of 50 mg/mL NHS (in 25 mM MES, pH5.0) for 30 min.
Subsequently, 80 uL of antibodies (3G8 or 10C9 mAb at 1/50 dilution in MES)
were incubated for 1 h. The mAb-MB conjugates were washed, re-suspended
in 80 uL of PBS-Tween (0.1 M PBS, 0.05% v/v Tween®-20, pH 7.2) and 75 uL
of each conjugate were transferred into new tubes mixed together. After
supernatant removal, 75 pL of CTX1B standard solution, fish crude extract or
fraction (at 500, 100, 50 and 25 pg/mL for CTX1B standard solution, and 2
serially diluted from 10 to 2.5 g/mL for fish crude extract, and from 440 to
13.75 g equiv./mL for fraction), previously dried and resuspended in 250 pL of
PBS-Tween, were added to the tube and incubated for 30 min. A blocking step
was performed with PBS-Tween containing 2% w/v BSA. Then, the conjugates
were incubated first with 75 pL of biotin-8H4 mAb and afterwards with 75 pL
of polyHRP-streptavidin. All the incubations lasted for 30 min, were performed
at room temperature with slow tilt rotation, and three washings with PBS-
Tween were performed between each step. Finally, immunocomplexes were
washed and re-suspended in 75uL of PBS-Tween. Then, 10puL of
immunocomplexes were transferred to a new tube, the supernatant was
removed and 125 pL. of TMB were incubated for 10 min. Then, 100 uL of
solution were taken for absorbance reading at 620 nm. Measurements were
performed in triplicate.

3. Results

3.1. Analysis of fish crude extracts with the CBA and the immunoassay
Mediterranean fish flesh and liver crude extracts were screened by CBA for the
presence of CTXs. No CTX-like activity was detected in fish flesh from the

Balearic Islands and Crete. Only one CTX-like positive fish individual was
detected out of 75 fish individuals from Cyprus, showing 12.4 pg equiv.
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CTX1B/g flesh equiv. The positive fish was a Seriola dumerili of 6.9 kg caught
the 8™ August 2018 in Zygi/Larnaca district. No liver was available for that fish.

The flesh crude extract that resulted positive by CBA was analysed with the
magnetic bead-based immunoassay, which revealed the presence of CTXs at a
concentration of 4.98 pg CTX1B equiv./g flesh equiv.

3.2. Analysis of fish fractions with CBA and immunoassay

The analysis of the fractions at 13.77 g flesh equiv./mL by CBA showed cell
mortality above 80% in fractions 2, 3 and 7-19 (Figure 2). Fractions 2 and 3
were neglected as cell mortality was thought to be due to the solvents used in
the fractionation. Fractions 7 and 8 provided the same cell mortality as the
control (no ouabain/veratridine) and thus, they were not considered either.
Samples 17-19 showed cell mortalities higher than in the control, which may
indicate CTX-like activity. Fractions 9 to 16, the ones where higher cell
mortalities were observed (regardless of fractions 2 and 3), were further diluted
and analysed again. The CBA of fractions at 1.72 g flesh equiv./mL showed
CTX-like activity in fractions 15 (0.4 pg/g) and 16 (0.5 pg/g). The CBA
fractions at 0.86 g flesh equiv./mL showed CTX-like activity in fractions 13
(3.7 po/g) and 14 (1.9 pg/g). Figure 3 shows the results of the analysis by the
CBA of the fractions at 0.86 g flesh equiv./mL, as an example. The sum of toxin
contents in fractions where CTX-like activity was clearly observed is 6.5 pg
equiv. CTX1B/qg flesh equiv.
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Figure 6. Toxicity of flesh fractions from 1 to 28 at 13.77 g flesh equiv./mL by CBA with
ouabain/veratridine (black) and corresponding control without ouabain/veratridine (grey). Error
bars represent standard deviation (SD) values for 3 replicates (n = 3).
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Figure 7. Toxicity of flesh fractions from 9 to 16 at 0.86 g flesh equiv./mL by CBA with
ouabain/veratridine (black) and corresponding control without ouabain/veratridine (grey).
Error bars represent standard deviation (SD) values for 3 replicates (n = 3).

The analysis of the fractions by the magnetic bead-based immunoassay
revealed the presence of CTXs in fraction 15, when analysed at 110 g flesh
equiv./mL, which contained 0.08pg CTX1B equiv./g flesh equiv.
(LOD =0.01 pg CTX1B equiv./g flesh equiv.).

4. Discussion

Among all the fish studied in the Mediterranean (n = 196), only one fish from
Cyprus presented CTX-like activity. Analysis of the fish crude extracts with
CBA revealed CTX-like activity in a Seriola dumerili individual of 6.9 kg
caught the 8" August 2018 in Zygi/Larnaca district. No liver was available for
that fish. The toxin content was 12.4 pg equiv. CTX1B/g, just slightly over the
guidance level of 0.01 ppb (10 pg/g) proposed by the United States Food and
Drug Administration (US FDA, 2019).

Our recent work with anti-CTX antibodies has demonstrated that the MB-based
immunoassay is very appropriate tool for the detection of CTXs in fish
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(Leonardo et al. 2020) and microalgae (Gaiani et al. 2020; Tud¢ et al. 2020a).
One of the advantages is the low limit of detection, comparable to that attained
with CBA. Another important advantage is that matrix effects, if any, may cause
a decrease of the signal and thus imply an underestimation of the CTX contents,
but do not cause an enhancing effect. This robustness together with the high
specificity of the antibodies used, make that no false positives are detected.
When comparing with the results obtained with the CBA in the analysis of the
flesh crude extract, much lower CTXs contents were found with the
immunosensor (0.08 in front of 12.4 pg equiv. CTX1B/g flesh equiv.). It is
necessary to keep in mind that the immunosensor recognises only some CTX
congeners, i.e. CTX1B, 54-deoxyCTX1B, CTX3C and 51-hydroxyCTX3C,
whereas the CBA is certainly responding to more CTX congeners.
Nevertheless, the response detected by the MB-based immunoassay approach
is another evidence of the presence of CTXs in this individual.

Regarding the fractionation experiment, a previous fractionation of a shark
stomach extract with the same protocol showed CTX-like activity in fractions
8 to 22, with the highest toxicities in fractions 9 to 12 (Diogene et al. 2017).
LC-ESI-HRMS revealed the presence of I-CTX-1&2 in these four fractions and
[-CTX-3&4 in fractions 9 and 10. The fractionation of an extract from a solid-
phase adsorption toxin tracking (SPATT) resin exposed to a Gambierdiscus
pacificus culture also showed CTX-like activity in fractions 8, 10, 11 and 12
(retention time windows between 3.5—4.0 and 4.5—6.0 min). In that study, 2,3-
dihydroxyCTX3C (5.17 and 5.82 min), 51-hydroxyCTX3C (5.82 min) and M-
/L-seco-CTX3C (5.54 and 5.82 min) were detected by LC-MS/MS and could
explain the reported toxicity (Caillaud et al. 2011). In our present work,
fractionation of the fish flesh shows CTX-like activity in fractions 13, 14, 15
and 16. Therefore, the similarity of the chromatographic toxic profile with those
observed in other works is another indication of the presence of CTXs in this
individual, as well as the CTX-like compounds detected with the MB-based
immunoassay in fraction 15. Since the antibodies only recognise CTX1B, 54-
deoxyCTX1B, CTX3C and 51-hydroxyCTX3C, the lack of immunochemical
signal from other fractions determined as positive by CBA could be due to the
presence of other toxic CTX congeners. The different retention times of the
different CTX congeners that may be present in the samples may justify the
slight differences obtained in the toxic fractions among the studies. From a
quantitative point of view, although the fractionation protocol reduces the
matrix effects, it is also prone to toxin losses. This is reflected in the
determination of CTXs contents, which was 6.5 in front of 12.4 pg equiv.
CTX1B/g flesh equiv. with the CBA and 0.08 in front of 4.98 pg CTX1B
equiv./g flesh equiv. with the magnetic bead-based immunoassay. Nevertheless,
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the purpose of the fractionation experiment was the confirmation of CTXs
presence rather than a precise quantification.

Previous studies indicate that Gambierdiscus and Fukuyoa are well established
in the Mediterranean Sea. However, the toxicity of the strains from Greece and
Cyprus is in general low. This, combined with low cell abundancies of
ciguatoxin producing species may explain why that fish from Cyprus was only
slightly toxic and why no other positive fish individuals (out of the 152
examined from Crete and Cyprus) have been detected so far. However,
increases in abundance and toxicity due to climate change and the subsequent
changes in several abiotic factors, and therefore spread of ciguateric fish and
future CP cases cannot be ruled out.

5. Conclusions

The screening performed with CBA demonstrated the utility of this test to easily
identify extracts in which a CTX-like activity is occurring. This feature
combined with the robustness and specificity of the antibodies used in the
immunosensor technique allowed to recognize CTXs in the fish individual
positive for CTX-like activity, unique among the 196 crude extracts analysed.
In this way, only this particular individual underwent a purification procedure,
shortening considerably the time required for the analysis. Additionally, the use
of these two tests identified the presence of CTX-like activity and CTXs in an
interval of fractions similar to the one in which they were detected when the
same protocol was performed for the analysis of a shark extract involved in a
ciguatera outbreak. Therefore, even though these results are preliminary and
require further analysis with instrumental techniques, they underline the need
of routinely screening of fishes from the Mediterranean basin in order to
prevent outbreaks. In this picture, the combined use of the CBA and the
immunosensor would provide reliable results in a short period of time, reducing
the use of instrumental analysis only to confirmation procedure for a reduced
number of individuals. Thus, it would not take long to see this protocol
integrated in monitoring systems.
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Abstract

Consumption of seafood contaminated with ciguatoxins (CTXs) leads to a
foodborne disease known as ciguatera. Primary producers of CTXs are
epibenthic dinoflagellates of the genera Gambierdiscus and Fukuyoa. In this
study, thirteen Gambierdiscus and Fukuyoa strains were cultured, harvested at
exponential phase, and CTXs were extracted with an implemented rapid
protocol. Microalgal extracts were obtained from pellets with a low cell
abundance (20,000 cell/mL) and were then analyzed with magnetic bead (MB)-
based immunosensing tools (colorimetric immunoassay and electrochemical
immunosensor). It is the first time that these approaches are used to screen
Gambierdiscus and Fukuyoa strains, providing not only a global indication of
the presence of CTXs, but also the ability to discriminate between two series of
congeners (CTX1B and CTX3C). Analysis of the microalgal extracts revealed
the presence of CTXs in 11 out of 13 strains and provided new information
about Gambierdiscus and Fukuyoa toxin profiles. The use of immunosensing
tools in the analysis of microalgal extracts facilitates the elucidation of further
knowledge regarding these dinoflagellate genera and can contribute to
improved ciguatera risk assessment and management.
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1. Introduction

Epibenthic dinoflagellates of the genera Gambierdiscus and Fukuyoa are
known producers of ciguatoxins (CTXs), potent marine toxins responsible for
a foodborne disease termed ciguatera. (Lewis 2001, Begier et al 2006, Litaker
etal 2017, Larsson et al 2019) CTXs can accumulate in marine food webs, from
herbivorous and detritivorous fishes that graze substrates colonized by
Gambierdiscus and Fukuyoa (e.g. macroalgae, corals and rocks) to carnivorous
fishes (Ledreux et al. 2014). In the process, other organisms like crustaceans,
echinoderms and bivalves may also be implicated (Kelly et al. 1992, Silva et
al. 2015, Roué et al. 2016).

Presently, eighteen species of Gambierdiscus are recognized worldwide:
G. toxicus, G. belizeanus, G. australes, G. pacificus, G. polynesiensis,
G. caribaeus, G. carolinianus, G. carpenteri, G. excentricus, G. scabrosus, G.
silvae, G. balechii, G. cheloniae, G. lapillus, G. honu, G. jejuensis, G. lewesii
and G. holmesii (Chinain et al. 1999, Litaker et al. 2009, Fraga and Rodriguez
2014, Nishimura et al. 2014, Rhodes et al. 2017, Jang et al. 2018, Kretzschmar
et al. 2019). Regarding the genus Fukuyoa, only three species (F. ruetzleri,
F. yasumotoi and F. paulensis) have been described (Holmes 1998, Litaker et
al. 2009, Gémez et al. 2015). These species have been found mainly in tropical
and subtropical areas, but also in temperate areas. Despite the wide distribution,
there are zones where the diversity in terms of reported species is higher, such
as the Canary lIslands, coasts of the Caribbean and adjacent seas, and French
Polynesia (Tester et al 2020). Gambierdiscus and Fukuyoa are all potential
producers of bioactive compounds. In fact, in addition to CTXs (Yasumoto et
al. 2000, Chinain et al. 2010) maitotoxins (MTXs) (Murata et al. 1993, Holmes
and Lewis 1994, Pisapia et al. 2017b), gambieric acids (Nagai et al. 1992),
gambierol (Satake et al. 1993), gambieroxide (Watanabe et al. 2013) and
gambierone (Rodriguez et al. 2015, Murray et al. 2019) have also been detected
in laboratory cultures of some species. Even if toxicity of these compounds on
cell lines has been reported, it is not fully understood yet if they play a role in
ciguatera intoxication (Kohli et al. 2015). During their accumulation through
food webs, CTXs are often biotransformed and this may result in metabolites
of higher toxicity than the algal parent compounds (Lehane and Lewis 2000,
Ikehara et al. 2017). The CTXs profiles found in fish are determined by the
Gambierdiscus and Fukuyoa species grazed by fishes, the congeners that these
microalgae produce and the biotransformation processes occurring through the
food web. Therefore, the oxidation of specific CTX algal precursors can lead
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to species-specific and region-specific toxin profiles in fishes (Yogi et al. 2011,
2014). Thus, studies that aim to investigate toxic profiles of Gambierdiscus and
Fukuyoa are extremely important not only to obtain fundamental knowledge
about these genera, but also to understand and monitor the presence of CTXs
in fishes and, more broadly, to better describe ciguatera intoxication and predict
future outbreaks.

Several methods have been used to analyze Gambierdiscus or Fukuyoa species.
The mouse bioassay (MBA) has been very useful during the first steps to
identify CTXs and MTXs in microalgae but it has been demonstrated to lack
sensitivity and specificity. As a consequence, other methods have been
developed, including cell-based assays (CBAs), receptor binding assays
(RBAs) and instrumental analysis techniques (e.g. liquid chromatography
coupled to mass spectrometry, LC-MS/MS) (Reverté et al. 2014) CTXs have
not been detected in all existing species of the genera Gambierdiscus and
Fukuyoa, and even when the presence is confirmed, the contents are very low
(few fg/cell) (Kohli et al. 2015). Nevertheless, the species G. polynesiensis and
G. excentricus have shown, consistently over the years, a CTX-like toxicity
significantly higher than other species, producing up to several pg/cell of CTX
compounds (Chinain et al. 2010, Fraga et al. 2011, Rhodes et al. 2014, Litaker
etal. 2017, Pisapia et al. 2017a, Sibat et al. 2018). Therefore, these two species
are viewed as the most important CTXs producers in the Pacific and Atlantic
Oceans, respectively.

Gambierdiscus and Fukuyoa cells are armored dinoflagellates with cellulose
thecae difficult to disrupt. Therefore, a key point for the correct determination
of the toxin content is the extraction procedure, which usually involves several
purification steps to obtain a clean extract (Caillaud et al. 2010). The first step
of this procedure is the intrinsic pellet extraction, which is performed in
absolute methanol (Caillaud et al. 2011, Kretzschmar et al. 2017, Litaker et al.
2017, Munday et al. 2017, Pisapia et al. 2017a, Rhodes et al. 2017, Larsson et
al. 2018), aqueous methanol (Roeder et al. 2010), or a combination of both
(Chinain et al. 2010, Pawlowiez et al. 2013, Clausing et al. 2018, Reverté et al.
2018, Longo et al. 2019, Rossignoli et al. 2020), whilst Lewis et al (2016)
extracted pellets with a methanol:water:hexane solution. To facilitate cell
disruption, sonication is usually involved in the extraction process, through
sonicator probes (Chinain et al. 2010, Lewis et al. 2016, Litaker et al. 2017,
Pisapia et al. 2017a, Clausing et al. 2018, Larsson et al. 2018, Reverté et al.
2018, Rossignoli et al. 2020), or ultrasonic baths (Roeder et al. 2010, Rhodes
etal. 2017, Longo et al. 2019), or, alternatively, the use of a bead beater (Pisapia
et al. 2017a). According to the grade of purity needed, crude extracts have to
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undergo a first purification step that usually involves liquid/liquid solvent
partitioning to separate CTXs from MTXs (Chinain et al. 2010, Lewis et al.
2016, Litaker et al. 2017, Pisapia et al. 2017a, Pisapia et al. 2017b, Clausing et
al. 2018). If the extracts are highly concentrated in biomass, further purification
steps are needed prior to the analysis with LC-MS/MS. These steps include the
use of chromatography, either Solid Phase Extraction (SPE) (Darius et al. 2007,
Chinain et al. 2010, Rhodes et al. 2010) or High Performance Liquid
Chromatography (HPLC) (Chinain et al. 2010). Evidently, this procedure is
time consuming, involves the use of several reagents and instrumentation, and
requires skilled personnel. Therefore, the development of more rapid, simpler
and equally efficient techniques is desirable.

Recently, our group has developed an immunosensor for the detection of CTXs
in fish samples (Leonardo et al. 2020). This technique involves the use of
monoclonal antibodies (mAbs) showing high specificity and sensitivity for
their CTX targets (Oguri et al. 1999, 2003 Nagumo et al. 2001, 2004,
Tsumuraya et al. 2006, 2010, 2012, 2014, 2018), and their exploitation in a
sandwich colorimetric immunoassay and electrochemical immunosensor on
magnetic beads (MBs). Specifically, the 3G8 mAb has affinity for the left wing
of CTX1B and 54-deoxyCTX1B (Tsumuraya et al. 2012), the 10C9 mAb for
the left wing of CTX3C and 51-hydroxyCTX3C (Oguri et al. 2003), and the
8H4 mAb for the right wing of the four congeners(Tsumuraya et al. 2006)
(Figure 1).
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Figure 1. Schematic representation of the four CTXs congeners recognized by the antibodies
used in this work.

In this work, the developed MB-based immunoassay and immunosensor have
been exploited to investigate the CTXs production of nine Gambierdiscus
strains belonging to three species (G. australes, G. excentricus and G.
caribaeus) and four Fukuyoa paulensis strains (Figure 2). A rapid CTXs
extraction protocol using a bead beater has been evaluated with the intent to
accelerate the analytical process. Results have been compared to the CBA. The
immunosensing tools provided a qualitative estimation and discrimination of
two series of congeners (CTX1B and CTX3C) of these microalgal strains.

2. Experimental Section

2.1. Reagents and solutions

Dynabeads M-270 Carboxylic Acid (2 x 10° beads/mL) were supplied by
Invitrogen (Life Technologies, S.A., Alcobendas, Spain). Potassium phosphate
monobasic, potassium phosphate dibasic, potassium chloride, 4-
morpholineethanesulfonic acid (MES) hydrate, N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
Tween®-20, bovine serum album (BSA), and 3,3’,5,5 -tetramethylbenzidine
(TMB) liquid substrate were purchased from Sigma-Aldrich (Tres Cantos,
Spain). PolyHRP-streptavidin was obtained from Thermo Fisher (Barcelona,
Spain). Milli-Q water (Millipore, Bedford, USA) was used to prepare solutions.
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For the extractions, methanol was obtained from Honeywell (Barcelona,
Spain). CTX1B standard solution was obtained from Prof. Richard J. Lewis
(The Queensland University, Australia) and calibrated (correction factor of
90%) in relation to the NMR-quantified CTX1B standard solution from Prof.
Takeshi Yasumoto (Japan Food Research Laboratories, Japan). 51-OH-CTX3C
standard solution was kindly provided by Prof. Takeshi Yasumoto (Japan Food
Research Laboratories, Japan) and was used as a model for the series of CTX3C
congeners. 3G8, 10C9 and 8H4 mAbs had been prepared by immunizing mice
with keyhole limpet hemocyanine (KLH) conjugates of rationally designed
synthetic haptens®*! Biotin labelling of the 8H4 mAb was performed with the
EZ-Link™ NHS-PEG4 Biotinylation Kit from Thermo Fisher (Barcelona,
Spain) following the manufacturer’s instructions. Unreacted NHS-PEG4-
Biotin was removed using Zeba Spin Desalting Columns (7 kDa MWCO, 2mL)
included in the kit.

2.2. Equipment

A Bead Beater (BioSpec, Bartlesville, USA) was used for the extraction of
CTXs. An Allegra X-15R (Beckman Coulter, Brea, USA) centrifuge was used
to obtain the microalgal pellets and in the CTXs extraction after using the
sonicator. An Eppendorf 5415D (Hamburg, Germany) centrifuge was used in
the CTXs extraction after using the bead beater. Magnetic separation was
performed using a MagneSphere Technology Magnetic Separation Stand (for
12 0.5-mL or 1.5-mL tubes) and a PolyATtract System 1000 Magnetic
Separation Stand (for one 15-mL tube) from Promega Corporation (Madison,
USA). Colorimetric measurements were performed with a Microplate Reader
KC4 from BIO-TEK Instruments, Inc. (Vermont, USA). Gen5 software was
used to collect and evaluate data. Arrays of eight screen printed carbon
electrodes (DRP-8x110), a boxed connector (DRP-CAST8X) and a magnetic
support (DRP-MAGNETS8X) were purchased from Dropsens S.L. (Oviedo,
Spain). The arrays consist of 8 carbon working electrodes of 2.5 mm in
diameter, each with its own carbon counter electrode and silver reference
electrode. Amperometric measurements were performed with a PalmSens
potentiostat connected to an 8-channel multiplexer (MUXS) (Houte, The
Netherlands). Data were collected and evaluated with the PalmSens PC
software.
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Figure 2. Schematic representation of the Gambierdiscus and Fukuyoa cultures, rapid CTXs
extraction and subsequent analysis of the extracts with the MB-based colorimetric immunoassay

and electrochemical immunosensor.

2.3. Microalgal cultures

Several Gambierdiscus (N = 9) and Fukuyoa (N = 4) strains were used: 1) from
IRTA collection (G. australes IRTA-SMM-13_07; F. paulensis IRTA-SMM-
17 206, IRTA-SMM-17_211 and IRTA-SMM-17_220); 2) from Culture
Collection of Microalgae (CCVIEO) of the Instituto Espafiol de Oceanografia
in Vigo, Spain (G. excentricus VGO791; F. paulensis VG01185); and 3) from
a sampling performed in the Canary Islands, Spain, in September 2016 and
2017, and recently incorporated to IRTA collection (G. australes IRTA-SMM-
16 _286; G. excentricus IRTA-SMM-17 01, IRTA-SMM-17_126, IRTA-
SMM-17_407, IRTA-SMM-17_428 and IRTA-SMM-17_432; G. caribaeus
IRTA-SMM-17_03). In total, 2 G. australes strains, 6 G. excentricus strains, 1

G. caribaeus strain, and 4 F. paulensis

strains were evaluated. For the

sampling, macroalgae were collected, mixed with 1 L of seawater, vigorously
shaken and filtered through a 200 um mesh. Microalgal cells were isolated with
a glass pipette following the capillary method (ikehara and Rosowski 1973) and
cultivated, first in 24-well microplates and then in tissue culture polystyrene

flasks.
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All the clonal cultures were grown in ES medium (Provasoli 1968) containing
filtered and autoclaved seawater from L’ Ametlla de Mar, Spain, and adjusted
to a practical salinity of 36. Cultures were maintained at 24 + 0.5 °C under a
photon flux rate of 100 pmol m? st with a 12:12 h light:dark regime. Culture
aliquots were fixed with 3% Lugol’s iodine and counted following the
Sedgwick-Rafter method (Greeson 1977) using a Kolkwitz chamber (Hydro-
Bios, Altenholz, Germany) under an inverted light microscope (Leica DMIL,
Spain). All the cultures were collected at the exponential phase (ca. 21 days).
Pellets containing 10 cells were prepared by centrifugation (3200 g, 20 min)
and stored at —20 °C until CTXs extraction. Additionally, pellets of strains from
the sampling were prepared and stored at —20 °C for subsequent DNA
extraction.

Extraction of genomic DNA was performed using a bead beating system and
the phenol/chloroform/isoamylalcohol method (Toldra et al 2018). Extracted
DNA samples (50 puL) were quantified and checked for their purity using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). The D8-D10 domain
of the 28S rDNA gene was amplified using PCR and the pair of primers
FD8/RB (5-GGATTGGCTCTGAGGGTTGGG-

3/5 GATAGGAAGAGCCGACATCGA-3) (Chinain et al 1999). Each 25 pL
reaction mixture contained 600 uM dNTP, 2 mM MgCl,, 0.2 pM of each
primer, 1 U of Taq polymerase, 5% DMSO, and 2 pL of template DNA (10-50
ng). Amplifications were carried out in a Nexus Gradient Thermal Cycler
(Eppendorf, Spain) and included 45 cycles of amplification following a three-
step protocol (95 °C for 30 s, 60 °C for 45 s and 72 °C for 30 s). Each PCR
reaction was checked by agarose gel electrophoresis. PCR products of ~950 bp
were purified with QIAquick PCR Purification Kit and bidirectionally
sequenced (Sistemas Genomicos, LLC, Valencia, Spain). Forward and reverse
sequence reads were edited using BioEdit v7.0.5.2 (Hall 1999) to create
consensus sequences for each strain. Sequences were aligned using MAFFT v.7
(Rozewicki et al. 2019). The phylogenetic relationships were inferred by
Maximum Likelihood (ML) using RaxML v.8 (Stamatakis 2014) and Bayesian
Inference (BI) using Mr. Bayes v.3.2.2 (Huelsenbeck and Ronquist 2001).
Sequences were deposited in GenBank (Table S1).

2.4. Ciguatoxins (CTXs) extraction

Toxin extraction was performed comparing the use of a sonicator (Reverté et
al., 2018) and a bead beater. The sonicator protocol was as follows: 1) two
pellets of 10* cells were pooled together in a 15-mL tube using 5 mL of MeOH;
2) sonication was conducted for 15 min at 38% of amplitude 3 sec on/2 sec off
using a 3 mm diameter sonicator probe (Watt ultrasonic processor VCX 750
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(Newton, USA); 3) the extract was centrifuged (3200 g, 10 minutes),
transferred to a new tube and dry-blown under N, gas at 40 °C; 4) 5 mL of
MeOH were added to the first tube and steps 2 and 3 were repeated twice
(transferring the supernatants to the tube with the already evaporated extract).
The bead beater protocol was as follows: (1) two pellets of 10* cells were pooled
together into a 2-mL screw-cap cryotube containing ~50 pg of 0.5 mm diameter
zirconium glass beads using 1 mL of MeOH; (2) bead beating was conducted
for 3 or 6 runs of 40 s each; (3) the extract was centrifuged (3700 g, 1 min),
transferred to a glass vial and dry-blown under N gas at 40 °C. Dried extracts
were stored at -20 °C until analysis.

2.5. Cell-based assay (CBA)

The CBA was performed as previously described (Diogene et al. 2017). Briefly,
neuro-2a (N2a) cells (ATCC, CCL131) were seeded in a 96-well microplate in
200 pL of RPMI medium containing 5% v/v fetal bovine serum (RPMI-FBS)
at 42,500 cells per well, and incubated under a 5% CO; humid atmosphere for
24 h at 37 °C. Prior to exposure to CTX1B standard solution or microalgal
extract, some N2a cells were pre-treated with ouabain and veratridine at 1 and
0.1 mM, respectively. CTX1B standard solution or microalgal extract were
dried, reconstituted in 200 pL of RPMI-FBS medium, 1/2 serially diluted (from
575.0 to 4.5 pg/mL for CTX1B standard solution and from 90.000 to 11.250
cells/mL for microalgal extract), and 10 pL were added to the wells with and
without ouabain/veratridine pre-treatment (no pre-treatment used as a control
to evaluate matrix effects). After 24 h, cell viability was measured using the
MTT assay (Manger et al. 1993). Measurements were performed in triplicate.

2.6. Colorimetric immunoassay and electrochemical immunosensor

Analyses were performed following our previous protocol (Leonardo et al.
2020) with some modifications. Briefly, 8 uL of MB suspension were
transferred to a tube and activated by incubation with 40 pL of 50 mg/mL EDC
and 40 uL of 50 mg/mL NHS (in 25 mM MES, pH 5.0) for 30 min.
Subsequently, 80 puL of antibodies (3G8 or 10C9 mAb at 1/50 dilution in MES)
were incubated for 1 h. The mAb-MB conjugates were washed, re-suspended
in 80 uL of PBS-Tween (0.1 M PBS, 0.05% v/ Tween®-20, pH 7.2) and
transferred into new tubes either separately (75 pL of conjugate) or mixed
together (150 pL containing 75 plL of each conjugate). After supernatant
removal, 75 pL of microalgal extract (evaporated extract resuspended in 250
uL of PBS-Tween), CTX standard (CTX1B or 51-OH-CTX3C) or both (for the
spiking experiment) were added to the tube and incubated for 30 min. From this
step on, the protocol of our previous work was followed without any change.
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At first, a blocking step was performed with PBS-Tween-BSA. Then, the
conjugates were incubated first with 75 pL of biotin-8H4 mAb and afterwards
with 75 puL of polyHRP-streptavidin. All the incubations lasted for 30 min, were
performed at room temperature with slow tilt rotation, and three washings with
PBS-Tween were performed between each step. Finally, immunocomplexes
were washed and re-suspended in 75 pL. of PBS-Tween. For the analysis two
different procedure were followed, for the colorimetric immunoassay: 10 pL of
immunocomplexes were transferred to a new tube, the supernatant was
removed and 125 pL of TMB were incubated for 10 min. Then, 100 pL of
solution were taken for absorbance reading at 620 nm. Measurements were
performed in triplicate. Instead, for the electrochemical immunosensor: 10 pL
of immunocomplexes were placed on each working electrode of the 8-electrode
array, the supernatant was removed and 10 puL. of TMB were incubated for 2
min; the TMB reduction current was measured using amperometry (—0.2 V (vs.
Ag) for 5 s). Measurements were performed in quadruplicate.

2.7. Statistical analysis

Multivariate analysis of variance (two-way MANOVA) was first used to
analyze differences in CTXs quantifications between the immunoassay and the
immunosensor and among strains of different species. MANOVA is used when
several dependent variables are measured on each sampling unit instead of only
one variable (for more details, see Suarez-Serrano et al. 2010 and Rovira et
al.2012). Significances were further explored with two-way analysis of
variance (ANOVA). In addition to P values, the partial eta squared (7,°) was
used as a measure of effect size (i.e. importance of factors). Similar to
regression coefficient (+2), 5,° is the proportion of variation explained for a
certain effect, and has the advantage over eta squared of not depending on the
number of sources of variation used in the ANOVA, thus it could be compared
among different designs (Tabachnick et al. 2007). In contrast to P value, 7,” has
the advantage that allows the proper comparison of treatments (e.g. a lower P
value does not necessarily mean that a factor has stronger effect; Alcaraz et al.
2008). Adjusted (or marginal) means of a dependent variable are the means for
each level of the factor, and were used to describe the differences among strains
and quantification tools. All statistical analyses were performed with SPSS
25.0.

3. Results
3.1. Ciguatoxins (CTXs) extraction

To demonstrate the efficiency of the bead beater protocol to extract CTXs,
pellets from a culture of the strain G. excentricus IRTA-SMM-17_428 were
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extracted with two different bead beater settings and also with sonication as a
reference method. CTXs extraction was evaluated using CBA (ICsp = 0.90
pa/mL, 1Cg (limit of detection, LOD) = 0.40 pg/mL). Each extraction was
performed in duplicate, and each extract was also analyzed in duplicate with
the CBA. Observation of the cells under the light microscope indicated that all
the protocols caused cell lysis (results not shown). As can be seen in Figure 3,
the different techniques resulted in similar CTXs extraction yields, and no
differences were observed between performing 3 or 6 bead beater runs. The
bead beater protocol can be considered the most suitable for CTXs extraction
because it is more rapid and simpler. Indeed, the time required for the toxin
extraction from microalgal pellets is as low as 2 min in comparison to the 60
min used by Pisapia and coworkers (2017a) or the 45 min required with
sonication. Additionally, evaporation of the 15 mL of MeOH required for the
sonication protocol takes longer than the evaporation of the 1 mL used with the
bead beater. Furthermore, using a bead beater it is possible to extract up to eight
samples at the same time, whereas the sonicator can extract only one sample at
a time. Therefore, for subsequent experiments, samples were extracted using 3
bead beater runs.
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Figure 3. CTXs extracted (fg CTX1B equiv./cell) from G. excentricus IRTA-SMM-17_428
using sonicator, bead beater 3 times and bead beater 6 times, and evaluated with CBA.

3.2. Colorimetric immunoassay and electrochemical immunosensor

Microalgal extracts from Gambierdiscus and Fukuyoa cultures were analyzed
using the colorimetric immunoassay, the electrochemical immunosensor and
the CBA (Figure 4 and Table S2). Regarding the analysis with the immunoassay
and the immunosensor, both approaches should be able to detect at least four
congeners among CTXs: CTXI1B, 54-deoxyCTX1B, CTX3C and 51-
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hydroxyCTX3C. This is due to the ability of 3G8 mAb to bind to the left wing
of CTX1B and 54-deoxyCTX1B (Tsumuraya et al. 2012), of 10C9 mAb to bind
to the left wing of CTX3C and 51-hydroxyCTX3C (Oguri et al. 2003), and of
8H4 mAb to bind to the right wing of the four congeners (Tsumuraya et al.
2006). Whereas in our previous work both capture antibodies (3G8 and 10C9)
were used together to analyze fish extracts (Leonardo et al. 2020), thus
providing a global response, in this study they have also been used separately
to obtain an estimation of the amount of CTX1B or CTX3C series of congeners
of several Gambierdiscus and Fukuyoa strains. Therefore, quantifications are
expressed in fg/cell of CTX1B equiv. when the 3G8 mAb was used alone, in
fg/cell of 51-OH-CTX3C equiv. when the 10C9 mAb was used alone, and in
fg/cell of CTX1B equiv. and 51-OH-CTX3C equiv. when the two antibodies
were used together. Regarding the CBA, where the CTXs recognition principle
is based on a toxicological effect instead of a structural affinity, quantifications
are expressed in fg/cell of CTX1B equiv.

Analyses with the immunoassay and the immunosensor revealed the presence
of CTXs in 11 out of 13 extracts (all except for IRTA-SMM-13 07 and IRTA-
SMM-17 211). In general terms, as expected, the CTXs contents determined
when using two capture antibodies were higher than when using only one. This
is certainly explained by the presence of the two different series of congeners,
even if one of them was not detected separately because of the LOD of the
method. It is also important to note that although in some cases the
immunoassay showed higher CTXs contents, the immunosensor was able to
detect the presence of CTXs in samples where the immunoassay was not
capable. This can be attributed to the lower LODs of the immunosensor (1.96
and 3.59 pg/mL compared to 3.29 and 6.17 pg/mL, for CTX1B and 51-OH-
CTX3C respectively (Leonardo et al. 2020).

In order to evaluate the matrix effect, an experiment was performed, where
CTX1B and 51-OH-CTX3C standard solutions (at 100 pg/mL) were spiked into
the extracts that were negative by the immunoassay, the immunosensor and
CBA (IRTA-SMM-13 07 and IRTA-SMM-17 211). Results showed
practically no matrix effects in both the immunoassay (87% and 86% CTX1B
recovery and 100% and 87% 51-OH-CTX3C recovery for IRTA-SMM-13_07
and IRTA-SMM-17 211, respectively) and the immunosensor (97% and 89%
CTX1B recovery and 87% and 102% 51-OH-CTX3C recovery for IRTA-
SMM-13_07 and IRTA-SMM-17_211, respectively).

The results obtained show the predominance of CTX1B congeners in 4 out of
6 G. excentricus strains (IRTA-SMM-17_126, IRTA-SMM-17_407, IRTA-
SMM-17_428 and IRTA-SMM-17_432), ranging from 0.06 to 0.77 fg/cell of
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CTX1B equiv., and 1 out of 4 F. paulensis strains (VG01185) (0.27-0.33
fg/cell of CTX1B equiv.). In these strains, CTX3C congeners were not
detected, or only at very small amounts (0.01-0.04 fg/cell of 51-OH-CTX3C
equiv.). Interestingly, 2 out of 4 F. paulensis strains (IRTA-SMM-17_206 and
IRTA-SMM-17_220) revealed the presence of CTXs only when both capture
antibodies were used together in the immunoassay (although due to the lower
LODs obtained with the immunosensor, it was able to detect very low amounts
in one of them when using the antibodies separately) and 1 out of 4 (IRTA-
SMM-17_211) did not show any presence of CTXs at all. On the contrary,
CTX3C congeners were the unique or most abundant in 1 out of 2 G. australes
strains (IRTA-SMM-16_286, 0.16-0.37 fg/cell of 51-OH-CTX3C equiv. in
front of 0.04 fg/cell of CTX1B). In the other G. australes strain (IRTA-SMM-
13_07), no CTXs were detected. CTX3C congeners were also predominant in
2 out of 6 G. excentricus strains (IRTA-SMM-17_01 and VGO791), ranging
from 0.16 to 0.54 fg/cell of 51-OH-CTX3C equiv. Regarding the G. caribaeus
strain (IRTA-SMM-17_03), equal amounts of both CTX congeners were
detected (although slightly different depending on the immunosensing tool that
was used).

Microalgal extracts were also screened with CBA, in order to compare the
presence of CTXs detected with the immunosensing tools with the toxicity. As
mentioned above, it must be considered that, even if all the tests have the
objective to assess the presence of CTX congeners, their detection principle is
different, and so results can differ between them. CTX-like activity was only
detected in 4 out of 13 strains (IRTA-SMM-17_407, IRTA-SMM-17_428,
IRTA-SMM-17 432 and VGO791) with the CBA, all belonging to the species
G. excentricus.
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Figure 4. CTXs (fg/cell) extracted from different Gambierdiscus and Fukuyoa strains using the bead beater protocol, and evaluated with the colorimetric
immunoassay (A) and the electrochemical immunosensor (B). CBA results are in both A and B for comparison purposes. Dashed lines separate genera and species.



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING

GENERA GAMBIERDISCUS AND FUKUYOA
Greta Gaiani

1.0 1.0
] A ] B
0.8 0.8
0.6 0.6
0.4- 0.4
0.2 \ 0.2
% ] - ~ & \ ]
8 740 S T ] S
=00 =4 i1 004 = —t =3
2
20
T T T T 1 T T T T T 1T T T T 17 T T T T1
=10 1.0
© 1 4
g C| D
© 1 i
E£08 0.8
= ]
7] i ]
LIJ B o
0.6 0.6
] ]
0.4+ 0.4
Lo /’i T
] +4 ]
0.2 1 ¥ 0.2
0.0 ° 0.0 |

IRTA-SMM-16_286

IRTA-SMM-17_126

IRTA-SMM-17_01

IRTA-SMM-17_407 —

IRTA-SMM-13_07
IRTA-SMM-17_428

Figure 5. ANOVA adjusted means

T T T T T 1 17T 1T 17T 17T 17T T T T T°1
~N = MmO A4 O W] ~NSW d O 0N oM w o
m D O O —~ ™~ oo NOANMmMOO O -
< I~ e NN | e~ |l < < <™~ | N~
o~ 1T Id [ae B T S L B R I = B S B
T>5s7270 sTsd?dddS5Ss T2
= S§S=2:=°> S=sS==2==="s5=2
= =23 hZ2h=22=22=22 WEE
O SO R S I
=
g =gES EEESEEE ESE
& T xXox TETxxxzx T xX

IRTA-SMM-17_220

VGO1185 -

of CTXs quantifications for Gambierdiscus and Fukuyoa

strains when using the 3G8 mAb and providing the results in CTX1B equiv. (A), when using the
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providing the results CTX1B equiv. (C), and when using both mAbs and providing the results
51-OH-CTX3C equiv. (D). Black dots refer to the results obtained with the immunoassay. Grey
dots refer to the results obtained with the immunosensor.

149



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

4. Discussion

There is a general lack of studies about toxic profiles of Gambierdiscus and
Fukuyoa, probably due to the complexity of the compounds produced by these
genera. Furthermore, cultivating microalgae at a scale large enough to obtain a
high cell abundance requires time and space. The subsequent pellet extraction
is not straightforward either. In addition, there is a lack of CTXs standards, and
the available ones are extremely costly. Regardless, in the past decade, some
studies have focused on the identification of CTXs in different strains of
Gambierdiscus and Fukuyoa.

Several G. australes strains have been identified as CTXs producers using RBA
(17 to 30 fg/cell of CTX3C equiv.) and LC-MS/MS (Roeder et al. 2010). Lewis
and coworkers (Lewis et al. 2016) used a CBA with human neuroblastoma cells
to assess the CTX-like activity of a G. australes strain without finding any
toxicity. Subsequently, Pisapia and coworkers (Pisapia et al. 2017a) identified
other G. australes strains as CTX3C equiv. producers (from 0.6 to 2.7 fg/cell)
using CBA. CBA was again used to screen other G. australes strains, in which
the presence of CTX1B equiv. ranging from 200 up to 679 fg/cell (Reverté et
al. 2018) and from 31.1 to 107.16 fg/cell (Rossignoli et al. 2020) was
demonstrated. In the present study, CTXs contents are lower and one strain did
not show toxicity at all. Discrepancies can arise due to different reasons
including, for instance, the age of the culture. In fact, laboratory cultures seem
to decrease their ability to produce toxins with time, as recorded for one of the
G. australes strains (IRTA-SMM-13_07), which is the same as that used in
Reverté et al. (2018).

Owing to its high toxicity, of ca. 1000 fg/cell of CTX1B equiv., as observed
using a CBA, G.excentricus has also attracted attention of researchers
worldwide (Fraga et al. 2011). CBA was also used to determine the CTX-like
activity in the study of Pisapia and coworkers (Pisapia et al. 2017a), providing
similar results (ca. 1400 fg/cell of CTX3C equiv.). Other works have reported
guantifications of 469 fg/cell of CTX3C equiv. (Litaker et al. 2017) and from
128.2 up to 510.6 fg/cell of CTX1B equiv. (Rossignoli et al. 2020) in G.
excentricus strains, also with CBA. It must be underlined that in all these
studies, G. excentricus strains were identified as the most toxic among other
Gambierdiscus species. In the current work, the G. excentricus strain VGO 791
showed lower CTXs contents than in previous works (Fraga et al. 2011, Pisapia
et al. 2017a), again probably due to the age of the culture and the growth
conditions. Nevertheless, even if not all the G. excentricus strains registered the
highest CTXs contents, all of them showed the presence of CTXs (unlike
G. australes and F. paulensis, for which some of them did not), and the strain
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that showed the highest CTXs contents belongs to the species G. excentricus.
Additionally, CBA also only showed CTX-like activity in some of the G.
excentricus strains. These results again place this species among the most toxic
known to date, and one of the most important to monitor.

Gambierdiscus caribaeus strains have also been screened for toxicity with
CBA, obtaining no CTX-like activity (Lewis et al. 2016), 1.6 fg/cell of CTX3C
equiv. (Pisapia et al. 2017a), 0.66 fg/cell of CTX13C equiv. (Litaker etal. 2017)
and 2.59 fg/cell of CTX1B equiv. (Rossignoli et al. 2020). CTXs
guantifications obtained in the current work are close to these values. Here, the
laboratory culture for this species is much younger compared to that of G.
australes, and probably its ability for toxin production has not yet changed in
response to the artificial growth conditions.

When considering the genus Fukuyoa, the lack of studies is even more evident.
The genus Fukuyoa was split from Gambierdiscus in 2015, when molecular
and morphologic criteria from two Gambierdiscus species (G. yasumotoi and
G. ruetzleri) were used to define this new genus (Gomez et al. 2015). Therefore,
the G. cf yasumotoi identified as non-toxic in Rhodes et al. (2014) is a Fukuyoa
species. Subsequent studies on F. paulensis did not present any CTX-like
activity either (Gémez et al. 2015, Munday et al. 2017, Larsson et al. 2019),
with the exception of the work of Laza-Martinez and coworkers (Laza-Martinez
et al. 2016) where one F. paulensis strain (Dn135EHU) was identified as a 54-
deoxy-CTX1B producer by LC-HRMS. Fukuyoa paulensis cultures analyzed
in our work showed the presence of CTX congeners in the majority of the
strains (even in the VGO1185 strain, reported as negative in Gomez et al. 2015),
confirming the potential hazard of the genus Fukuyoa.

The CTXs production of Gambierdiscus and Fukuyoa is quite complex to
evaluate. As it emerges from the literature, CBA has been the most commonly
used tool to analyze microalgal extracts. Our results with CBA showed that
CTX quantification has been possible only in 4 strains, whereas the
immunosensing tools have detected CTXs in 11 out of 13. This can be attributed
to the different recognition principles and interfering compounds. Whereas in
the immunosensing tools, the detection is based on a structural affinity between
CTXs and antibodies, in the CBA, CTXs bind to the voltage-gated sodium
channels (VGSCs) of cells and block them, in an open state, causing a toxic
effect. Even if in this work the CBA did not show any matrix effects and its
LOD was as low as 0.4 pg/mL of CTX1B equiv. (lower than the LODs of the
immunosensing tools), the detection of CTXs could be hidden by the presence
of other Gambierdiscus or Fukuyoa toxic compounds. In fact, MTX is known
to interfere in the CBA if no additional treatments are performed, but it is not
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recognized by the antibodies. Specificity of antibodies has always been a
crucial issue for their applicability. Whereas the first immunoassays for CTXs
showed cross-reactivity towards other marine toxins such as okadaic acid
(Hokama et al. 1992, Campora et al. 2006), this problem was overcome by the
production of more specific antibodies (Campora et al. 2008a). The use of these
new antibodies in the analysis of fish extracts significantly improved the
correlations with other techniques (Campora et al. 2008b, 2010). The antibodies
used in the current work are highly specific and do not cross-react with the
marine toxins brevetoxin A, brevetoxin B, okadaic acid and MTX (Tsumuraya
et al. 2014). Additionally, two different capture antibodies are used, thus the
system is able to detect a higher number of CTXs congeners than in other works
where only one antibody is used. It is also important to note that this is the first
time that immunochemical approaches have been applied to the analysis of
microalgae.

Interestingly, for the 4 strains where CTX-like activity was detected,
quantifications obtained using the CBA and immunosensing tools were in the
same order of magnitude. Instead, in our previous work (Leonardo et al. 2020),
quantifications obtained for fish extracts using CBA were around one order of
magnitude higher. These results suggest that whereas the CTXs congeners that
are found in microalgal extracts may mostly belong to the two series of CTX
congeners detectable by immunosensing tools, the CTXs congeners in fish may
have undergone biotransformation processes.

It is necessary to be aware that we cannot rule out the possibility that the
microalgal extracts contain other CTX congeners different from the four targets
of this study (i.e. with different wings) that may go unnoticed by the
immunosensing tools. Instead, LC-MS/MS technique is able to discriminate
among all the CTX congeners, provided a standard is available. However,
instrumental analysis techniques are strongly affected by the matrix effect
caused by other compounds produced by Gambierdiscus and Fukuyoa
(especially MTX), and so, as mentioned above, the extract has to undergo
several purifications steps prior to the analysis. These steps usually cause toxin
losses during the process. Consequently, pellets with high cell abundances are
required to perform this analysis, and obtaining such cultures is costly in terms
of time and space. Another important issue here is that whereas the
immunosensing tools, like the CBA, provide a global response, LC-MS/MS
detects individual CTX congeners. Therefore, the tools of this work may be
more useful for the analysis of multi-toxin samples where each CTX congener
is at a low concentration.
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One particularity of our study is the low concentration of cells that have been
used for toxin extraction and analysis (20,000 cell/mL), compared to the
concentration in the order of 1,000,000 cell/mL used in the majority of other
studies. In fact, during a bloom in the Canary Islands, the concentration of
Gambierdiscus spp. was estimated to reach 10 cells g* wet weight (Soler-Onis
et al. 2016). Therefore, the fact that the immunosensing tools are able to detect
CTXs at such low cell abundances makes them suitable for the analysis of field
samples. Additionally, the protocol used herein for the rapid CTXs extraction
requires very simple instrumentation, which can be portable and thus
appropriate for in situ analysis. The results demonstrate that the bead beater
protocol is suitable for CTXs extraction, considerably reducing time and costs,
since it is possible to extract up to eight samples in 2 min.

More and more Gambierdiscus species are being found in non-endemic
regions, such as G. australes that has been recently identified in the Balearic
waters (Tudo et al. 2018). Whether this is due to an actual increase in their
worldwide expansion, or because there are better tools to detect them, global
warming will certainly act in favor of their proliferation. Therefore, there is a
clear necessity for tools that can detect toxins from extracts with low abundance
of microalgal cells, and they must be reliable, rapid, inexpensive and easy to
use. The analysis obtained with the immunosensing tools will not only provide
information regarding the ecology of Gambierdiscus and Fukuyoa genera, but
will also be important for the socioeconomy and human health, with the ability
to predict an intoxication outbreak, facilitating the avoidance of long-term
neurological diseases and human fatalities related to ciguatera.

5. Conclusions

This study examined nine Gambierdiscus strains belonging to three species
(G. australes, G. excentricus and G. caribaeus) and four Fukuyoa paulensis
strains. Microalgal extracts were obtained using a rapid and efficient CTXs
extraction protocol and analyzed with an immunoassay and an immunosensor,
which used MBs for the immobilization of antibodies. The unique features of
this study are the ability to discriminate between two series of CTX congeners,
giving more information on the toxic profile of Gambierdiscus and Fukuyoa
species, the absence of interferences from non-structurally related compounds,
and the high sensitivity of the immunosensing tools used for CTXs detection,
which has avoided the requirement of large-scale cultures.

The approach presented in this work can be included in the group of methods
ready to be used for ciguatera management (such as CBA, LC-MS/MS and
RBA), providing a better understanding of CTXs production in the genera
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Gambierdiscus and Fukuyoa. The use of the immunosensing tools can open the
way for regional and international comparative studies on the CTXs production
of those genera and, consequently, on ciguatera as an expanding phenomenon.
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Supplementary material

Table S1. Gambierdiscus and Fukuyoa strains used in this study.

. . GenBank
. . Sampling location . . . Sequenced

Strain Species Sampling point Source accession .

and year region

number
IRTA-SMM- G. australes SGI, Portugal, 2013 30°8°18.00” N, 15°52°4.20” W Reverté et al. KY564320 D1-D3
13 07 2018
;IZT?S-;MM- G. australes Lanzarote, Spain, 2016 28°54756.487N, 13°42°38.20" W This study MT119197 D8-D10
IRTA-SMM- G. excentricus Gran Canaria, Spain, 28°9°14.52” N, 15°41°58.78” W This study MT119198 D8-D10
17 01 2017
IRTA-SMM- . Gran Canaria, Spain, 28°6°24.12” N, 15°42°40.14” W .
17.126 G. excentricus 2017 This study MT119199 D8-D10
IRTA-SMM- . La Gomera, Spain, 28°4’57.99”N, 17°19°56.00” W .
17 407 G. excentricus 2017 This study MT119200 D8-D10
IRTA-SMM- . La Gomera, Spain, 28°4’57.99”N, 17°19°56.00” W .
17 428 G. excentricus 2017 This study MT119201 D8-D10
IRTA-SMM- . La Gomera, Spain, 28°4’57.99”N, 17°19°56.00” W .
17_432 G. excentricus 2017 This study MT119202 D8-D10
VGO : e oE 1 A N {Fo40°R AL JF303066; _
G. excentricus  Tenerife, Spain, 2004 28°50°2.40” N, 16°49°8.34” W Fragaetal. 2011 D1-D3; D8-D10

791 JF303075
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IRTA-SMM-

17.03 G. caribaeus
IRTA-SMM- F. paulensis
17 206 P
IRTA-SMM- F. paulensis
17 211 P
IRTA-SMM- F. paulensis
17 220 P
VGO _
F. paulensis
1185

El Hierro, 2017

Mallorca, 2017

Menorca, 2017

Menorca, 2017

Ubatuba, Brazil

27°49°26.48” N, 17°53°42.70” W

39°25°6.43” N, 3°16°15.55” E

39°58°54.18” N, 3°50°3.47” E

39°55’3.13” N, 4°1’51.18” E

23°30°3.09” S, 45°7°7.32” W

This study

Submitted work

Submitted work

Submitted work

Gomez et al,
2015

MT119203

MT119204

MT119205

MT119206

KM886379

D8-D10

D8-D10

D8-D10

D8-D10

18S; D1-D4;
ITS

(Continues from previous page)
SGI: Selvagem Grande Island
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Table S2. CTXs (fg/cell) extracted from different Gambierdiscus and Fukuyoa strains using the bead beater protocol, and evaluated with the colorimetric

immunoassay, the electrochemical immunosensor and the CBA.

Species Strain 3G8 10C9 3G8 and 10C9 3G8 and 10C9 CBA
(CTX1B equiv.) (51-OH-CTX3C equiv.) (CTX1B equiv.) (51-OH-CTX3C equiv.) (CTXlB
Immunoassay Immunosensor Immunoassay Immunosensor  Immunoassay Immunosensor  Immunoassay  Immunosensor equiv.)
G. IRTA-SMM-13_07 nd nd nd nd nd nd nd nd nd
australes IRTA-SMM-16_286 nd 0.04 +0.01 0.37 £ 0.07 0.16 +£0.03 0.45+0.06 041+0.12 0.66 + 0.06 0.39+0.12 nd
G. ) IRTA-SMM-17_01 0.15+0.01 0.12 £ 0.00 0.54 £0.03 0.34 £0.03 0.43+0.08 0.32+£0.04 0.63+£0.08 0.30£0.03 nd
excentricus IRTA-SMM-17_126 0.06 +£0.01 0.06 £ 0.00 nd nd 0.25+0.01 0.14+0.03 044 +0.01 0.16 +£0.03 nd
IRTA-SMM-17_407 0.10 £0.04 0.09 £0.01 nd 0.04 £0.05 0.13+0.04 0.10 £0.04 0.28 £0.04 0.12£0.04 0.46 £ 0.04
IRTA-SMM-17_428 0.77 £0.01 0.21+0.06 nd 0.01+£0.00 0.70+0.16 0.44 +0.03 0.89+0.14 0.34+£0.02 0.31+£0.03
IRTA-SMM-17_432 0.12 £0.02 0.19+£0.01 nd 0.04 £0.00 0.22 £0.02 0.21£0.06 0.40 £0.02 0.22£0.04 0.42 £0.03
VGO791 0.06 £0.03 0.07£0.01 0.31+£0.03 0.16 £0.03 0.26 £0.03 0.21£0.05 0.46 £0.03 0.26 £0.05 0.28 £0.04
cGairibaeus IRTA-SMM-17_03 0.24 £0.04 0.13+£0.03 0.21+£0.02 0.13+£0.04 0.47 £0.03 0.29 £0.04 0.68 £0.05 0.33+£0.03 nd
F. _ IRTA-SMM-17_206 nd 0.04 £ 0.02 nd 0.07 £ 0.04 0.12+0.01 0.08 £ 0.00 0.28 £0.01 0.10 £ 0.00 nd
paulensis IRTA-SMM-17_211 nd nd nd nd nd nd nd nd nd
IRTA-SMM-17_220 nd nd nd nd 0.14£0.01 0.17£0.03 0.31+£0.01 0.19£0.03 nd
VGO01185 0.27 £0.13 0.33+£0.05 nd nd 0.34£0.01 0.23+£0.06 0.55+0.02 0.24 £0.06 nd

nd: not detected
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General discussion

Ciguatera fish poisoning (CFP) has threatened human heath for centuries, and
the inexistence of an antidote makes this disease still an issue. In fact, the
occurrence of a CFP event can have direct effect not only on human health but
also on the economy via fishery closure and on the tourism via labelling certain
regions as “ciguatera-at risk destination”. The only actual action that can be
taken to manage ciguatera is the prevention of it, by improving the detection
methods of ciguatoxins (CTXs) and DNA of the CTX-producing species. In
fact, despite the undeniable utility of traditional methods for
Gambierdiscus/Fukuyoa and CTXs detection, they need an update because they
are expensive, time consuming and personnel need to be trained. Thus, the
development of cheap, rapid, reliable and easy-to-use tools for in situ analysis
can act as a solution for CFP anticipation.

The work developed in this thesis presents solutions for the rapid DNA
detection of the CTXs producing genera Gambierdiscus and Fukuyoa and for
CTXs. At first, for DNA detection, rapid isothermal amplification was coupled
to a colorimetric assay, and then multiplex PCR approach was integrated in
lateral flow assays and in a dual biosensor for the simultaneous detection of two
toxin producing species, G. australes and G. excentricus. Furthermore, for
CTXs detection, an immunosensor has been developed, allowing the detection
of the four main congeners of CTXs in fish and algal samples. The application
of these strategies has been deeply studied in this thesis, by constructing
calibration curves with natural material, by evaluating the specificity, by testing
them with samples artificially created and finally by applying them directly to
the analysis of natural samples.

Detection of DNA from Gambierdiscus

The current increase in the detection of Gambierdiscus species (Aligizaki and
Nikolaidis 2008; Tud6 et al. 2018, 2020a, 2020b) in European waters has
increased the warning of a possible ciguatera outbreak. The first effort
performed by our group in the direction of the development of quick and fast
technique to detect those species, was the exploitation of an isothermal
technique that, with the implementation of modified primers, allowed
obtaining, in 30 min and at a constant temperature of 37 °C, an amplified
product flanked with oligonucleotides tails. Then, a sandwich hybridization
assay was performed, and thanks to the use of capture probes and a horseradish
peroxidase (HRP)-labelled reporter probe, it was possible to differentiate
between Gambierdiscus/Fukuyoa and other microalgae genera and among two
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toxin-producing species (G. australes and G. excentricus) and their congeneric
species, as described in Chapter 1. Despite its advantageous features, this
technique is not commonly used, mostly because the kit needed to perform the
test is expensive and its efficiency gets lower and lower once opened,
compromising the inter-day reproducibility. Additionally, a purification step
was required after the amplification, otherwise the background signal showed
too high absorbance values. Even with this additional step, it was still possible
to slightly detect this background noise. Nevertheless, the comparison between
absorbance values obtained from the analysis of target amplified products and
controls left no doubt about the discrimination ability of the system, but all
template DNAs used for the evaluation of the assay performance were highly
concentrated (1 ng/pL) and extracted from laboratory monoclonal cultures,
which made easier obtaining good quality DNA. It is necessary to mention that,
even with equally concentrated template DNAs, it was possible to observe
differences in the assay yields, depending on the primer set used. In fact, the
highest absorbance values were obtained in the detection of
Gambierdiscus/Fukuyoa genera. This is probably due to a better efficiency of
those primers during the isothermal amplification. Additionally, not all the
strains belonging to the same species provided the same absorbance value in
the assay, as it is possible to observe especially in the detection of G.
excentricus strains. The most probable reason behind this non-conformity is the
difference that may exist in the rDNA copy number of the samples analyzed.
In fact, the rDNA copy number can vary between species, strains, geographical
origins and even cell growth phases (Galluzzi et al. 2010; Vanderesea et al.
2012). The extraction and analysis of DNA from natural samples is a
complicated task to perform, therefore, to test if the system would be able to
detect few amounts of DNA, extraction was been performed from a single cell
of various Gambierdiscus/Fukuyoa species. The extract obtained was then
tested with the primer sets for the genera and the two species, demonstrating
that the system was efficient even with the DNA template equivalent to 1/3 of
a cell. The same was done with genera different than the targeted ones and no
signal was obtained. To explore even more the discrimination ability of the
system, mixes of target DNAs at a final concentration of 1 ng/pL were tested.
The results obtained showed absorbance values only in presence of target
species, although much lower than the ones obtained with just one target
species. It is clear that DNA concentration and rDNA copy number are not the
only crucial parameters, and the presence of non-target DNA in a sample may
cause a steric hindrance and inhibit the efficiency of the isothermal
amplification. Therefore, even though the achieved results were promising, this
strategy was not chosen for the screening of field samples due to the limitations
previously discussed about the DNA isothermal amplification kit.
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Therefore, the effort was focused on the development of PCR-based techniques
that could be implemented into portable devices for the in situ detection of
microalgae. With this purpose in mind (i.e. the analysis of field samples), this
thesis focused on the development of an electrochemical biosensor for the
simultaneous detection of the two CTXs producing species, G. australes and
G. excentricus, in natural samples. At first, a fast extraction technique was
developed. The DNA extraction is a key step for the analysis of environmental
samples and there exists a huge variety of protocols and commercially available
kits to do so. However, they usually require long times and are laboratory
dependent, and so other types of techniques should be explored for the in situ
extraction. It must be underlined that the long laboratory-based extraction
techniques usually result in highly purified DNA that makes the amplification
easier, thing that is more difficult to achieve with shorter protocols. Therefore,
a compromise has to be found. One of the first attempts was performed by
Toldra et al. (2018), who applied a fast DNA extraction method to the analysis
of field samples containing the target species Karlodinium veneficum and
Karlodinium armiger. Thus, this technique was also used here. Despite the
application of the bead beating step, which resulted in yields comparable to the
conventional method in the Karlodinium work, the reaction yield in our work
was nearly the half when compared to the Phenol/Chloroform/Isoamy! alcohol
method used as a reference. Hence, another technique was tried, involving a
MBs-based protocol. The technique was tested with and without the bead
beating step, but it resulted in low absorbance values in both cases. Clearly, the
bead beating step cannot be taken out from the protocol since it is necessary to
break the armored Gambierdiscus cells, especially the G. australes ones.
Therefore, another trial was performed using a portable bead beater in order to
make a step forward in the in situ extraction of field samples. With this
particular method, the obtained results were comparable to the ones obtained
with the reference method, therefore it was chosen as the extraction procedure
prior the analysis. One of the reasons behind the better yield obtained with
portable bead beater in comparison with the desk one could be the duration of
the bead beating step. In fact, the run of the desk one lasts 45 s, otherwise it
would heat too much the samples, and instead the run of the portable one lasts
1 minute straight. As it possible to deduce from the obtained results, the system
(i.e. extraction and dual amplification) seems to work better for G. australes
than for G. excentricus, in accordance to what we observed in the performance
of the isothermal amplification (Chapter 1). Again, this can be due either to a
difference in the rDNA copy number between species or even strains or to a
better efficiency of the primers for G. australes DNA. Anyhow, the chosen
rapid DNA extraction technique enables to obtain DNA good enough for the
amplification in less than 30 minutes. The major disadvantage of this technique
is the fact that the battery charge of the portable bead beater allows the
extraction of five samples. Nevertheless, if used during sampling campaigns, it
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can be recharged between sites, allowing performing the bead beating step
immediately after the collection of samples.

The method used for the DNA detection was based on a sandwich hybridization
assay with the use of maleimide-coated MBs and species-specific capture
probes together with an HRP-labelled reporter probe. The strategy developed
is similar to the one of Medlin et al. (2020), although with a few differences. In
our work, the species-specific primers for G. australes and G. excentricus
designed for RPA (Chapter 2), were used together to perform PCR. These
primers included tails that, after PCR, gave amplified products flanked with
single-stranded oligonucleotides at each end. Afterwards, the amplified
products were incubated with the MBs modified with the specific capture
probes, and then an HRP-labelled reporter probe was added. For the
electrochemical detection, the G. australes oligocomplexes were immobilized
on one of the working electrodes of a dual electrode array, and the G.
excentricus oligocomplexes were immobilized on the other one. The use of
3,3',5,5'-tetramethylbenzidine (TMB) Enhanced One Component HRP
Membrane Substrate allowed the simultaneous detection of amplified DNA on
both electrodes because, when oxidized by the HRP, it precipitates on the
electrode on which the chemical reaction is happening, without interference
with the other one. The reduction current intensity was proportional to the
amount of amplified product and consequently to the number of microalgal
cells present in the samples. In our work, the calibration curve of the system
was constructed starting from a 10* cell pellet, performing 1/10 serial dilutions
and extracting each pellet dilution with the newly developed fast DNA
extraction technique. Since the DNA extraction part is crucial, as mentioned
above, in order to assess its efficiency, DNA dilutions (i.e. extraction of DNA
from 10*cells, and subsequent 1/10 serial dilutions of the extracted DNA) were
also tested and compared. Results showed higher reduction current intensities
with increasing concentrations of DNA for both DNA extracted from cells as
well as dilutions of genomic DNA, as expected. The analysis of dilutions of G.
australes genomic DNA resulted in higher absorbance values in comparison to
the corresponding extracted cells. Instead, the analysis of dilutions of G.
excentricus genomic DNA and extracted cells resulted in similar absorbance
values. Probably, the cells of this strain and culture are easier to disrupt in
comparison to the G. australes ones, and thus this thought is reinforced by the
results obtained from the performance of the lateral flow dipstick assay, in
which the obtained black line is darker for G. excentricus than for G. australes
(Annex 10). It is important to consider that in the calibration curve obtained
from the cell dilutions, there is one extraction step for each cell dilution and the
efficiency of the extraction can change depending on the number of cells, being
lower when cells are more dispersed in the lysis buffer. In both cases, an LOD
of 10 cells was reached for the target species. The LOD achieved by Medlin
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and coworkers (2020) was be similar or even lower than ours (it corresponds to
1pM of RNA, which in their work ranged from 10 to 444 cultivated cells), they
targeted more Gambierdiscus species (G. australes, G. excentricus and G.
silvae), and no PCR was performed. However, their technique was tested only
with synthetic DNA, and it has not been applied yet to the analysis of genomic
DNA/RNA or the screening of field samples, for which the PCR step would be
necessary. Instead, our strategy resulted efficient in the extraction and
amplification of genomic DNA, hence is more suitable for the analysis of field
samples. Additionally, the simultaneous detection of these two species at
different cell concentrations and ratios was tried. The combinations to test are
infinite and, of course, it is impossible to test them all. Therefore, we decided
to select two cell concentrations (10° and 102) that can be easily found in natural
samples and that provided different absorbance values when tested in the
calibration curves. The nine possible combination of cells were analyzed, and
detection and discrimination were successfully achieved. Again, as observed in
previous experiments, the presence of the non-target species affects the
detection of the target one when they are at different concentrations.
Nevertheless, at equal concentration of cells the intensity values are similar,
indicating that even if the detection of one species is affected by the presence
of the other, the system recognizes and discriminates between them
simultaneously. Driven by this results, we decided to analyze field samples. So,
epiphytic microalgae samples collected in Majorca (Balearic Islands, Spain)
were screened. The test performed with pure extract resulted in no
amplification, indicating that the sample matrix affected the performance of the
PCR. Before adding long and tedious purification steps to our protocol to
reduce the matrix effect, we decided to dilute the extracted samples, since PCR
is known to work also at low concentrations of template DNA. With the
application of this simple stratagem, it was possible to obtain signals and use
the calibration curves to estimate the number of microalgal cells, which were
close to the ones obtained with light microscopy. Sure, the strategy presented
by our group is longer and less species are targeted, if compared to the one
proposed by Medlin et al (2020). Nevertheless, not only it allowed the detection
of genomic DNA extracted from laboratory cultures, but also the screening of
environmental samples. It is important to mention that, during the analysis of
field samples, we registered absorbance values that indicated the presence of
DNA from G. excentricus, which was surprising, since it had not been
previously reported in Balearic Island waters. Therefore, we isolated several
single cells from Majorca, we extracted the DNA, amplified it, and sent to
sequencing, and thus obtaining the identification of 5 G. excentricus among the
analyzed cells. The detection strategy proposed combined with the fast
extraction technique represent an important step forward in the practical
application of in situ detection of toxin producing species, providing punctual
warnings of Gambierdiscus presence in an area and so facilitating quick
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management decisions. Moreover, this system can be easily modified for the
simultaneous detection of other microalgae species (pending the design of
tailed primers that do not cross-react with each other), and so it could be useful
for the monitoring of their presence in an area.

Detection of CTXs

One of the major problems when trying to avoid and prevent CFP is that fishes
contaminated with CTXs do not look, smell and taste differently than the non-
contaminated ones. Additionally, since CTXs are thermostable toxins, neither
cooking nor freezing the fish would deactivate them. Moreover, since the
symptoms can appear between 1 and 48 hours after the ingestion by the
consumer, the ingestion and the symptoms can occur in different places,
making difficult spotting ciguatera outbreaks. Therefore, the development of
fast, reliable and easy-to-use tools for the screening of fish extracts are of
extreme interest, not only for scientific purposes but also for fisheries and
public health.

The detection of CTXs in fish samples is a challenging task, and the most used
technique (i.e. LC-MS/MS) requires highly trained personnel, it is expensive,
and requires a laboratory to be performed. Therefore, researchers are trying to
achieve the same goal by developing strategies that would avoid the use of
sophisticated analytical instrumentation and focusing more on the simpler,
faster and cheaper portable systems, like biosensors. In my thesis, the first one
was developed (Chapter 3), targeting the detection of four congeners of CTXs
belonging to the CTX1B and the CTX3C groups. Three different mAbs, two
capture ones, which specifically bind to the right wing of the CTX1B and 54-
deoxyCTX1B (3G8) and of the CTX3C and 51-hydroxyCTX3C (10C9), and a
detector one, which has either a specific bind or a cross-reactivity with the left
wing (8H4) of all the four congeners, were used. MBs were used for the
immobilization of the capture mAbs. Then, the mAb-functionalized MBs were
exposed to CTX standards (CTX1B or 51-OH-CTX3C) or extracts of fish
naturally contaminated with CTXs, followed by the addition of the detector
antibody previously biotinylated. Subsequently, polyHRP-streptavidin was
incubated and, finally, the immunocomplexes were placed on the working
electrodes of an eight-electrode array. Subsequently, a plastic support with
magnets underneath each working electrode was used to block MBs in the right
position. Then, TMB liquid substrate was incubated, and the reduction current
intensity was measured with amperometry. We observed that the fish matrix
affected the detection of CTXs, and so recovery values were calculated. In this
way, by applying them to the results obtained following our protocol, there is
no need to dilute or further purify the samples. In addition, an evaluation of
matrix effects between fish individuals was performed, in which different
CTX1B concentrations were spiked into two Variola louti individuals negative
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for CTXs, and the experiment yields obtained were similar among those
individuals. Effective limit of quantifications (eLOQs) were calculated from
the calibration curves constructed from the CTX1B spiked at 2500 mg/mL of
V. louti extracts. The achieved eLOQs were 0.01 and 0.002 pg/kg for the
colorimetric immunoassay and electrochemical biosensor. Sure, this last
experiment should be performed with fishes of different species, size and
origin. Even though there are no regulatory limits for CTXs in fish, we decided
to test if, at least, our system was able to detect CTX1B at 0.01 pg/kg, the
United States Food and Drug Administration (US FDA) guidance level). The
non-contaminated V. louti was spiked at the FDA threshold with CTX1B,
which was successfully detected. Finally, fishes naturally contaminated from la
Réunion were analysed and the amount of CTX congeners detected correlated
well with the results obtained by the colorimetric immunoassay, mouse
bioassay (MBA) and cell-based assay (CBA). In fact, all the assays performed
indicated the same individuals as negative or positive for CTXs. In terms of
CTXs content, the CBA detected higher levels compared to the immunosensor.
This can be explained by the different recognition principles. In the
immunochemical tools, the recognition is structural (they detect specific
structures, as the wings of CTXs). Instead, in the CBA is toxicological (it
detects the analogues that activates the voltage-gated sodium channels). Thus,
the CBA would respond to the activity of several CTXs at the same time, giving
a composite response of the CTXs content in a sample. However, it would also
respond to other toxic compounds that would have as target the same one of
CTXs, without being able to discriminate. Additionally, a complete
correspondence may be not obtained since the fish samples were from the
Indian Ocean and could more probably contain I-CTXs than P-CTXs (although,
as it is mentioned below, CTX1B was found in one of the fishes). Even if this
strategy allows detecting only few of the many CTXs existing congeners, the
detection is not affected by the presence of marine toxins other than CTXs.
Furthermore, due to the high robustness of the Abs, samples do not require
many purification steps, shortening the assay time. It must be underlined that
the performance of additional purification steps could have helped in increasing
the toxin recovery values, since matrix effects would have been removed.
However, it is also true that it could have provided lower CTXs contents, due
to losses during the purification steps or even elimination of some congeners.
In order to confirm the presence of CTXs in the fish extracts, 3 individuals
positive for CTXs were screened with LC-ESI-HRMS. It was possible to obtain
results just from one individual, which presented a CTX1B content of 1069
pa/g (six-fold higher than the value obtained with immunosensing tools), and
no other congeners were detected. Therefore, despite its limitations, the strategy
is fast, easy to perform and reliable, and it detected CTXs at low contents at
which the LC-ESI-HRMS technique could not work. It definitely represents a
step forward into the development of portable devices for the in situ detection
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of CTXs, since it is easy to use, fast and reliable, so, it could be implemented
in monitoring systems.

Chapter 4 stands as another example of the applicability of the system in natural
samples with low concentration of CTXs. The strategy was applied to the
screening of one fish from Cyprus, which had presented CTX-like activity in
CBA. It was a Seriola dumerili individual of 6.9 kg, and the toxin content was
12.4 pg of CTX1B equiv./g with CBA, just slightly over the guidance level of
0.01 pg/kg (10 po/g). Again, the crude extract was tested with LC-MS/MS and
no CTXs congeners were detected. Therefore, since something similar
happened in the analysis of the fish extracts from La Reunion, the crude extract
was also screened with the immunosensing technique, resulting in 4.98 pg of
CTX1B equiv./g. It is not surprising the fact that a lower content of CTXs was
detected compared to CBA, as observed in the previous analyses (Chapter 3).
In fact, as mentioned above, our system is designed for the recognition of four
CTXs congeners, whereas the CBA can detect the CTXs-like activity of any of
them. Nevertheless, it is important to mention again that our strategy is less
affected by the presence of non-target toxic compounds compared to the CBA,
making the detection of false positives most unlikely to happen. However, since
this fish was the only one that showed CTXs activity, among many others
analysed, further investigation on the CTXs present in the individual were
considered as necessary. Hence, in this particular case, a purification process
was applied. The crude extract was fractionated and the obtained fractions were
tested with both CBA and immunoassay. The results showed CTX-like activity
with CBA in 8 of the 28 fractions and the sum of toxin contents in these
fractions was 6.5 pg of CTX1B equiv./g fish flesh. Instead, the analysis
performed with the immunoassay revealed the presence of CTXs only in
fraction 15 (0.08 pg of CTX1B equiv./g fish flesh). As mentioned above, the
fact that CBA detected a higher CTX-like activity could mean that in these
fractions there would be either other congeners that our system does not target
or other toxic compounds with an activity similar to CTXs. Nevertheless, the
combined response of our system and the CBA evidenced the presence of CTXs
in this individual, even though the absence of LC-MS/MS analysis makes
difficult to assert the actual presence of CTXs congeners in this particular fish.
Anyhow, our strategy can be seen as an optimal tool for pre-screening, since
the analysis of several samples can be performed at the same time. In this way,
the samples that present CTXs content can be quickly identified and then
undergo further purification and extra analyses, also including with other
techniques, as it was done with the fish individual from Cyprus.

The challenge of identifying new ciguatera-at-risk regions must not rely
completely on detecting CTXs in fish samples. In fact, the managing of
ciguatera is biased by the fact that fishes move, and so the intoxication episode
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and the caught of the intoxicated fish, if possible, can be separated not only in
time but also in space. Thus, scientists started studying CTXs production ability
of Gambierdiscus species. However, this task is not as easy as it might appear.
Indeed, after the success in detecting CTXs in fish samples, our group decided
to tackle the challenge of the detection of CTXs in microalgal producers.
Therefore, several strains of Gambierdiscus and Fukuyoa were tested in order
to investigate the differences in toxin production among species (Chapter 5). In
this work, 20.000 cells from 9 Gambierdiscus and 4 Fukuyoa strains were
cultured, extracted and analyzed with the strategy previously developed
(Chapter 5). Nevertheless, since the capture Abs (3G8 and 10C9) targeted two
different groups of CTX congeners, they were used combined together, but also
separately in order to discriminate between them. Little is known about the
CTXs production of these species, probably because they are quite difficult to
manage and generally huge amounts of biomass are required to perform CTXs
production studies and Gambierdiscus species are known to grow slowly in
laboratories. The results obtained with the immunosensor showed the presence
of CTX congeners in 11 out of the 13 strains analyzed. A higher CTXs content
was obtained when the two capture Abs were combined together, in comparison
to the detection achieved with just one. This is due to the presence of both series
of congeners which simultaneously detection results in a higher signal that
trespass the LOD of the system. Clearly, the presence of just one congener may
not be detected because of the mentioned LOD of the system. In the analysis
performed with the Abs separately, a predominance of CTX1B equiv. was
observed in 4 out of 6 G. excentricus strains (0.06 to 0.21 fg/cell), and 1 out of
4 F. paulensis strains (0.33 fg/cell). On the other hand, G. australes and the
other 2 G. excentricus strains showed a higher abundance of CTX3C equiv.
(0.16 fg/cell and 0.04-3.54 fg/cell, respectively). The unique strain of G.
caribaeus tested showed an equal amount of both the congeners (0.13 fg/cell).
Additionally, the same microalgal extracts were screened with CBA, which
identified CTX-like activity only in 4 out of the 6 G. excentricus strains. This
finding was not surprising since G. excentricus has been identified as one of the
most toxin producing species in previous studies, where CTXs-like activity
ranged from 128.2 up to 1000 fg of CTX1B equiv./cell and from 469 up to 1400
fg of CTX3C equiv./cell (Fraga et al. 2011; Litaker et al. 2017; Pisapia et al.
2017; Rossignoli et al. 2020). Even if it did not show CTXs-like activity in this
study, also G. australes is a well-known toxin producer. In fact, several data
are available that testify its CTXs-like activity, which ranged from 31.1 up to
679 fg of CTX1B equiv./cell and of 0.6 up to 2.7 fg of CTX3C equiv./cell
(Rhoeder et al. 2010; Lewis et al. 2016; Pisapia et al. 2017; Reverté et al. 2018;
Rossignoli et al. 2020). Similarly, G. caribaeus did not show CTXs-like activity
in this study, although in previous work did. Its CTX-like activity ranged from
0.66 up to 2.59 fg of CTX1B equiv./cell and from none up to 1.6 fg of CTX3C
equiv./cell (Lewis et al. 2016; Litaker et al. 2017; Pisapia et al. 2017; Rossignoli
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et al. 2020). The first observation that catches the eye is the much lower CTXs
content detected in our study for all these Gambierdiscus species compared to
other works. Instead, regarding F. paulensis, the situation is slightly different,
as our study is one of the few that confirmed its potential hazard. Indeed, this
genus has been labelled as non-toxic in several studies (Rhodes et al. 2014;
Munday et al. 2017; Larsson et al 2019), and only in the study of Laza-Martinez
et al. (2016) it was identified as a producer of 54-deoxy-CTX1B. Another
important observation that has to be noticed is that that Gambierdiscus species
can lose their production ability within time if maintained for long periods at
laboratory conditions, as happened with the G. australes IRTA-SMM-13_17
strain analyzed in Reverté et al. (2018) and in Chapter 5, making its study even
more complicated. Additionally, also the contrary can occur, as it happened for
the F. paulensis strain VG01185, which did not show CTXs-like activity in the
study of Gomez et al. (2015), but it did in ours. It has not to be forgotten that,
even if the strategy allows to detect only four CTX congeners, it is not affected
by the presence of the other toxic compounds produced by Gambierdiscus and
Fukuyoa, as mentioned above, and so providing reliable results. In fact,
maitotoxins, toxins commonly found in these genera, are known to affect in the
execution of CBA, if no pretreatment is performed. In order to reduce even
more the assay time, a trial without evaporation procedure, and so with the
extracts in 100% methanol was performed. This test did not work, probably
because of the high methanol concentration. In fact, in a previous work by our
group although with other Abs (Leonardo et al. 2017), samples containing 10-
20 % methanol were exposed to the Abs, and it was possible to perform the
analysis. Therefore, reducing the amount of MeOH could be a solution for a
further reduction of the experimental time. Moreover, in my thesis, a new fast
CTXs extraction technique was developed, allowing operating with as low as
20.000 cells, an amount that can be easily found in natural environments,
making it suitable for the screening of field samples. The number of cells
chosen for this experiment is a compromise between the possibility to detect
CTXs in algal pellets and a low cell concentration. It would be of extreme
interest to optimize even more the fast extraction technique to be able to work
with an even lower number of cells in order to reduce the algal culturing
procedure, which is time consuming, requires specific material and conditions,
and needs experienced personnel. Another important feature of this study is that
the use of the biosensor permitted the identification for the first time of two
different groups of CTXs congeners from the same extract, giving new
information about the Gambierdiscus and Fukuyoa toxin profiles. For this
reason, this strategy was chosen to characterize a G. belizeanus strain firstly
reported in the Canary Islands, detecting the production of congeners of both
the CTX1B (0.13 fg/cell) and CTX3C (0.17 fg/cell) series (Annex 8). The
analysis performed with both antibodies combined showed again a higher toxin
content (0.35 fg of CTX1B equiv./cell). In the same work, the CTXs-like

174



UNIVERSITAT ROVIRA I VIRGILT

DEVELOPMENT OF BIOANALYTICAL DEVICES FOR THE DETECTION OF CIGUATOXINS AND THE CIGUATOXIN PRODUCING
GENERA GAMBIERDISCUS AND FUKUYOA

Greta Gaiani

activity detected with the CBA for this species resulted in 5.6 fg of CTX1B
equiv./cell, a much higher content than the one obtained with the
immunosensor, similarly to previously observations. It must be underlined that
the all the algal extract tested came from either the Mediterranean Sea or the
Canary Islands, therefore, as for the fish extracts tested in Chapter 3, they are
most likely to contain CTXs different than the P-CTXs. Thus, it would be of
interest and useful testing this technique on other Gambierdiscus species from
all over the world, especially G. polynesiensis, which is considered one of the
most toxic. Additionally, in order to make further advances in the direction of
the actual in situ detection of CTXs congeners, this strategy was also applied
directly to the analysis of field samples (Chapter 2). In this work, macroalgae
substrates were collected in Majorca, extracted, and then exposed to both
capture mAbs simultaneously, to maximize the probabilities to detect CTXs.
Results showed CTX contents in one sample (13.35 £ 0.5 pg of CTX1B
equiv./cell) and traces of CTX (below the LOQ) in 3 out of 9 analyzed samples,
demonstrating that the system is suitable for the screening of field samples.
Even if these are preliminary results and certainly further studies and
optimizations are needed, they underline the efficiency and the applicability of
biosensing tools for monitoring programs, contributing to the prevention of
ciguatera outbreaks. It would be useful to apply the strategy to samples from
areas in which the Gambierdiscus species are well established, such as the
Canary Island, the Great Caribbean Region or the French Polynesia, in order to
assess the actual efficacy of the system in the screening of natural samples of
regions endemic for ciguatera. The current techniques for ciguatera managing
rely on long and expensive laboratory-based techniques, and thus the
intoxication episode, the symptoms appearance and the CTXs detection can be
separated by a long interval of time, making difficult spotting the outbreaks.
Therefore, some scientists focused on the development of easier, cheaper, faster
and highly sensitive techniques to detect CTXs, exploiting the specificity of the
antigen-antibody reaction. Some of these efforts resulted in the manufacturing
of the commercially available kits Cigua-Check (Hokama 1985; Hokama et al.
1987) and Ciguatect (Park 1995). Despite the undoubtable advance represented
by these tests, since no extraction of fish samples was needed, they showed
cross-reactivity with other marine toxins (Hokama et al. 1989).
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In conclusion, it has been mentioned several times in the discussion
above that the strategies presented need optimization to provide better
and more reliable results. As true as it is, the work presented in this thesis
is undoubtedly paving the way for the development of biotechnological
devices for the in situ detection of CTXs. In fact, the investigation
performed allowed to successfully develop several techniques for the
detection of the Gambierdiscus DNA at low concentrations and in field
samples. Additionally, the applicability of the biosensor for CTXs
detection has been demonstrated not only in fish samples from La
Réunion, but also in a fish from the Mediterranean, a possible future area
of ciguatera expansion. This last belief is reinforced by the successful
application of the biosensor in the identification of CTXs congeners in
Mediterranean algal samples from both laboratory Gambierdiscus
cultures and the environment. Sure, inter-laboratory studies would help
in proving the usefulness of these tools in monitoring programs,
complementing the current methods. Overall, this thesis demonstrates the
versatility and robustness of molecular and immunochemical tools for the
analysis of complex matrixes such as fish extracts and environmental
algal samples, without the need of multiple purification steps. | do believe
that the strategies presented in my thesis could be easily extrapolated for
the development of tools that would target other marine toxins or DNA
of microalgal producers, helping in the prevention of several other
seafood borne diseases.
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Conclusions

The achievements of this thesis draw the following conclusions:

o Arrapid and simple method based on the use of a portable bead beating
device was successfully developed for DNA extraction and applied to
laboratory cultures of Gambierdiscus/Fukuyoa species and to field
samples.

e Astrategy based on DNA recombinase polymerase amplification using
modified primers together with a sandwich hybridization assay using
genera and species-specific capture probes was exploited to develop a
colorimetric assay. This system successfully allowed the detection of
Gambierdiscus/Fukuyoa genera and the discrimination between
G. australes and G. excentricus. With this strategy, it was possible to
detect as low as a third of a cell.

e An electrochemical biosensor for the simultaneous detection of G.
australes and G. excentricus was successfully developed. The
integration of maleimide-coated magnetic beads (MBs), with species-
specific capture probes immobilized on their surface, improved the
hybridization efficiency in comparison to the microtiter-plate format.
The use of a redox mediator that results into an insoluble product after
reaction with the enzyme label of the reporter probe helped in avoiding
cross-reaction signals between electrodes of the array. The biosensor
allowed the detection and discrimination of as low as 10 cells of both
target species. The application of the fast DNA extraction strategy and
the dual biosensor to the analysis of field samples allowed the
identification of the target species in samples from Majorca and the first
report of G. excentricus in the Balearic Islands.

o An electrochemical biosensor for the detection of four congeners
belonging to two main groups of CTXs (CTX1B and CTX3C) was
successfully developed. To achieve this, monoclonal antibodies that
specifically recognize the left and right wings of the targeted CXTs
were integrated in a sandwich configuration. The use of MBs as
immobilization support for the capture antibodies provided an enlarged
surface area for the binding of the antibodies and improved the
washings steps. The biosensor was successfully applied to the analysis
of fish samples from La Reunion naturally contaminated with CTXs,
providing results that correlate well with mouse bioassay (MBA) and
cell-based assay (CBA). Moreover, the crude extract and fractions of
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an individual fished in Cyprus waters, which had resulted positive for
CTXs with CBA, were screened with the same strategy, allowing the
detection of CTXs.

e The development of a rapid CTXs extraction technique, which reduced
the extraction time down to two minutes, was successfully applied to
low concentrated pellets of microalgal samples. The biosensor allowed
the successful screening of the extracts from laboratory cultures,
including the discrimination between two groups of the main CTXs
congeners (CTX1B and CTX3C). The application of these strategies
(i.e. fast extraction and immunosensor) to the analysis of field samples
showed the presence of CTXs traces in some samples. Particularly, in
one of them CTXs quantifiable contents were detected, which were
similar to those previously observed in the Great Caribbean Region,
underlining the need and utility of rapid and easy-to-use tools to
monitor potential ciguatera outbreaks.

Future work:

e To develop a new technique for the simultaneous extraction and
detection of DNA and CTXs from a sample.

o To develop a lateral flow dipstick assay for the detection of CTXs.

e To use antibodies in the clean-up step of natural samples that have to
be tested with LC-MS/MS.

e To integrate the developed biosensors into portable devices for the in
situ detection.

Potential applications:

e The use of the developed biosensor and lateral flow dipstick assay for
the dual detection of G. australes and G. excentricus in routinely
analysis of monitoring programs.

e The use of the developed immunosensor for a fast screening of fishes
potentially contaminated with CTXs destined to be sold on markets.

e The implementation of the bioanalytical tools in inter-laboratory
studies to obtain results from different areas of the world, particularly
the ones endemic for ciguatera.
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Abstract: Due to the expanding occurrence of marine toxins, and their potential impact on human
health, there is an increased need for tools for their rapid and efficient detection. We give an overview
of the use of magnetic beads (MBs) for the detection of marine toxins in shellfish and fish samples,
with an emphasis on their incorporation into electrochemical biosensors. The use of MBs as supports for
the immobilization of toxins or antibodies, as signal amplifiers as well as for target pre-concentration,
is reviewed. In addition, the exploitation of MBs in Systematic Evolution of Ligands by Exponential
enrichment (SELEX) for the selection of aptamers is presented. These MB-based strategies have led to
the development of sensitive, simple, reliable and robust analytical systems for the detection of toxins
in natural samples, with applicability in seafood safety and human health protection.

Keywords: Magnetic bead; marine toxin; toxin capture; toxin detection; antibody; aptamer; immunoassay;
immunosensor; electrochemical biosensor

1. Marine Toxins

Oceans and their resources have sustained nations for millennia, with seafood being a strong part
of cultural identity and tradition. Marine toxins accumulate in shellfish, fish and other seafood, and,
even if they do not all represent a threat for the hosting organism, they can be hazardous for human
health, and have thus drawn attention from food safety agencies, the seafood industry and scientists
worldwide [1]. The presence of marine toxins can have socio-economic impacts, including the closure
of production and recreational areas, as well as enforcing changes in the diet of entire populations [2].
Diverse toxins cause different intoxications, which are grouped according to their effects: diarrheic
shellfish poisoning (DSP), paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP),
neurologic shellfish poisoning (NSP), ciguatera fish poisoning (CFP) and pufferfish poisoning [3].
The marine toxins responsible for these intoxications are produced by microalgae, except for pufferfish
poisoning, in which the toxin producer is a bacterium [4].

In recent years, the use of traditional toxicity screening tests such as the mouse bioassay (MBA) is
increasingly avoided due to their low sensitivity, low specificity and ethical problems. Chromatographic
techniques coupled with several detection methods are powerful and accurate analysis tools, and are
routinely used as reference methods for many marine toxins. However, the required instrumentation is
expensive and requires trained personnel, and to address these shortcomings, the European Commission
encourages the development and use of alternative or complementary methods [5], which are usually
based on a functional or structural recognition of the toxin [6]. Cell-based assays (CBAs) are easy to
perform, give an overall view of the toxicity of a sample and can detect the presence of unknown toxins.
However, they show high variability, which hampers their harmonization, and may not be able to
discriminate compounds that share the same mechanism of action. Some enzyme inhibition assays have
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been developed, and these assays are relatively easy to apply, but may suffer from enzyme instability as
well as from matrix effects, which may interfere with the response. Receptor-based assays (RBAs) are
based on the structural recognition of ligands, but the isolation of receptors from animals is not a trivial
task, and, additionally, the affinity may not correlate with the toxicity. Inmunoassays, based on the
affinity between antibodies and target antigens, show high sensitivity. Whilst the structural recognition
may not be necessarily related to the toxicity, antibodies are easier to obtain than receptors, and are
also more robust, facilitating an easier implementation of immunoassays, as well as immunosensors,
which have the added potential benefit of being miniaturisable and portable [7,8].

2. Magnetic Beads

Magnetic beads (MBs) are particles that consist of magnetite (Fe30,) or maghemite (mostly in the
face-centered cubic crystal modification y-Fe,O3) and they have a superparamagnetic or a ferromagnetic
behaviour, depending on their size and magnetic content [9]. Superparamagnetism is a particular kind
of magnetism that occurs in sufficiently small ferromagnetic or ferrimagnetic particles, which exhibit
magnetic properties only when placed in a magnetic field, with no residual magnetism once the magnetic
field is removed or switched off. Because of the absence of a remnant magnetization, the previously
magnetized superstructure decomposes into single particles. Ferromagnetic magnetism, instead,
keeps a magnetic moment even when the magnetic field is removed, not allowing superstructures
to decompose.

According to Laurent and co-workers [10], numerous chemical methods can be used to synthesize
MBs, such as microemulsions, sonochemical reactions, sol-gel syntheses, hydrothermal reactions,
hydrolysis and thermolysis of precursors, electrospray syntheses and flow injection syntheses. All these
methods have been used to prepare particles with a regular composition and small size. Nevertheless,
the most common method for the production of magnetite and maghemite MBs is still the chemical
co-precipitation of iron salts.

MBs of different materials, sizes and functionalizations are now commercially available,
enabling their conjugation to a broad range of biomolecules or compounds though different reaction
chemistries or affinity interactions [11-13].

3. Magnetic Beads in Marine Toxin Detection

The use of MBs, mainly superparamagnetic, in the development of immunoassays and
immunosensors for food analysis and clinical diagnosis is garnering increasing interest [14-16], due to
the various advantages that the use of MBs can entail, including an increased surface-to-volume ratio,
improved assay kinetics, a higher washing efficiency and lower matrix effects. Herein, we describe the
exploitation of MBs in different approaches related with the detection of marine toxins, classifying them
according to their use as supports, signal amplifiers, capture agents and, finally, for the production of
biorecognition molecules. Table 1 gives an overview of the MB uses and functionalizations taken in
consideration for this manuscript.
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Table 1. Overview of the magnetic bead (MB) uses and functionalizations for their applicability in the detection of marine toxins.
MB Use Target MB Conjugation t Strat LOD Applicabilit; Ref.
& Functionalization onjugation fo ategy pplicabitity ek
. - Colorimetric immunoassay 0.8-1.99 ug/L . .
Support OA Streptavidin Biotinylated OA Electrochemical immunosensor 0.38-0.99 g/l Spiked mussels [17]
Support OA Streptavidin Biotinylated OA Electrochemical immunosensor 0.15 pg/L Spiked mussels [18]
Support OA Carb;);{ll;)csamd OA-BSA Fluorescence immunosensor 0.05 pg/L - [19]
o L Colorimetric immunoassay 0.5 pg/L .
Support OA Streptavidin Biotinylated OA Fluorescence immunosensor 0.05 pg/L Spiked mussels [20]
. . Colorimetric immunoassay 1 g/l .
Support OA Protein G Anti-OA mAb Electrochemical immunosensor 05 pglL Spiked mussels [21]
A . . . R . . Spiked mussels, wedge clams, flat
A = . o
Support @) Ni-iminodiacetic acid Hys tail of PP2A Colorimetric enzyme assay 30.1 pg/L oysters and Pacific oysters [22]
Colorimetric immunoassay 1.1 ug/L
Support AZA Protein G Anti-AZA pAb Electrochemical immunoassay 1.0 pg/L Naturally-contaminated mussels [23]
Electrochemical immunosensor 3.7 ug/L
Support TTX Maleimide TTX Electrochemical immunosensor 1.2 ug/L Pufferfish [4]
Support TTX Polyethylene glycol BSA-TTX Electrochemical immunoassay 5 pg/L Pufferfish [24]
Support TTX Thiodiglycolic acid Anti-TTX aptamer Fluorescence aptamer assay 0.06 pg/L Spiked human body fluids [25]
anti-BTX-2 mAb S 1.8 ng/L Spiked mussels, razor clams and

Support BTX-2/DTX-1 Epoxy groups ant-DTX-1 mAb Electrochemical immunoassay 22ng/L cockles [26]
Support STX Avidin Secondary Ab Electrochemical immunosensor 12ng/L Spiked seawater and mussels [27]
Support STX Protein G Anti-STX pAb Colorimetric immunoassay ~3 ug/L - [28]
Support STX Protein-G Anti-STX pAb Colorimetric immunoassay ~6ng/L Naturally-contaminated mussels [29]
Support CTX3C Epoxy groups Anti-CTX3C mAbs Electrochemical immunoassay 0.09 ng/L Spiked and natuﬁx:z:‘ly-contamlnated [30]
Signal amplifier OA Protein G Anti-OA mAb SPR immunosensor 12 ug/L Naturally-contaminated mussels [31]
Capture agent PSP toxins Glutaraldehyde Anti-PSP mAb HPLC - Alexandrium tamarense culture [32]
Capture agent STX Protein G Anti-STX mAb LC-MS/MS 0.526 pg/L Spiked human urine [33]
Capture agent 0A Protein G Anti-OA mAb LC-MS/MS 03 pg/L Naturally-contaminated oysters, )

mussels, clams and scallops
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Table 1. Cont.

Capture agent DA C8 alkyl groups - MALDI-TOF - Sea lion serum [35]

Production of Biotinylated

biorecognition CTX3C Streptavidin CTX3C fragment Antibody phage display - - [36]
molecules

Production of

biorecognition STX Epoxy groups KLH-STX Aptamer SELEX - - [37]
molecules

Production of Carboxylated

biorecognition GTX1/4 Amino groups GTX){/‘I Aptamer SELEX - - [38]
molecules

Production of P b

biorecognition PITX Carboxylic acid PITX Aptamer SELEX; biolayer 0.04 ng/L Spiked shellfish and seawater [39]

groups mterferomeh‘y aptasensor

molecules

Production of DA . 0.45 pg/L

. . Multiplex aptamer SELEX; .,

biorecognition STX - GO fluorescence aptamer assay 1.21 ug/L - [40]
molecules TTX 0.39 pg/L

Production of . 0

biorecognition OA Tosyl groups Ant-OA F(ab’) Aptamer SELEX 0.33 pg/L - [41]

molecules

fragment
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3.1. Magnetic Beads as Supports

The first report of the use MBs as a support for marine toxin detection was in the development of
an immunosensor for okadaic acid (OA) [17] (Figure 1A). OA is a lipophilic marine toxin produced
by microalgae of the genera Dinophysis and Prorocentrum. This toxin is accumulated in shellfish and,
since its mode of action is related to the inhibition of protein phosphatases (PPs), it can cause DSP
in humans. OA was conjugated to biotin and then captured on streptavidin-coated MBs. Once OA
was immobilized on the MBs, a colorimetric indirect competitive enzyme-linked immunosorbent
assay (ELISA) was performed, where OA in solution competed for interaction with an anti-OA
monoclonal antibody (mAb). The authors tested two different sizes of MBs, achieving limits of
detection (LODs) of 0.8 ug/L with 2.8 um-diameter MBs and 1.99 ug/L with 1 um-diameter MBs.
The functionalized MBs were then exploited in an electrochemical immunosensor, where they were
magnetically immobilized on screen-printed electrodes (SPEs), and, again, a competitive assay
performed. Differential pulse voltammetry (DPV) was used to measure the oxidation of 1-naphthol
resulting from the dephosphorylation of 1-naphthyl phosphate by the alkaline phosphatase (ALP)
enzyme label, and slightly lower LODs were obtained, with the larger MBs again performing better
(0.38 ug/L vs. 0.99 pg/L). It should be noted that whilst larger MBs imply a higher surface area,
the amount of MBs used was 10-fold lower and the whole available surface area was lower when
using the larger MBs. This immunosensor was then easily integrated into an automated flow-through
system [18], one of the advantages of using MBs, achieving an improved LOD of 0.15 ug/L.
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Figure 1. Examples of uses and functionalizations of MBs: (A) MBs as supports for enzymes, (B) MBs
as supports for antibodies, and (C) MBs for the production of aptamers.

Moving towards the development of portable devices for field analysis, Pan and collaborators [19,20]
described fluorescence immunosensors for the detection of OA. In the first work [19], carboxylic acid-
modified MBs were used as a support for the immobilization of OA-bovine serum albumin (OA-BSA),
which competed with OA in the sample to bind with an anti-OA mAb. The fluorescence of CdTe
quantum dots (QDs) linked to the reporter antibody was detected using a portable flow cytometer
(Moxi-Flow), facilitating on-site OA detection and quantification of OA, and achieving an LOD of
0.05 ug/L [19]. In the second work [20], the authors modified the system, using streptavidin-coated
MBs with biotinylated OA and a secondary antibody labelled with R-phycoerythrin (R-PE) dye,
again achieving an LOD of 0.05 pg/L.

Hayat and co-workers [21] also exploited MBs in a direct immunoassay/immunosensor format for
the detection of OA. Instead of conjugating the toxin to the MBs, the anti-OA mAb was immobilized
on protein G-coated MBs. OA labelled with horseradish peroxidase (HRP) was used as a tracer in the
colorimetric assay, whilst, for the electrochemical immunosensor, no label was used. DPV measurements
ina 1 mM [Fe(CN)s]>/*~ solution showed that the interaction between the toxin and the antibody
decreases the current peak of the ferri/ferrocyanide redox probe. Using this detection strategy,
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they obtained an LOD of 0.5 ug/L, lower than that obtained with the colorimetric immunoassay
(1 ug/L).

An interesting and different approach for the detection of OA is presented in the work of Garibo
etal. [22]. In this work, the PP inhibition was measured to detect and quantify the toxin. The authors
used genetically engineered PPs with extra-His tails to conjugate the enzymes to Ni-modified MBs.
The colorimetric assay attained an LOD of 30.1 pg/L. Although this LOD was more than an order
of magnitude higher than that achieved with free enzymes, the immobilization of the PP on the
MBs provided higher enzyme activity stability, a crucial parameter, especially when working with
these enzymes.

Azaspiracids (AZAs) are lipophilic marine toxins produced by microalgae of the genera Azadinium
and Amphiodioma. Those toxins accumulate in shellfish, and the ingestion of contaminated seafood can
lead to azaspiracid shellfish poisoning (AZP), first reported in 1995 [42]. Leonardo and co-workers [23]
developed an MBs-based direct immunoassay for AZA detection (Figure 1B). Protein G-coated
MBs were functionalized with anti-AZA polyclonal antibody (pAb), and free AZA competed with
HRP-labelled AZA (HRP-AZA) for binding to the immobilized antibody in suspension, achieving LODs
of 1.1 and 1.0 ug/L, using 3,3’, 5,5 -tetramethylbezidine (TMB) as an enzyme mediator and optical
and electrochemical detection, respectively. Additionally, the assay was completed in just 15 min,
due to the faster kinetics provided by the use of MBs in suspension. When the biorecognition was
performed, immobilizing the Ab-MBs magnetically on the electrode surface, the LOD increased to
3.7 ug/L, which could be attributable to mass transfer limitations. Furthermore, naturally-contaminated
mussels were analyzed, and results were similar to the ones obtained with liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS), demonstrating the applicability of the system for
monitoring purposes.

Tetrodotoxin (TTX) is a potent natural neurotoxin produced by bacteria that live in endosymbiosis
with some other organisms such as pufferfish. Consumption of this contaminated animal may cause
intoxication and even death, and the rapid and reliable detection of TTX in pufferfish is thus of
enormous importance. Recently, an electrochemical MB-based immunosensor has been developed for
the detection of TTX [4]. Oriented and stable TTX immobilization was achieved through the formation
of a cysteine monolayer on maleimide-activated MBs, for the subsequent covalent biding of TTX.
A competitive assay was again pursued, with TTX in solution competing with the immobilized TTX
for binding to an anti-TTX mAb and using an HRP-labelled secondary antibody as a reporter antibody.
The immunocomplexes were magnetically captured on an 8-electrode array, and using amperometric
detection, an LOD of 1.2 pg/L was achieved. The authors applied the biosensor to the detection of
TTX in muscle, skin and the internal organs of two juvenile pufferfishes (Lagocephalus sceleratus) from
Greece, achieving a good degree of correlation with LC-MS/MS. It had previously been observed that
the liver tissue matrix had a marked effect on assay performance, and this effect was almost completely
eliminated due to the use of MBs as a support. This work thus demonstrates the advantages that
MBs provide in terms of reduction of matrix effects. An alternative electrochemical immunoassay
for TTX was described by Zhang and co-workers [24], who synthesized MBs and coated them with
polyethylene glycol for subsequent reaction with BSA-TTX. After competition between immobilized
TTX and free TTX for a primary anti-TTX antibody, and incubation with an enzyme-labelled secondary
antibody, the enzyme product was electrochemically measured. The modification of the working
electrode with ionic liquids and carbon nanotubes significantly avoided electrode surface fouling by
the enzyme product and improved the sensitivity as compared to bare electrodes, achieving an LOD of
5 pg/L.

Aptamers have also been used for the detection of TTX, as described by Jin and co-workers [25],
who conjugated an NH,-terminated anti-TTX aptamer to thiodiglycolic acid-stabilized Fe;04 MBs.
Carxboxylated carbon dots (CDs) were then added, forming Fe;O4/aptamer/CDs nanocomposites.
When excited at 780 nM, those nanocomposites were observed to have a decreased up-conversion
fluorescence emission at 475 nm, attributed to the photo-induced electron transfer (PET) from the CDs
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to the aptamer. The addition of TTX caused the unwinding of CDs from the aptamer and subsequent
recovery of the up-conversion fluorescence. The system attained an LOD of 0.06 ug/L, and showed
high selectivity when tested against other toxins (aflatoxin By and By, botulin neurotoxin A and B and
Staphylococcus aureus enterotoxin A and B), biomolecules (histidine, cysteine, uric acid, ascorbic acid,
glucose, glutathione and thiohydracrylic acid) and anions (C1-, PO4>~ and CO;27) that could interfere
in the analysis of human body fluids. The good recoveries obtained in the analysis of spiked gastric
juice, serum and urine samples demonstrated the applicability of this aptamer-based optical assay.

Brevetoxin B (BTX-2) is a neurotoxin produced by microalgae such as Ptychodiscus brevis and
Gymnodinium breve. This toxin accumulates in shellfish and, when ingested, can result in death.
Additionally, aerosol exposure to BTX-2 during microalgae blooms can cause respiratory irritation [43].
This particular toxin together with dinophysistoxin-1 (DTX-1), an OA analog also responsible for
DSP and produced by some Prorocentrum and Dinophysis species, were selected as targets for the
development of a flow-through electrochemical immunoassay [26]. Anti-BTX-2 and anti-DTX-1 mAbs
were co-immobilized on MBs. Tracers were synthesized by conjugation of the toxins with cadmium and
copper nanoclusters. The incubation of the functionalized MBs with both toxins and their tracers, and
the subsequent dissolution of the metal labels and injection into the detection cell, allowed the selective
detection of the two toxins using square wave anodic stripping voltammetry, with no cross-reactivity
observed. The system showed high cross reactivity with BTX-1, BTX-3, DTX-2 and DTX-3, as expected,
and no false positive results from OA, pectenotoxin-6 (PTX-6) or yessotoxin (YTX). LODs of 1.8 ng/L
and 2.2 ng/L were achieved for BTX-2 and DTX-1, respectively.

The PSP toxin group comprises saxitoxin (STX) and related compounds produced by marine
dinoflagellates of Alexandrium, Gymnodinium, and Pyrodinum species. PSP toxins can accumulate in
bivalves, crabs, lobsters and even carnivorous snails [44]. The ingestion of contaminated vectors causes
neurotoxic illness that can result in paralysis and, at its acute expression, death. With this target in
mind, Jin and co-workers [27] developed a magnetic electrochemical immunosensor for the detection
of STX in seawater and seafood. The immunosensor used anti-STX antibody-functionalized MBs
and palladium-doped graphitic carbon nitride nanoparticles (peroxidase mimetic) to generate the
electrochemical signal. Unlike the other approaches described so far, the assay was non-competitive,
because they took advantage of the electrostatic interaction between the electro-positive STX and the
electro-negative palladium nanoparticles. The immunosensor successfully detected trace STX amounts
in seawater and shellfish samples with an LOD of 1.2 ng/L. Moving towards compact analytical
devices, Kim and Choi [28] proposed a lab-on-a-chip (LOC) system for the immunodetection of
STX. The LOC system was composed of a sample chamber and a detection chamber connected via a
channel. MBs functionalized with anti-STX antibodies were added to the sample chamber together
with STX-HRP and the sample containing STX. After incubation, a magnet was used to transport the
MBs from the sample chamber to the detection chamber, which had been previously filled with enzyme
substrate. The LOD was around 3 ug/L, far below the regulatory level of PSP toxins (800 ug STX per
kg shellfish). In 2017, Yu and Choi [29] improved the system by adding an extra washing chamber
between the two existing ones, resulting in a decrease in the LOD to around 6 ng/L.

CFPis a human intoxication caused by the ingestion of contaminated fish and is a worldwide health
problem. This disease is characterized by severe neurological, gastrointestinal and cardiovascular
disorders. Causative toxins of CFP are produced by marine dinoflagellates of the genera Gambierdiscus
and Fukuyor and are known as ciguatoxins (CTXs). An electrochemical immunoassay for the detection of
CTX3C was developed by Zhang et al. [30], where sample injection, incubation, capillary electrophoresis
separation and electrochemical detection were all performed in a capillary system. An anti-CTX3C
antibody was immobilized on MBs and injected into the capillary system, followed by the addition of
CTX3C standard/contaminated samples. A rotating magnetic field was applied to increase mixing
efficiency and molecular binding rates. An anti-CTX3C antibody linked to HRP-functionalized gold
nanoparticles was then added and sandwich immunocomplexes were formed. Finally, the enzyme
product was electrochemically detected, and the system achieved a very low LOD (0.09 ng/L),
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almost 17,000 times lower than that obtained with high performance liquid chromatography coupled
to mass spectrometry (HPLC-MS). The authors claim that the enhanced sensitivity can be attributed to
the use of gold nanoparticles as multi-enzyme carriers, resulting in a high HRP/Ab molar ratio.

3.2. Magnetic Beads as Signal Amplifiers

One of the functionalities of MBs is their ability to amplify signals, as exemplified in the work of
Garibo et al. [31], who described the development of a competitive surface plasmon resonance (SPR)
optical immunosensor for OA. Protein G-coated MBs were used to immobilize anti-OA antibodies,
whilst OA was immobilized on the sensor chip surface. The antibodies were added to the sensor together
with a free OA standard/sample, and any binding of molecules to the immobilized OA generated
a response proportional to the bound mass. SPR analysis demonstrated that, with conjugates, it is
possible to attain similar responses to free antibodies, but using an 8-fold lower antibody concentration.
The Ab-MBs resulted in a 3-fold lower LOD, even in the presence of mussel matrix (from 4.7 ug/L to
1.2 pg/L), demonstrating the ability of MBs to be used as signal amplifiers.

3.3. Magnetic Beads as Capture Agents

Immunomagnetic capture (IMC) represents an innovative technique for toxin extraction and
purification from complex environmental or biological matrices and is much simpler and more rapid
than the use of chromatographic columns. The first example of IMC with marine toxins was reported
by Devlin and co-workers [32], who covalently immobilized an antibody to MBs using glutaraldehyde
crosslinking for the immunoaffinity extraction of PSP toxins from cultures of the dinoflagellate
Alexandrium tamarense. After steel ball bearing beating for cell lysis, HPLC measurements showed that
toxin recovery increased with increasing amounts of MBs (up to 96.2%), and that the process could be
completed within an hour. Recently, Bragg and collaborators [33] coupled IMC with LC-MS/MS for the
extraction and detection of STX from human urine. The method showed advantages over conventional
protocols, such as an improved selectivity (reducing matrix interference), a 5-fold increase in sensitivity,
and requirement of only one third of the sample volume.

IMC combined with LC-MS/MS has also been used by Chen and collaborators [34], in this case
for the extraction of OA from shellfish samples. MBs were able to capture the toxin in just 10 min,
due to their use of suspension. Additionally, shellfish matrix effects were minimized, and recovery
values between 82.2% and 95.5% were obtained for the analysis of oysters, mussels and scallops.

MBs have also been used as capture agents in the work of Neely et al. [35]. In their study,
the researchers reported the exposure of C8-coated MBs to blood serum samples from California
sea lions to identify patterns of domoic acid (DA) toxicosis. DA can cause ASP and can affect not
only humans but also common predators that live in and around marine habitats. Detection of DA
was achieved using matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry. Artificial neuronal networks (ANN) were trained using MALDI-TOF data from serum
analysis, and the obtained models were good predictors of acute DAT. The strategy resulted in a
highly sensitive (100% negative predictive value) and a highly specific (100% positive predictive value)
diagnostic tool.

3.4. Magnetic Beads to Produce Biorecognition Molecules

Marine toxins are not always easy to find and isolate from field samples. The limited availability of
marine toxins has hindered the development of biorecognition molecules and, consequently, of systems
for their detection. To address this problem, specifically for CTXs, the use of synthetic toxin fragments
has been exploited in the production of antibodies [36]. In this work, streptavidin-coated MBs were used
for the panning of phages. In the experiment, a biotinylated synthetic ABC-ring fragment of CTX3C
(ABC-PEG-biotin) was incubated with a phage library, and then captured on the streptavidin-coated
MBs together with the positive phages expressing hapten-binding antibodies. To select antibodies to
the left side of CTX3C, elution was performed with a synthetic CTX3C fragment, instead of the scarce
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CTX3C. Following three rounds of selection and amplification, the authors observed an increased
recovery of eluted phages, as well as the enrichment of phages bearing Fab fragments. The gene
fragments from the sorted phage were sub-cloned for the production of three soluble recombinant
Fabs, which had dissociation constants (Kg) of about 1075 M.

MBs have also been used for the production of aptamers, oligonucleotides able to bind to specific
target molecules with high affinity and specificity and used as biorecognition molecules in bioanalysis.
The in vitro process to obtain aptamers is termed systematic evolution of ligands by exponential
enrichment (SELEX), and MBs are frequently used as a support and for the effective partitioning
of bound and unbound DNA because they improve the binding kinetics and the washing steps.
The first example was described by Handy and co-workers [37], who conjugated STX to keyhole limpet
hemocyanin (KLH) using 2,2'-(ethylenedioxy)bis(ethylamine) (Jeffamine) as a spacer compound, for its
subsequent covalent binding to epoxy-coated MBs (Figure 1C). The modified MBs were incubated with
a random ssDNA library. Bound and unbound DNA were magnetically separated, and the bound
ssDNA was eluted from the MBs, PCR-amplified and finally used to enrich the ssDNA library for the
following round of selection. After 10 rounds, the PCR product was cloned and sequenced. Preliminary
results using SPR showed the affinity of the selected aptamer for STX. A sensor chip modified with DA
was used to evaluate the specificity of the aptamer towards this marine toxin, which often co-occurs
with STX. Binding was not observed, further supporting that the selected aptamer was specific to STX.
Gao and co-workers [38] used a SELEX with MBs to produce aptamers for gonyautoxins 1/4 (GTX1/4).
They immobilized the GTX1/4-carboxylated derivative on amine-modified MBs via the EDC/NHS
chemistry. In round 2, negative MBs were introduced to remove the ssDNA that bound non-specifically
to improve the screening efficiency. In round 3, free competitive counter-molecules were added in
the positive incubation system to improve the specificity of screening. After eight rounds of selection,
appropriate sequences were obtained. However, these sequences were not further investigated.
The same research group developed an aptamer for the detection of palytoxin (P1TX), a toxin initially
isolated from soft corals and later found in shellfish, sea urchins and crabs, usually associated with
Ostreopsis blooms [39]. Counter SELEX was performed against potential interferents, including OA,
microcystin-LR (MC-LR), STX, and brevetoxin-A/B, resulting in a highly selective aptamer. The selected
aptamer was used to develop an optical biosensor based on biolayer interferometry, where PITX was
immobilized on the biosensor surface, and competed with free PITX for binding to HRP-labelled
aptamer. The addition of 3,3’-diaminobenzidine substrate solution resulted in the formation of a
precipitated polymeric product directly on the biosensor surface. Changes in the optical thickness and
mass density of biosensor layer were measured, resulting in an LOD of 0.04 ng/L.

Gu and collaborators [40] developed a magnetic separation-based multiple SELEX to simultaneously
select aptamers against three different marine biotoxins: DA, STX and TTX. The first 12 rounds entailed
mixed screening against the three toxins, and the subsequent four rounds of single screening were
against each individual toxin. Additionally to the multiplexing strategy, the authors provided the
novelty of combining the advantages of MBs and graphene oxide (GO) for efficient partitioning.
A fluorescence assay was developed to determine the affinity of the aptamers, showing K4 values
of of 62, 44 and 61 nM for DA, TTX and STX, respectively. Additionally, two multi-target aptamers,
which can bind with either DA or TTX, were also obtained.

Finally, an aptamer specific to the antigen binding site of a mAb against OA has been produced
using MB-SELEX [41]. The aptamer produced following this strategy mimics the OA structure. In this
approach, F(ab’), fragments (obtained by pepsin digestion of the anti-OA mAb) were conjugated to
MBs and subsequently incubated with the ssDNA library. Negative selection with bare MBs and six
additional mAbs (against STX, BTX-2, TTX, DA, nodularin (NOD) and MC-LR) was applied to remove
non-specifically bound ssDNA. The produced aptamer was used in two different immunoassays.
In the first one, biotinylated aptamer competed with free OA for binding to immobilized anti-OA
mADb, followed by the addition of streptavidin-HRP, with the aptamer thus acting as a tracer. In the
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second assay, immobilized OA competed with the aptamer for binding to anti-OA mAb, which was
subsequently detected using a secondary antibody.

4. Conclusions and Perspectives

Marine toxins play a crucial role in shellfish poisoning, and reliable, rapid and cost effective
detection of very low concentrations of these toxins is critical. Currently, MBs have been used in
the field of marine toxin detection as supports in assays and biosensors, capture agents for toxin
pre-concentration and as tools to produce biorecognition molecules such as phages and aptamers.
Because of their advantages in terms of increased surface-to-volume ratio, improved assay kinetics,
increased washing efficiency and reduced matrix effects, efficient and highly sensitive analytical
systems for the detection of marine toxins have been developed.

The use of MB-based strategies in marine environments can facilitate the confirmation of toxin
presence in shellfish at the occurrence of harmful algal blooms (HABs), and speed up monitoring
programs. However, to provide biotechnological tools for seafood safety and human health protection,
it will be necessary to validate these MB-based approaches. Validation studies will include analyses
of multiple samples, of different natures and from different geographic locations, some of them with
multi-toxin profiles, and maybe with emerging toxins as challenging targets.
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Abstract

Ciguatera fish poisoning is a foodborne disease that affects human health since
ancient time. It is caused by the ingestion of seafood contaminated with
ciguatoxins (CTXs), potent marine neurotoxins produced by microalgae of the
genera Gambierdiscus and Fukuyoa. These genera are endemic of the tropical
and subtropical areas of the world but in recent times are found more and more
in temperate areas, such as the Mediterranean Sea. In ciguatera fish poisoning
process several species of fishes, sharks and marine invertebrates are involved,
making its management a difficult task. Moreover, identify contaminated
seafood is complicated by the nonexistence of difference between the
intoxicated and non-intoxicated one. To cope with this problem, biosensors
have been recently developed for the detection not only of CTXs in fish and
algal samples but also for the DNA of the microalgae producers. These tools
are fast, robust, reliable, easy to use and they could represent a step forward
into the in situ detection, helping in the ciguatera management and protecting
human health.

1. Introduction

Ciguatera fish poisoning (CFP) is a foodborne disease that can cause
gastrointestinal, cardiological and neurological symptoms that can last weeks,
months or even years and in some cases led to death (Hamilton et al. 2010).
CFP occurs when ciguatoxins (CTXs) and precursors enter into food webs
being grazed by herbivorous fishes and further bio-accumulated and bio-
transformed in carnivores fishes. CTXs are a group of cyclic polyether
lipophilic compounds produced by microalgae of the genera Gambierdiscus
and Fukuyoa (Chinain et al. 2021). In the CFP process more than 400 fish
species and sharks (Diogene et al. 2017) are implicated (Bagnis et al. 1970)
with some being more likely to contain CTXs than others (Halstead 1988).
Moreover, it seems that several species of marine invertebrates may be involved
in CFP pathways such as sea urchins (Darius et al. 2018) lobster and octopus
(Mak et al. 2013), giant clams (Rongo and van Woesik 2011; Roué et al. 2016)
and sea stars (Silva et al. 2015). The discrimination between contaminated and
uncontaminated specimens is an important challenge since toxic specimens do
not look, smell or taste any differently from non-toxic ones. This issue led, in
areas endemic for CFP, to the decrease in fish consumption (Nellis and Barnard
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1986) to drastic modification in dietary habits (Rongo and van Woesik 2011),
to ban the sale of certain high-risk species, causing important financial losses
(Sanchez-Henao et al. 2019). Furthermore, in 2020 the International
Association for Medical Assistance to Travelers (IAMAT) labeled several
countries as ‘“ciguatera at-risk destinations”, making CFP an important issue
that if not managed correctly could affect the tourism sector, important source
of income for endemic populations.

CFP is an extremely complex phenomenon to manage, from the detection of
CTXs in natural samples to the diagnosis in patients (some symptoms can be
easily misunderstood for other food poisoning). Thus, taking into consideration
that an antidote for CFP has not been found yet, the efforts of the scientific
community must focus on the prevention, by providing fast and reliable tools
for the detection not only of CTXs in fish samples, but also of their precursors
directly in Gambierdiscus and Fukuyoa genera collected in the environment. In
this chapter the development of such tools will be presented and discussed
together with the known methods to identify CTXs in fish or algal samples and
to detect DNA of the microalgae producers.

2. Gambierdiscus and Fukuyoa global distribution with particular focus on
the Mediterranean and Macaronesian regions

Until 1995, Gambierdiscus was considered as a monotypic taxon with just one
species named G. toxicus (Adachi and Fukuyo 1979). Further studies over the
past decade resulted in the identification of 18 different Gambierdiscus
(G. australes, G. balechii, G. belizeanus, G. caribaeus, G. carolinianus,
G. carpenteri, G. cheloniae, G. excentricus, G. holmesii, G. honu, G. jejuensis,
G. lapillus, G. lewesii, G. pacificus, G. polynesiensis, G. scabrosus, G. silvae
and G. toxicus) (Chinain et al. 1999; Litaker et al. 2009; Fraga et al. 2011;
Nishimura et al. 2014; Rhodes et al. 2017; Jang et al. 2018; Kretzschmar et al.
2019) and 4 Fukuyoa species (F. paulensis, F. ruetlzeri, F. yasumotoi, F.
koreensis; Gomez et al. 2015; Li et al. 2021). Among them, 14 are considered
able to produce CTXs (G. australes, G. balechii, G. belizeanus, G. caribaeus,
G. carolinianus, G. carpenteri, G. excentricus, G. pacificus, G. polynesiensis,
G. scabrosus, G. silvae, G. toxicus, F. paulensis and F. ruetlzeri) (Tester et al.,
2020) with different tests and techniques (Chinain et al. 2010a; Fraga et al.
2011; Rhodes et al. 2014; Litaker et al. 2017; Pisapia et al. 2017; Longo et al.
2019; Rossignoli et al. 2020).

Gambierdiscus and Fukuyoa genera are endemic of the subtropical areas of the
world (35°N and 35°S) (Bienfang et al. 2010; Chinain et al. 2021). In more
recent times, they have been identified in temperate areas such as Korea, Japan,
New Zealand (Jeong et al. 2012; Nishimura et al. 2014; Rhodes et al. 2017),
Gulf of Mexico, coast of North Carolina, Brazil (Gmez et al. 2015; Litaker et
al. 2009; Litaker et al. 2017) and also the Macaronesia region (Fraga et al. 2011,
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Kaufmann and Béhm-Beck 2013; Fraga and Rodriguez 2014) and the
Mediterranean Sea (Aligizaki and Nikolaidis 2008; Aligizaki et al. 2009; Laza-
Martinez et al. 2016; Tudé et al. 2018, 2020). The region that hosts the major
diversity of Gambierdiscus and Fukuyoa species is the Pacific, where the
presence of 18 out of the 21 currently recognized species has been reported.
Thus, it is not surprising that several archipelagos of this region, such as French
Polynesia and Cook Islands, are identified as biodiversity “hotspots” of
Gambierdiscus (Chinain et al. 2021). In addition, the Caribbean region also
presents a huge variety of Gambierdiscus and Fukuyoa species, and it is quite
common to find the co-occurrence of 5 or 6 species (Tester et al. 2013). The
fact that G. excentricus and G. silvae, two of the most CTX-producing species,
are not as frequently found as other species draws the attention. The observable
patchy distributional pattern has been related to their thermal tolerance (Chinain
et al. 2021). Another curious circumstance can be observed in the distribution
of G. australes, which is globally distributed with the exception of the
Caribbean region, and the reasons behind these findings are still unknown.
Different is the situation of the Indian Ocean, where the distribution of the
genera is poorly reported, especially in the coastal areas of Africa. Additionally,
most records reported the species as G. toxicus, since the identification was
mainly performed with microscopy techniques (Turquet 1998; Lugomela 2006)
and species confirmation with genetic tools would be advisable. Even if
molecular studies identified the presence of few species, like G. australes and
G. belizeanus (Lavenu et al. 2018), more studies are needed to have a correct
species composition of this region. Another recently found “hotspot” of
Gambierdiscus is the northern Macaronesian region, with the Canary Island
hosting the highest biodiversity and the highest number of CTX-producing
species (G. australes, G. caribaeus, G. carolinianus, G. excentricus and G.
silvae) (Fraga et al. 2011; Fraga and Rodriguez 2014; Pisapia et al. 2017;
Rodriguez et al. 2017; Reverté et al. 2018). Hence, the variety of species found
made Rodriguez and coworkers (2017) think that Gambierdiscus settlement in
the region can be dated to ancient time. Actually, a first report of Gambierdiscus
in Cabo Verde can be attributed to Silva (1956), reported as Goniodoma (Fraga
et al. 2011). Recently, Soler Onis identified several cells of G. excentricus in
the waters of the Cabo Verde archipelago, confirming the presence of the genus
(Soler Onis et al. 2019).

Despite the fact that the settlement of a Gambierdiscus and Fukuyoa species
and the finding event can be separated by several decades, there is a general
concern that the geographic range of these two genera, and especially of the
CTX-producing species, will expand as a consequence of the rise of sea surface
temperature (Tester et al. 2010). According to Parsons et al. (2010), a
significant modification in the distribution and the abundances of ciguateric
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species is to be expected, with some species becoming more dominant over
others.

Legend

Balearic Islands Crete
@ G. australes
& G. belizeanus N
& G. caribaeus

@ G. carolinianus oe
*
& *

*- Canary Islands ﬂ
» \j
v - Y
L M
d () 0S9080
Figure 2. Gambierdiscus and Fukuyoa distribution in Mediterranean and Macaronesian waters.

Symbol * indicates the places (Greece and Cyprus) in which the presence of both Gambierdiscus
and Fukuyoa was reported only at genus level. For the global distribution, see Tester et al. (2018).
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3. Ciguatoxins

CTXs are secondary metabolites produced by the marine benthic dinoflagellate
of the genera Gambierdiscus and Fukuyoa. CTXs are cyclic polyether
compounds with a rigid structure formed by 13-14 rings connected with ether
bonds. CTXs target the binding site 5 of the voltage-gated Na® channels
(Lombet et al. 1987), inducing effects at the cellular and physiological levels,
such as membrane excitability, release of neurotransmitters (Molgo et al. 1990),
increase of intracellular calcium (Molgé et al. 1993) and blockage of voltage
potassium channels (Hidalgo et al. 2002). The affinity of the different
congeners of CTXs for the binding site on the voltage-dependent Na* channels
is proportional to their toxicity in mice (Lewis 1994).

Up to date, 34 different CTX congeners have been described and grouped in
Pacific (P-CTX) (22 congeners), Caribbean (C-CTX) (12 congeners) and
Indian (I-CTX) (no congeners described yet), according to their geographical
origin (Longo et al. 2019). CTX1B was the first one to be identified in 1990 by
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Murata and coworkers (Murata et al. 1990), followed by the description of
many other congeners. Additionally, in order to classify the different congeners
of P-CTXs, Legrand et al. (1998) proposed to distinguish them into two
different groups according to the number of carbons and the structure of the E
ring (7 in the CTX1B group and 8 in the CTX3C group) and to the presence
(CTX1B) or absence (CTX3C) of the 4-carbon side chain of the left wing
(Figure 3). Afterwards, two CTXs from the Caribbean Sea (C-CTXs) were
isolated by Vernoux and Lewis (1997) and identified structurally in 1998
(Lewis et al. 1998). Subsequently, other congeners were identified by Pottier et
al. (Pottier et al. 2002). Also, six Indian Ocean CTXs (I-CTXs) were isolated
(Hamilton et al. 2002; Diogene et al 2017), but their structural determination
remains undescribed. Alongside with the CTXs bioaccumulation in fish flesh
and through the marine food webs, CTXs undergo metabolization processes in
fish (Ikehara et al. 2017), resulting in more toxic compounds, as observed in
fish samples from the Pacific area (Chinain et al. 2010b). The occurrence of
these different toxins in fish and microalgal samples can vary. Nevertheless, P-
CTX-1 (CTX1B) is found as dominant in toxin profiles in the carnivorous
fishes of the Pacific (Lewis et al. 1991). The toxicity of CTXs in mice (i.p.) is
equivalent to an LDs 0.25, 2.3 and 0.9 pg/kg for P-CTX-1, P-CTX-2 and P-
CTX-3, respectively (Lewis et al. 1991), classifying them as extremely potent
marine toxins. Generally, P-CTXs are more potent than C-CTXs (LDso of 3.6
and 1 pg/kg for C-CTX-1 and C-CTX-2) and I-CTXs (5 pg/kg). In humans, it
has been estimated that no more than 1 ng P-CTX-1 per kg of body weight is
needed to cause the occurrence of mild CFP symptoms (Lehane and Lewis
2000). Moreover, these toxins are heat resistant, so they cannot be deteriorated
by cooking processes (Abraham et al. 2012).
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Figure 3. Structure of the two main groups of CTXs congeners: CTX1B and CTX3C.

The United States Food and Drug Administration (US FDA) proposed guidance
levels of <0.01 pg/kg of CTX1B and <0.1 pg/kg of C-CTX-1 equivalent

toxicity in fish, and these values represent the only existing suggested
threshold. In fact, New Zealand and Australia provide general guidelines
(FZAN 2006) and Japan (MHWL 1953, 2001) banned from the market several
species associated with ciguatera. In European markets, no fish product
containing CTXs can be sold (Regulation (EC) No. 853/2004), but no
regulatory limits have been established and no suggestion regarding the
analytical methodology to use is given, although the European Food Safety
Authority (EFSA) has adopted the FDA guidance levels for CTXs (EFSA,
2010). Thus, the creation of fast, reliable and easy to use tools for the detection
of even small quantities of CTXs in fish and algal samples can be of outmost
help for the managing of CFP.

4. Methods for Gambierdiscus and Fukuyoa detection

The presence of highly toxic Gambierdiscus and Fukuyoa species in a given
area is likely to contribute to the final toxic profile in fishes. Therefore,
document the presence of these ones, that might not be dominant in terms of
cell concentration, but whose contribution in the environmental flux of CTXs
is noticeable is of extreme importance (Longo et al. 2019). Thus, it should not
surprise the reader that scientists all over the world focused their efforts mainly
in the detection of these CTX producing species in field samples. The most
known and used technique is light microscopy, followed by electron
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microscopy. These strategies are still used, but it is almost impossible to
differentiate between species using them alone. Hence, the use of genetic
sequencing is almost mandatory to correctly identify to the species level (Bravo
et al. 2019). In fact, in every study concerning the detection of species,
especially in environmental samples, the confirmation with sequencing is
highly requested to support the findings obtained with other methods. Among
the existing sequencing procedures certainly the Sanger has been the most used
since its invention in 1977. Other molecular techniques are more and more
implied in the identification of microalgal species in field samples. In fact,
quantitative polymerase chain reaction (QPCR) has been used on several
occasions for the identification and quantification of Gambierdiscus/Fukuyoa
genera, G. belizeanus, G. caribaeus, G. carolinianus, G. carpenteri and G.
ruetzleri, G. australes, G. scabrosus, G. excentricus, G. silvae, G. lapillus and
F. paulensis targeting the D1-D2 regions (Smith et al. 2017), the D1-D3 region
(Vandersea et al. 2012; Litaker et al. 2019; Kretzschmar et al. 2019), or the D8-
D10 (Nishimura et al. 2016; Kretzschmar et al. 2019) of the large subunit (LSU)
ribosomal gene. This method is strong and reliable, but it requires the use of a
thermocycler, is laboratory based and time consuming. As a solution to these
drawbacks, our group used an isothermal technique that, with the use of
modified primers, allowed obtaining, in 30 min and at a constant temperature
of 37 °C, an amplified product flanked with oligonucleotides tails. Then, a
sandwich hybridization assay was performed, and thanks to the use of capture
probes and a horseradish peroxidase (HRP)-labeled reporter probe, it was
possible to differentiate between Gambierdiscus/Fukuyoa and other microalgae
genera and among two toxin-producing species (G. australes and
G. excentricus) and their congeneric species (Gaiani et al. 2021a). Despite its
advantageous features, this technique is not commonly used, mostly because
the kit needed to perform the test is expensive and its efficiency gets lower and
lower once opened, compromising the inter-day reproducibility. Meanwhile,
researchers have focused on the development of PCR-based techniques that
could be implemented into portable devices for the in situ detection of
microalgae. Recently, a PCR-lateral flow assay (PCR-LFA) was developed
targeting the same two CTX producing species (Ginés et al., 2021). The assay
requires less than 1.30 h to be performed, PCR included. Again, tailed primers
are used and specific detection is achieved with the aid of capture probes and
single-chain Cro proteins conjugated with carbon nanoparticles used as labels.
This technique represents a step forward towards field analysis, although
further studies, including the screening of natural samples, need to be
performed. The advantage of using modified primers, whose use results in
tailed amplified products, is undoubtable, and for this reason, this strategy has
been chosen to develop biosensors, which are fast, robust, easy to use and
reliable tools that can pave the way of the Gambierdiscus species detection
directly in the field.

5. Methods for ciguatoxin detection
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Ciguatera is a threat for human health at least since the sixteenth century when
the first intoxication was dated. Therefore, a huge variety of methods have been
developed to detect CTXs and therefore identify contaminated fishes. Up to
date, the techniques developed include native tests, animal mortality tests, cell-
based assays (CBAS), receptor-binding assays (RBASs), immunological assays
and instrumental analysis (such as LC-MS/MS) (Hoffman et al. 1983, Chinain
et al. 2010b, Reverté et al., 2014; Diogéne and Campas, 2017; Pasinszki et al.
2020).

Several animal tests have been developed throughout the years and even though
none of these is applied nowadays for the detection of CTXs or other marine
toxins, there is one that is still in use: the mouse bioassay (MBA) (ANSES,
2015). The MBA is useful since it provides a compositive toxicological
response, which is very convenient in case of samples with unknow toxicity.
Apart from sharing the limitation of the other animal-based tests, it has a limit
of detection that is approximately 0.56 ng/g for P-CTX-1B (EFSA 2010),
meaning that it does not attain the suggested FDA threshold. Therefore, part of
the scientific community switched to the use of assays based on mammalian
cell, instead of entire animals.

The CBAs developed for CTXs detection are based on the activity of these
toxins on neuronal potassium and voltage-gated sodium channels (VGSCs)
(Lewis and Vetter 2016) and involve a huge assortment of cells and tissues,
from blood, used for the development of hemolytic assays (Shimojo and Iwaoka
2000), the guinea pig ileums (Endean et al. 1993), the guinea pig atrium
(Hokama et al. 1994), frog nerve fibers (Benoit et al. 1986) and crayfish nerve
cords (Miller et al. 1986). Despite this variety of available tests, nowadays the
most used test is the mouse neuroblastoma cell assay (N2a CBA) (Manger et
al. 1993). This test has demonstrated to be very sensitive and provides a
composite toxicity response for the several existing CTXs. Additionally, the
test is easy to perform and interpret. Briefly, it is based on the colorimetric
detection of metabolically active N2a cells exposed to CTX in presence of
ouabain/veratridine (Manger et al. 1993). The detection of CTXs requires the
addition of veratridine, that is a VGSC activator with a different binding site
than CTX, and ouabain, a sodium/potassium pump inhibitor. The combined
effect of these three substances together increases the concentration of
intracellular sodium, which has a negative effect on cell viability and can be
measured as a function of CTX concentration. The amount of toxin is measured
with the MTT-based CBA, in which the MTT (3-(4,5-dimethylthiazol-2-yI)-
2,5-diphenyltetrazolium bromide) is added in each well, reduced by
mitochondrial dehydrogenase activity into a formazan product, which is later
solubilized and whose absorbance intensity is proportional to the number of
live cells and so inversely proportional to the concentration of CTXs, within a
certain range. Even if the limit of quantification (LOQ) is different in each
experiment, in general it is lower than the clinically relevant toxin levels in fish
tissue, and of the FDA suggested threshold. However, a consensus protocol for
the MTT-based CBA is still lacking since users throughout the last decade made
customized changes to the assay (Viallon et al. 2020). The modifications
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included almost every aspect of the test, starting from the cell seeding densities,
the cell layer viability, the MTT incubation time, up to the ouabain/veratridine
treatment. Other N2a CBAs have been developed. For example, in the study of
Fairey etal. (1997), they used N2a cells that expressed c-fos-Luciferase reporter
gene. The c-fos is a response gene and a sensitive biomarker that easily localize
the effects of toxins. Detection is achieved with luciferase-catalyzed light
generation and a luminometer for quantification. Additionally, cell lines other
than N2a have been exploited for application in CBA. In particular, the human
neuroblastoma cell line SH-SY5Y has been used to develop another fluorescent
assay (Lewis et al. 2016). In this test, cells were loaded with a dye containing
calcium adsorbed into the cytoplasm, and then incubated with veratridine and
subsequently with CTXs. Fluorescence responses to CTXs were measured as
the increase of calcium ion influx into cells with a plate reader. These
fluorescent assays are not commonly used due to the costs of the fluorescent
dye, the need of specialized equipment, and the sensitivity to maitotoxin
presence, which can affect enormously the outcome of the test. Indeed, the
interfering effects caused by maitotoxins, other toxic compound or the natural
matrix itself (i.e. fish or algal extracts) can induce an over or under estimation
of the CTXs content. Additionally, the cytotoxicity assays respond similarly to
all the toxins that block VGSCs (i.e. brevetoxin) and, therefore, it will be
impossible to distinguish one from another.

In order to focus more on the affinity of CTXs for their binding site on the
VGSC, RBAs have been developed. Since CTXs share with brevetoxins the
same binding site on the VGSC (i.e. binding site 5) but with a higher affinity,
they can be considered as competitors of brevetoxin binding (Fairey et al. 1997,
Bottein Dechraoui et al. 2005). Therefore, measuring the competition binding
of a radioactively labeled brevetoxin ([3H]-brevetoxin-3) and CTXs for the
receptor sites in a membrane can be used to estimate the amount of CTXs in an
extract. Hence, the concentration of the labeled brevetoxin (that is maintained
constant) should decrease after the addition of CTXs, and a competition dose-
response curve can be obtained. This screening method has been widely used,
but it is highly sophisticated, making the comparison between laboratories quite
complicated. Thus, Diaz-Asencio and coworkers (Diaz-Asencio et al. 2018)
made the effort to provide guidance on its quality control checks for the analysis
of environmental samples, reaching an LOD of 0.75 ng/g of P-CTX-3C in fish
samples in their optimized assay. However, these assays imply the use of
radioactive compounds. To avoid the use of instable radioactive compounds, a
fluorescence-based RBA has been developed, where CTXs compete with a
fluorescently labeled brevetoxin (brevetoxin-2) (McCall et al. 2014). Following
these studies, Hardison and coworkers developed a fluorescent RBA using a
brevetoxin-2 labeled with BODIPY® (Hardison et al. 2016), which provides a
LOD of 0.075 ng/g of P-CTX-3C equivalents. Moreover, a commercial kit for
CTXs based on this study has been marketed by Sea Tox Research Inc.
(Wilmington, NC, USA https://www.seatoxresearch.com/testing-kits/) and can
be used as screening tool for fish extracts.
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Despite the undoubtable utility of the kit described above, it does not allow to
know which CTXs are inside a sample. The best solution to obtain toxin profiles
is to separate the toxins and HPLC is the method to perform this task. Since
most CTXs do not have a characteristic chromophore group in their structure
(i.e. alternating single and double bounds), they do not strongly absorb radiation
over the UV/VIS region, and therefore spectroscopy is not viable for their
detection. Indeed, the trials with classical HPLC method that uses UV detector
showed not enough sensitivity to detect the presence of low concentrations of
CTXs (Caillaud et al. 2010). Therefore, the HPLC with fluorescent detection
has been tried, since some CTX congeners have a primary hydroxyl group
available for fluorescent labelling. Even if this technique showed better
sensitivity than the previous one, it does not detect CTXs at the recommended
level (0.01 pg/kg). Additionally, it does not detect CTXs without a primary
hydroxy! group (i.e. P-CTX-3C). Therefore, in order to increase the sensitivity
and specificity of the system, Lewis and Jones (1997) combined the HPLC
technique with tandem mass spectrometry (HPLC-MS/MS) for the detection of
CTXs. Then, Lewis and coworkers (1999) combined an electrospray triple
guadrupole mass spectrometer with a gradient reverse-phased HPLC and, with
this technique, a limit of detection of 0.04 ppb and 0.1 ppb for P-CTX1 and C-
CTX1 was achieved (Lewis et al. 1999). Right after this first trials, LC-MS/MS
become one of the most used, if not the most used, techniques for detecting and
identify CTXs. It must be underlined that CBA is the most used technigue to
perform sample screening, even though LC-MS/MS is the one that actually
confirms the presence of CTXs. Although instrumental analysis techniques are
highly sensitive, their application to monitoring programs is hampered by the
cost of the machinery, the time needed to prepare the samples for the analysis
and the need of highly trained personnel to perform the assays. Additionally,
the analysis of CTXs in natural samples is limited by the lack of CTX standards,
certified materials and the chemical complexity of the CTX compounds.

These limitations have also hindered the development of immunoassays, based
on antibodies (Abs). These assays take advantage from the high specificity of
the antigen-antibody reaction. The first group to produce anti-CTXs antibodies
was the one of Hokama and coworkers (1977). In their work, they produced an
anti-CTX polyclonal Ab (pAb) and labelled it with a radioactive compound to
subsequently perform a radioimmunoassay directly on fish tissues from the
Hawaiian Islands (Hokama et al. 1977; Kimura et al. 1982). The same pAb was
labelled horseradish peroxidase and exploited in an immunoassay also for fish
extracts (Hokama et al. 1983). The authors decided to simplify the enzyme
immunoassay by formatting it into a faster stick test that did not require any
instrumentation (Hokama 1985). These last findings were used to build two
commercial kits named Cigua-Check (Hokama 1985; Hokama et al. 1987) and
Ciguatect (Park 1995). Although these achievements represent an advance for
the development of easy-to-use tests, since no extraction whatsoever was
needed to perform the assay, these assays showed cross-reactivity with okadaic
acid and brevetoxin (Hokama et al. 1987; Hokama et al. 1989. This cross-
reactivity together with the low sensitivity led to false positive and false
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negative results, respectively (Bienfang et al. 2011). Thus, the only fish that
was reported as ciguateric up to date in the Mediterranean, which was analyzed
with the Cigua-Check kit (Bentur and Spanier 2007), is still pending of
confirmation. Due to the disadvantages represented by the use of these pAbs,
Hokama and coworkers (1990) decided to focus on the production of
monoclonal antibodies (mADs), that were subsequently used in a similar system
but using colored latex beads for the labelling of the mAbs. Another approach
to produce mAbs was based on the use of synthetic haptens instead of natural
CTXs. The first work related to the use of such technique is the one of Campora
and coworkers (Campora et al. 2008), which developed a sandwich enzyme
linked immunosorbent assay ELISA, using one specific Ab for the left wing of
P-CTX1B and one specific Ab for the right wing labeled with HRP. No cross-
reactivity was observed with other marine toxins such as brevetoxin-3, okadaic
acid or domoic acid. Subsequently, Tsumuraya and coworkers immunized mice
with haptens that mimic the left and right wing of the four principal congeners
of pacific CTXs, CXT1B, 54-deoxy-CTX1B, CTX3C and 51-hydroxy-
CTX3C. The resulting antibodies were used to develop colorimetric sandwich
ELISAs. The assays performed with these mAbs demonstrate the high
specificity and sensitivity that was expected, showing no cross-reactivity with
other marine toxins such as okadaic acid, maitotoxin, brevetoxin A and
brevetoxin B (Oguri et al. 2003; Nagumo et al. 2004; Tsumuraya et al. 2006,
2010, 2012). Additionally, the previously described mAbs have been used to
develop a fluorescent ELISA, whose LOD was as low as 1 pg/mL for both
CTX1B and CTX3C group. Moreover, CTX1B was spiked into a fish extract
at the suggested threshold and then detected with the presented technique
(Tsumuraya et al. 2018; Tsumuraya and Hirama 2019). Based on this
fluorescent technique, a kit named “CTX-ELISATM 1B” for the detection of
the CTX1B group of congeners was marketed and can be bought from Fujifilm
Wako Corporation (Osaka, Japan). Since the results obtained with this strategy
seemed to be very encouraging, the mAbs produced by the group of Tsumuraya
were integrated in the development of a biosensor, a rapid, reliable and cheap
tool for the screening of fish and algal samples.

6. Biosensors

Biosensors constitute practical and reliable tools to detect biological and
chemical hazards. They are composed of a biorecognition element that interacts
specifically with a target molecule, and a transducer that converts the
biorecognition event into a quantifiable signal, both in intimate contact. The
biorecognition element is the one that gives specificity to the system, and it
could be an enzyme, antibody, oligonucleotide, aptamer, receptor, whole cell,
bacteria, microorganism, animal or vegetal tissue. The transducer can be
electrochemical, optical, gravimetric, thermometric, according to the type of
signal they transform in a measurable unit. Even if biosensors represent an
interesting and useful tool for the detection of different type of analytes, they
have been rarely used to detect DNA of toxin-producing microalgae. This has
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been the case for Karenia brevis (LaGier et al. 2007), Karlodinium armiger
(Magrifia et al. 2019), Ostreopsis ovata (Toldra et al. 2019) and for some
species of Gambierdiscus (G. australes, G. excentricus and G. silvae), Coolia
(C. monotis, C. tropicalis and C. cf. canariensis), Ostreopsis genus and
Prorocentrum lima (Medlin et al. 2020). On the contrary, several biosensors
have been developed for the detection of marine toxins, such as surface plasmon
resonance immunosensors (palytoxins, tetrodotoxins), surface plasmon
resonance  receptor-based  biosensors  (palytoxins), electrochemical
immunosensors (tetrodotoxins, okadaic acid, azaspiracids, domoic acid,
saxitoxins, palytoxins, brevetoxins), electrochemical enzyme-based sensors
(okadaic acid), electrochemical aptasensors (okadaic acid, brevetoxin-2,
saxitoxin, tetrodotoxins), electrochemical cell-based biosensors (palytoxin),
electrochemiluminescence immunosensors (palytoxins) (for more details see
Reverté et al. 2014; Leonardo et al. 2017; Campas et al. 2021), although none
of them targeted CTXs. In the following paragraphs, the existing biosensors for
the detection of Gambierdiscus DNA and CTXs will be described and
commented.

6.1. Biosensor for the detection of DNA from Gambierdiscus

The current increase in the reports of Gambierdiscus species (Aligizaki and
Nikolaidis 2008; Tudo6 et al. 2018; Gaiani et al. 2021b) in Mediterranean and
Macaronesian waters has raised the need to have quick and fast tools to detect
those species directly in the field. In recent years, rapid and reliable molecular-
based biosensors for the detection and enumeration of marine microalgae
species have been developed as an alternative to the traditional light
microscopy technique. In their work, Medlin et al. (2020) designed probes for
the detection of several species of the genera Gambierdiscus, Ostreopsis,
Coolia and Prorocentrum. These probes were used in the development of
sandwich hybridization assays, where streptavidin-coated magnetic beads
(MBs) were used for capture probe immobilization and HRP as a label to target
DNA or RNA. Oligocomplexes were immobilized on the surface of screen-
printed carbon electrodes (SPCEs) with the use of a customized case containing
a magnet placed underneath the working electrode and immersed in an
electrochemical cell containing 1mM hydroquinone (HQ) under constant
agitation). Measurements were performed with amperometry. The reduction
current intensity was proportional to the concentration of the RNA/DNA target
and, consequently, to the number of microalgal cells. The specificity towards
G. australes, G. excentricus and G. silvae, species that are commonly found in
the Canary Islands, was tested. The LOD achieved was close to 1 pM of RNA,
but no corresponding quantification in terms of cell abundance was established.
Nevertheless, for the other dinoflagellates targeted in the study, the number of
cells corresponding to 1 pM of RNA ranged from 10 to 444 cultivated cells, so
probably the LOD for Gambierdiscus species would be similar or even lower.
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The technique presented by Medlin and coworkers is fast, since no PCR step is
performed (although it would be necessary to detect DNA from field samples),
cost effective and reliable, but it has been tested only with synthetic DNA and
it has not been applied yet to the analysis of genomic DNA/RNA or the
screening of field samples.

More recently, our group (Gaiani et al. 2021b) described the first
electrochemical biosensor for the simultaneous detection of the two CTX
producing species G. australes and G. excentricus (Figure 4). Similarly to
Medlin et al. (2020), we used a sandwich configuration, although the strategy
was different. We designed species-specific capture probes for G. australes and
G. excentricus, which were immobilized on the surface of maleimide-coated
MBs. Subsequently, PCR was performed using primers for both G. australes
and G. excentricus at the same time. These particular primers included tails that,
after PCR, gave amplified products flanked with single-stranded
oligonucleotides at each end. Afterwards, the amplified products were
incubated with the MBs modified with the specific capture probes, and then an
HRP-labelled reporter probe was added. For the electrochemical detection, the
G. australes oligocomplexes were immobilized on one of the working
electrodes of a dual electrode array, and the G. excentricus oligocomplexes
were immobilized on the other one. As in Medlin et al. (2020), a customized
plastic case with magnets placed underneath the working electrodes was used
for MBs immobilization. Nevertheless, our electrodes were used in a horizontal
configuration, which requires smaller sample volumes to operate. Finally,
3,3',5,5'-tetramethylbenzidine (TMB) Enhanced One Component HRP
Membrane Substrate was added and incubated for 10 min. The use of this
particular compound allowed the simultaneous detection of amplified DNA on
both electrodes because, when oxidized, it precipitates on the electrode on
which the chemical reaction is happening, without interference with the other
one. Measurements were performed with amperometry. The reduction current
intensity was proportional to the amount of amplified product and consequently
to the number of microalgal cells present in the samples. In our work, the LOD
of the system was studied starting from a 10* cell pellet, performing 1/10 serial
dilutions and extracting each pellet dilution with a newly developed fast
technique, based on a portable bead beater device and combined with magnetic
beads for DNA capture. Since the DNA extraction part is crucial, in order to
assess its efficiency, DNA dilutions (i.e. extraction of DNA from 10*cells, and
subsequent 1/10 serial dilutions) were also tested and compared. In both cases,
an LOD of 10 cells was reached for the target species. Additionally, the
simultaneous detection of these two species at different cell concentrations and
ratios was successfully achieved. Finally, field samples collected in Majorca
(Balearic Islands, Spain) were screened, obtaining results similar to the
estimations provided by light microscopy. In comparison with Medlin et al.
(2020), the strategy presented by our group is longer and less species were
targeted. Nevertheless, not only did it allow the detection of genomic DNA
extracted from laboratory cultures of target species, but also the screening of
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field samples, including the first report of G. excentricus in the Balearic Islands
waters. The detection strategy proposed combined with the fast extraction
technique represent an important step forward in practical application of in situ
detection of toxin producing species, providing punctual warnings of CTXs
presence in an area and so facilitating quick management decisions. Moreover,
this system can be easily modified for the simultaneous detection of other
microalgae species (pending the design of tailed primers that do not cross-react
with each other), and so it could be useful for the assessment of other marine-
related diseases.

Figure 4. Schematic representation of the strategy developed for the dual detection of G.
australes and G. excentricus (Gaiani et al. 2021b). Field samples collection (a) was followed by
a fast DNA extraction procedure (b) and amplification with multiplex PCR procedure. Amplified
products were exposed to the capture probes specific for G. excentricus (c1) and G. australes
(c2) conjugated with maleimide-coated magnetic beads and to HRP-labeled reporter probe.
Electrochemical detection was achieved by immobilizing the oligocomplexes on the working
electrodes of a dual array, adding TMB substrate and measuring the reduction current with
amperometry (d).

6.2. Biosensors for the detection of CTXs

Ciguatera symptoms can appear between 1 and 48 hours after the ingestion by
the consumer, which means that the ingestion and the symptoms can occur in
different places, making difficult spotting ciguatera outbreaks. Therefore, the
development of fast, reliable and easy-to-use tools for the screening of fish
extracts are of extreme interest, not only for scientific purposes but also for
fisheries and public health. In the next paragraphs, a description of the few
existing biosensors for CTXs is provided (Table 1).

6.2.1. Detection of CTXs in fish samples

The detection of CTXs in fish samples is a challenging task. Therefore,
researchers are trying to focus on the development of simple, fast and cheap
systems for sample screening and quantification. Biosensors, which
additionally can be made portable, may be the solution, which would require
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analytical instrumentation only as a confirmation technique. Recently, the first
biosensor for CTXs detection was developed by our group (Leonardo et al.
2020), targeting the detection of four congeners belonging to the CTX1B and
the CTX3C groups. Three different mAbs, two capture ones, which specifically
bind to the right wing of the CTX1B and 54-deoxyCTX1B (3G8) and of the
CTX3C and 51-hydroxyCTX3C (10C9), and a detector one, which has either a
specific bind or a cross-reactivity with the left wing (8H4) of all the four
congeners, were used (Oguri et al. 2003; Nagumo et al. 2004; Tsumuraya et al.
2006, 2010, 2012, 2018) (Figure 5). MBs were used for the immobilization of
the capture mAbs. Then, the mAb-functionalized MBs were exposed to CTX
standards (CTX1B or 51-OH-CTX3C) or extracts of fish naturally
contaminated with CTXs, followed by the addition of the detector antibody
previously biotinylated. Subsequently, polyHRP-streptavidin was incubated
and, finally, the immunocomplexes were placed on the working electrodes of
an eight-electrode array. Again, a plastic support with magnets underneath each
working electrode was used to block MBs in the right position. Then, TMB
liquid substrate was incubated, and the reduction current intensity was
measured with amperometry. The LODs obtained were 1.96 pg/mL of CTX1B
and 3.59 pg/mL of 51-OH-CTX3C. The effects of the fish matrix on the
detection of CTX1B congener were evaluated and recovery values calculated.
Additionally, an extract of Variola louti, negative for CTXs, was spiked with
CTX1B at the threshold value suggested as safety guidance level by the FDA
(0.01 pg/kg), and then screened with the immunosensor, which successfully
detect this concentration of CTXs. Finally, fishes naturally contaminated from
La Réunion island were tested and the amount of CTX congeners detected
correlated well with the results obtained with the MBA and CBA analysis. Even
if this strategy allows to detect only four of the many CTXs existing congeners,
the detection was not affected by the presence of marine toxins other than these
four CTXs, thanks to the high specificity of the antibodies. Therefore, with this
strategy, samples do not require many purification steps (to remove other
marine toxins), shortening the assay time.

This immunosensor strategy has been simplified even more in one of the last
works of our group (Campas et al., 2022). In this work, capture antibodies were
immobilized directly on carbon electrodes modified with multiwalled carbon
nanotubes instead that on magnetic beads. The sandwich assay was then
performed and amperometric signals were measured with a ready-to-go
smartphone potentiostat. The achieved LOD was 0.001 pg/kg of CTX1B, ten
times lower than the FDA suggested threshold. In addition, recovery values
around 100% were obtained, indicating that the fish flesh matrix did not
interfere with the performance of the assay, which represents a step forward in
comparison to the previous work. However, it is fair to mention that this was
probably due to the extraction protocol, rather than the biosensor configuration,
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which resulted in very clean samples but involved many purification steps.
Therefore, in front of a fish suspected for CTXs a compromise would have to
be made: a long extraction protocol that gives a more purified extract but that
may involve CTXs losses, or a shorter extraction that may cause matrix effects.
Probably, to take the best decision, also the facilities at disposal for the assay
execution would have to be considered. In fact, the long extraction procedure
would require more sophisticated instruments and reagents that are not always
available. However, in this work, a long extraction protocol was applied to fish
samples from Japan and Fiji and the extracts were analyzed with the biosensor,
sandwich ELISA, CBA and LC-MS/MS, obtaining comparable results. It is
important to explain that the correlation between CBA and immunosensor was
excellent, and the quantifications provided by this last strategy were only
slightly lower than the ones by CBA, in contrast to what observed in the
previous work. This cannot be due to the quality of the extracts, the same for
both assays, and probably the geographic origins of the fishes analyzed in the
different works may also play a role. In fact, in this last work, the fishes were
from the Pacific Ocean, and so most likely to contain P-CTXs, which are the
specific target of the antibodies used. Anyhow, the strategies proposed by our
group are fast, easy to perform and reliable, and they definitely represent a step
forward into the development of portable devices for the in situ detection of
CTXs, especially the last one, in which the instruments required for the analysis
are a compact potentiostat and a smartphone. Therefore, they can be easily
implemented in monitoring systems.

6.2.2. Detection of CTXs in algal samples

After the success in detecting CTXs in fish samples, our group decided to
extend the strategy to microalgal producers. Therefore, several strains of
Gambierdiscus and Fukuyoa were tested in order to investigate the differences
in toxin production among species (Gaiani et al. 2020). In this work, 20.000
cells from 9 Gambierdiscus and 4 Fukuyoa strains were cultured, extracted and
analyzed with the strategy previously developed (Leonardo et al. 2020).
Nevertheless, since the capture antibodies (3G8 and 10C9) targeted two
different groups of CTX congeners, they were used combined together, but also
separately (Figure 5). Our results showed the presence of CTX congeners in 11
out of the 13 strains analyzed. A higher CTX content was detected when the
two capture antibodies were combined together, in comparison to the detection
achieved with just one. A predominance of CTX1B equiv. was observed in 4
out of 6 G. excentricus strains (0.06 to 0.21 fg/cell), and 1 out of 4 F. paulensis
strains (0.33 fg/cell). On the other hand, G. australes and the other 2 G.
excentricus strains showed a higher abundance of CTX3C equiv. (0.16 fg/cell
and 0.04-3.54 fg/cell, respectively). The unique strain of G. caribaeus tested
showed an equal amount of both the congeners (0.13 fg/cell). Additionally, the
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same microalgal extracts were screened with CBA, which identified CTX-like
activity only in 4 out of the 6 G. excentricus strains. It should be kept in mind
that the strategy, although allows to detect only four CTX congeners, is not
affected by the presence of the other toxic compounds produced by
Gambierdiscus and Fukuyoa, such as maitotoxins, and so provides reliable
results. In fact, maitotoxins are known to affect in the execution of the CBA, if
no pretreatment of the extract is performed. Moreover, in this study, a new fast
CTXs extraction technique was developed, allowing to operate with as low as
20.000 cells of Gambierdiscus, an amount that can be easily found in natural
samples, making it suitable for the screening of field samples. The biosensor
also allowed the identification for the first time of two different CTXs
congeners in the same extracts, giving new information about the
Gambierdiscus and Fukuyoa toxin profiles. For this reason, this strategy was
chosen to characterize a G. belizeanus strain first reported in the Canary Islands,
detecting the production of congeners of both the CTX1B and CTX3C groups
(Tudo et al. 2020Db).

In order to make further advances in the direction of in situ detection of CTXs
congeners, this strategy was also directly applied to the analysis of field samples
(Gaiani et al. 2021b). In this work, macroalgae substrates were collected in
Majorca, extracted, and then exposed to both capture mAbs simultaneously, to
maximize the probabilities to detect CTXs. Results showed CTX contents in
one sample (13.35 £ 0.5 pg CTX1B equiv./cell) and traces of CTX (below
LOQ) in 3 out of 9 analyzed samples, finally demonstrating that the system is
suitable for the screening of field samples. Even if these are preliminary results
and certainly further studies and optimizations are needed, they underline the
efficiency and the applicability of biosensing tools for monitoring programs,
contributing to the evaluation of ciguatera risk and possible prevention of
outbreaks.
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Figure 5. Schematic representation of the biosensor for the detection of the four target CTXs
congeners in fish and algal samples (Leonardo et al. 2020; Gaiani et al 2020). Epiphytic
Gambierdiscus species (a) were either grazed by herbivorous fishes (b1), which were sampled
and extracted, or collected, cultivated and then extracted with a fast extraction technique (b2).
Fish extracts were exposed to both capture antibodies (3G8 and 10C9) (c1). Algal extracts were
incubated with the capture antibodies separately (c2, ¢3) and combined (c4). The biotinylated
detector (8H4) and poly-HRP streptavidin were added and the immunocomplexes were
immobilized on the electrode of an 8-electrode array. Detection was achieved by adding TMB
substrate and measuring the reduction current with amperometry.

7. Conclusions

CFP is one of the most common seafood borne diseases, whose real incidence
is difficult to estimate. Many factors can co-occur during a CFP event, making
its prediction very difficult. The most important feature for a correct CFP
management in a specific area is the discrimination between toxin and non-
toxin producing Gambierdiscus/Fukuyoa species, and toxic and non-toxic fish
specimens. Several strategies have been developed during the years to
determine the CTX content in an extract either from microalgae or fish, which
involve costly and time-consuming procedures. Additionally, these strategies
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require the use of standards that, in the case of CTXs, are scarce and expensive.
In this picture, there is an extreme need for fast and reliable bioanalytical
devices able to detect the DNA of toxin producing species and CTXs in fish
and algal samples ease up CFP managing and risk assessment. Biosensors could
be the answer to this need. They are sensitive, specific, robust, rapid, cost-
effective and do not need highly trained personnel to be operated.

The existence of biosensors that detect CTXs in fish samples at a level even
lower than the suggested guideline is of outmost interest, and would be helpful
in discriminating contaminated specimens, and consequently allowing to take
quick and correct managing decisions. Moreover, the successful detection of
CTXs in low cell concentrated microalgal pellets obtained from Gambierdiscus
cultures can help gaining important information about the toxin producing
behavior of these species without requiring large scale cultures. When the
ability of detecting CTXs from few cells is exploited in the analysis of field
samples, the utility of the biosensors is even more evident. In fact, the
application of these techniques to the analysis of monitoring programs samples
could help in quickly identify areas of CTXs pick up for marine specimens.
Additionally, the instrumentation needed for the analysis can be easily
miniaturized at a relatively low cost, and so these strategies can be easily
integrated into portable devices, as demonstrated with the last work performed
by our group. Additionally, the existing biosensors able to detect CTX
producing microalgae species in field samples at low cell concentrations would
be extremely useful to know their geographical distribution and consequently
were fishes can be intoxicated. This information could help to more rationally
design the sampling strategy and therefore improve the CFP management. In
conclusion, the studies presented in this chapter underline the efficiency and
simplicity of the biosensors, together with their applicability in the screening
of natural samples. Considering this, the use of the biosensors for CTX
detection can be seen as a promising screening method, complementary to the
expensive instrumental techniques, which would be required for confirmation
purposes. Up to date, the use of such devices is still not routinely, as further
validation studies, but sure, the integration of biosensors in the monitoring of
fish and environmental samples coming from the regions endemic for ciguatera
can be extremely helpful in spotting in advance an outbreak.
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Table 2. Existing biosensors for the detection of Gambierdiscus species and CTXGs.

Biosensor Target Immobilization  Electrochemical LOD Samples Ref.
type support technique
Electrochemical G. australes Biotinylated capture Amperometry 1pM of RNA RNA or synthetic DNA  (Medlin et al.
DNA-based G. excentricus probes conjugated to (10 to 444 cells) 2020)
sensor G. silvae streptavidin-coated
MBs and
immobilized on
screen-printed
carbon electrodes
Electrochemical G. australes Thiolated capture Amperometry 10 cells Genomic DNA of (Gaiani et al
DNA-based G. excentricus probes conjugated to microalgae cultures; 2021b)
sensor maleimide-coated field samples from the
MBs and Balearic Islands
immobilized on
screen-printed
carbon electrodes
Electrochemical CTX1B Abs conjugated to Amperometry 1.96 pg/mL of Fishes from La Réunion  (Leonardo et
immunosensor 54-deoxyCTX1B carboxylic-acid- CTX1B Gambierdiscus/Fukuyoa al. 2020)
CTX3C modified MBs and 3.59 pg/mL of 51- cultures (Gaiani et al.
51-hydroxyCTX3C immobilized on OH-CTX3C Field samples from the 2020)
screen-printed Balearic Islands (Gaiani et al.
carbon electrodes 2021b)
Electrochemical CTX1B Abs immobilized on Amperometry 6 pg/mL of CTX1B Fishes from Fijii and (Campas et
immunosensor 54-deoxyCTX1B multiwalled carbon Japan al. 2022)

CTX3C
51-hydroxyCTX3C

nanotubes-modified
screen-printed
carbon electrodes
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