Toxicon

May 2024, Volume 243 Pages 107721 (13p.)
https://doi.org/10.1016/j.toxicon.2024.107721
https://archimer.ifremer.fr/doc/00888/99978/

Sudden peak in tetrodotoxin in French oysters during the
summer of 2021: Source investigation using microscopy,
metabarcoding and droplet digital PCR

Biessy Laura %, Pearman John K. 1, Mertens Kenneth Neil 2, Réveillon Damien 3, Savar Veronique 3,
Hess Philipp 3, Hampton Hannah 1, Thompson Lucy 1, Lebrun Luc 2, Terre-Terrillon Aouregan 2,
Smith Kirsty F. 1

1 Cawthron Institute, Private Bag 2, Nelson, 7010, New Zealand
2 |Ifremer, LITTORAL Unit, Place de la Croix, BP40537, 29900, Concarneau CEDEX, France
3 Ifremer, PHYTOX Unit, F-44000, Nantes, France

* Corresponding author : Laura Biessy, email address : laura.biessy@cawthron.org.nz

Abstract :

Tetrodotoxin (TTX) is a potent neurotoxin causing human intoxications from contaminated seafood
worldwide and is of emerging concern in Europe. Shellfish have been shown to contain varying TTX
concentrations globally, with concentrations typically higher in Pacific oysters Crassostrea gigas in
Europe. Despite many decades of research, the source of TTX remains unknown, with bacterial or algal
origins having been suggested. The aim of this study was to identify potential source organisms causing
TTX contamination in Pacific oysters in French coastal waters, using three different techniques. Oysters
were deployed in cages from April to September 2021 in an estuary where TTX was previously detected.
Microscopic analyses of water samples were used to investigate potential microalgal blooms present prior
or during the peak in TTX. Differences in the bacterial communities from oyster digestive glands (DG) and
remaining flesh were explored using metabarcoding, and lastly, droplet digital PCR assays were
developed to investigate the presence of Cephalothrix sp., one European TTX-bearing species in the DG
of toxic C. gigas. Oysters analysed by liquid chromatography-tandem mass spectrometry contained
quantifiable levels of TTX over a three-week period (24 June-15 July 2021), with concentrations
decreasing in the DG from 424 ug/kg for the first detection to 101 pg/kg (equivalent to 74 to 17 pg/kg of
total flesh), and trace levels being detected until August 13, 2021. These concentrations are the first report
of the European TTX guidance levels being exceeded in French shellfish. Microscopy revealed that some
microalgae bloomed during the TTX peak, (e.g., Chaetoceros spp., reaching 40,000 cells/L). Prokaryotic
metabarcoding showed increases in abundance of Rubritaleaceae (genus Persicirhabdus) and
Neolyngbya, before and during the TTX peak. Both phyla have previously been described as possible
TTX-producers and should be investigated further. Droplet digital PCR analyses were negative for the
targeted TTX-bearing genus Cephalothrix.
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» Tetrodotoxin exceeded European guidance value in French oysters (74 pg/kg whole flesh). »
Microscopic analyses suggested co-occurrence of TTX with Chaetoceros spp. » Metabarcoding detected
the bacterial family Rubritaleaceae and cyanobacteria Neolyngbya spp. before and during the TTX peak.
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1. Introduction

Tetrodotoxin (TTX) is one of the most potent naturally occurring marine toxins and ingestion
of TTX-contaminated seafood results in numerous, sometimes fatal, human intoxications every
year (Bagnis et al., 1970; Hwang and Noguchi, 2007; Katikou et al., 2022). TTX has a
surprisingly broad distribution across highly diverged marine, freshwater and terrestrial
taxonomic groups, including 14 classes of eukaryotes and five bacteria (Bane et al., 2014; Biessy
et al., 2019; Chau et al., 2013). Because of its widespread occurrence in unrelated taxa, there is
considerable debate about its ecological role and potential source organisms (Williams, 2010).
TTX has been reported in at least 21 species of edible bivalves and gastropods from ten countries
since the 1980’s (Biessy et al., 2019). No regulatory limit for TTX in bivalves exists despite a
scientific opinion published in 2017 by the European Food Safety Authority (EFSA),
recommending a concentration below 44 ug TTX equivalent per kg of shellfish meat, based on
a 400 g portion size (Knutsen et al., 2017). In the last decade, many European countries have
reported the occurrence of TTXs in bivalve mollusks, with most confirmations from the
Netherlands, Spain, Italy, England, Greece and France (Blanco et al., 2019; Bordin et al., 2021;
Dell’ Aversano et al., 2019; Gerssen et al., 2018; Hort et al., 2020; Ledo et al., 2018; Réveillon et
al., 2021; Turner et al., 2015; Turner et al., 2017; Vlamis et al., 2015). In France, TTX has been
found in mussels (Mytilus edulis and M. galloprovincialis) and common whelk (Buccinum
undatum) from the Mediterranean and Atlantic coasts (Hort et al., 2020). Oysters (Crassostrea
gigas) and cockles (Ruditapes philippinarum) from four sites across the Normandy and Brittany
regions also tested positive for TTX with concentrations reaching up to 32 pg/kg and events
lasting a maximum of two weeks (Réveillon et al., 2021). Even though temperature is suggested
to play a role in TTX occurrence in bivalves across the United Kingdom (Dhanji-Rapkova et al.,
2023), as would be expected for a bacterial origin, this trend has not been confirmed at the
European scale, with lower or similar TTX concentrations in shellfish reported from warmer

waters (e.g., Greece and Italy; (Dell’ Aversano et al., 2019; Vlamis et al., 2015).

To manage the risk associated with TTX in seafood, it is important to understand its origin,
how it accumulates and is transported between organisms. The two most common hypotheses
regarding the origin of TTX are that 1) it is produced by symbiotic bacteria (endogenous) or that
2) it is exogenously accumulated through the diet (e.g., bacteria, microalgae) (Chau et al., 2011).
Exogenous or symbiotic bacteria are commonly suggested as the most likely TTX-producers,

with a wide diversity of species and strains implicated. There are reports in the literature of at
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least 150 TTX-producing bacterial strains (Katikou, 2019; Magarlamov et al., 2017). Vibrio,
Bacillus, Pseudomonas, Actinomyces and Micrococcus are the most commonly reported bacterial
genera associated with TTX production, however, only one study has claimed to successfully
maintain TTX-producing bacteria in culture (Melnikova et al., 2019). When bacterial cultures
reported to produce TTX were analysed using modern highly-specific analytical methods (e.g.,
liquid-chromatography with tandem mass spectrometry), no evidence of TTX production was
found and potentially indicated contamination from the starting material (Biessy et al., 2019;
Katikou et al., 2022). There has been evidence of production of TTX-like substance by
microalgae in one study suggesting that the dinoflagellate Alexandrium tamarense produced TTX
(Kodama et al., 1996) and more recently, the presence of high concentrations of the dinoflagellate
Prorocentrum minimum (now P. cordatum) was potentially linked to TTX accumulation in Greek
shellfish (Vlamis et al., 2015). These links between microalgae and TTX production have not
been confirmed to date and despite sparse evidence on microalgal origin, there is a rationale
behind the role of microplankton in TTX accumulation in bivalves, in particular with the
preferential accumulation of TTX in the digestive systems of marine organisms (Dhanji-Rapkova
et al., 2021). This alone forms a basis for studying microalgal and microbial communities in

water and the digestive glands of shellfish before, during and after periods of TTX accumulation.

In 2009, Paphies australis, an endemic and abundant clam regularly harvested for food in
New Zealand, was reported to accumulate up to 800 pg TTX/kg (McNabb et al., 2014). Recent
research investigated the source of TTX in P. australis (Biessy, 2021) and metabarcoding was
used to explore the microbiome of P. australis temporally and spatially. The results highlighted
a new lead in the search for TTX producers: marine cyanobacteria. Cyanobacteria, especially
picocyanobacteria from the Cyanobium, Synechococcus, Pleurocapsa, and Prochlorococcus
genera were present in the digestive glands and siphons of P. australis containing TTX but were
absent from the organs of non-toxic clams (Biessy et al., 2020). Multiple researchers have
explored the source of TTX at higher trophic levels over the last decades (Noguchi et al., 2006)
and it has been hypothesized that different organisms accumulate TTX through the food web
(Matsumura, 1998). Some examples include the trumpet shell Charonia sauliae that accumulated
TTX by ingesting toxic starfish (Noguchi et al., 1982), or the sea slug Pleurobranchaea maculata
that likely accumulated TTX from a TTX-containing marine flatworm Stylochoplana sp. found
in its stomach (Salvitti et al., 2015), or the non-toxic pufferfish Takifugu obscurus that
accumulated TTX in their liver and skin feeding on wild TTX-containing gastropods (Zhang et

al., 2020). The accumulation process can be fast, as for the sea slug P. maculata maintained in
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aquaria that accumulated TTX within one hour of being fed a prepared TTX-containing food
source (Khor et al., 2013). Interestingly, Okabe et al. (2019) found DNA from the toxic flatworm
Planocera multitentaculata in the intestine of the pufferfish 7. niphobles. Further investigation
showed that the pufferfish were accumulating TTX from consuming the flatworms’ highly toxic
eggs. Vlasenko and Magarlamov (2020) recently found high concentrations of TTX in the
intestine of the marine nemertean Cephalothrix cf. simula and Malykin et al. (2023) demonstrated
that during the spawning season of Cephalothrix species, their eggs can be source of TTX for
filter-feeding shellfish. Lastly, high TTX concentrations were detected in the midgut gland of the
Japanese scallop Chlamys farreri subsp. akazara and the source was likely the larvae of the
flatworm, P. multitentaculata (Yasukawa et al., 2023). This is of importance as it highlights that
TTX-bearing eggs from TTX-bearing organisms can be filtered and be the source of TTX
accumulation in shellfish. In Europe, one TTX-bearing invasive species that has been detected
in the last decade is the ribbon worm Cephalothrix simula (Turner et al., 2018). This species is a
motile and commonly reported aquatic TTX-bearing species in Europe. Therefore, a detection
assay was developed to assess if potentially toxic eggs of C. simula could accumulate in filter-

feeding shellfish, resulting in the accumulation of TTX in the French oysters.

To date, TTX concentrations in French shellfish were found to peak for a few weeks in
early summer (Réveillon et al., 2021) but data remain sparse for determining environmental
dynamics due to low frequency of the national surveillance of emerging toxins (Amzil et al.,
2023; Hort et al., 2020). However, the reasons for TTX variability over time and its source
organisms in shellfish remain unknown. The overarching goal of the present study was to
investigate the source of TTX in a French shellfish production site. Non-toxic adult Pacific
oysters, Crassostrea gigas, purchased from a farm, were placed in cages in the Loperhet estuary
where a previous peak of TTX had been observed. The approach of the study was to link TTX-
concentrations observed in the oysters by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) to potential source organisms by: 1) characterising the eukaryotic
microalgae in the surrounding waters and the bacterial communities in different organs of
C. gigas, sourced weekly or fortnightly from the targeted estuary, using microalgal cell counts
and metabarcoding techniques respectively; and to 2) develop a targeted assay to detect potential
sources of TTX in C. gigas. In this case, a droplet digital PCR assay (Hindson et al., 2011) was

developed to detect genetic material from Cephalothrix sp.
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2. Material and Methods

2.1. Field experimental set-up and sampling

Triploid Pacific oysters Crassostrea gigas (n = 91) grown from spat and of similar size were
purchased from an oyster farm (Vrennig, Aber Wrach, France), and were placed in oyster bags
at Loperhet, France (48.34388889, -4.300555556; Figure 1) on April 1, 2021. Oysters were
harvested 13 times, fortnightly from 11 May 2021, weekly in June and July 2021 (except on the
18" of June when the tides did not allow for sampling) and fortnightly in August and September
2021. At each sampling point, C. gigas (n = 6) were harvested for metabarcoding analysis (n =
3) and LC-MS/MS analysis of TTX analogues (3 individuals were pooled to have n = 1 LC-
MS/MS analysis per sample). Immediately upon arrival in the laboratory, three individuals were
aseptically dissected for genetic and toxin analysis into digestive glands (DG, including the
intestine) and remaining flesh (RF), which were placed into individual five mL sterile screw cap
tubes that were filled with RNAlater™ (ThermoFisher, MA, USA) and kept cold (4 °C) until
further analysis.

Salinity and water temperature were recorded as part of the REPHY programme (2022) at
the “Pointe du Chateau” site (Figure 1).
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Figure 1 | Map of sampling sites. Loperhet = estuary where oysters were placed for the study;
Pointe du Chéateau = site where water temperature and salinity were recorded; Lanvéoc large =
site where water samples were collected for microscopy analysis.
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2.2, Toxin extractions and LC-MS/MS analysis

Extraction of TTXs from shellfish was performed following the method described in
Réveillon et al. (2021). For each oyster sample (n = 3), DG and RF were extracted separately.
Briefly, acetic acid (500 pL of 1% Hipersolv CHROMANORM for LC-MS, Aventor™, UK)
was added to C. gigas (200 mg) before grinding with glass beads (@ 150-250 um, VWR) in a
mixer mill (10 min, 30 Hz; Retsch MM400 mixer Mill, ThermoFisher). After centrifugation
(15,000 x g, 10 min), 250 pL of the supernatant was subsequently collected and filtered with a 3
kDa cut-off (Pall Corporation, NY, USA) before analysis.

LC-MS/MS analyses were performed using an Ultra-Fast Liquid Chromatography system
(Nexera, Shimadzu, Kyoto, Japan) coupled to a triple-quadrupole mass spectrometer (5500
QTRAP, Sciex, MA, USA). The parameters of both LC and MS systems were the same as
described in Réveillon et al. (2021), as were the limits of detection (LOD) and quantification
(LOQ) (5 and 12.5 pg/kg of total flesh). Matrix effect and extraction recovery were defined to
estimate the total yield (matrix effect x extraction recovery) that was used to correct TTX
concentration in DG (yield 74%, corrective factor of 1.35) and RF (yield 129%, corrective factor
0.775).

Concentrations of TTX obtained in DG and RF were converted into pg/kg of total flesh
equivalent by using the percentage of DG and RF mass over the total flesh in addition to the
concentration of TTX obtained in each tissue (for example: DG of the oyster sample of June 24
represented 14.2% of total mass and had a concentration of 424 pg/kg while RF represented
85.8% and had a concentration of 16 pg/kg, corresponding finally to (424.3 x 0.142) + (16 x
(0.858) =60 + 14 = 74 ng/kg of total flesh equivalent).

2.3. Microscopy analysis of microalgae in plankton

Water samples were collected at the site 'Lanvéoc large' (48.309405, -4.44852, Figure 1)
using a 5-L Niskin bottle at the subsurface (0—1 m) for light microscopy counts of microalgae.
Samples were fixed with acidic Lugol's Iodine solution (0.1% final concentration) (Andersen and
Throndsen, 2003) and stored at 4 °C until examination. Total assemblages were counted using
an inverted microscope (Zeiss, Axio Observer) following REPHY guidelines (REPHY, 2022).

Samples were gently homogenized before settling in 10 mL sub-sample for > 12 h in counting
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chambers (Utermohl, 1958) (Hydro-Bios, Alenholz, Germany). The lower limit of quantification
was 100 cells/L. Data is publicly available (REPHY, 2022).

24. Molecular analysis

2.4.1. DNA extractions, PCR and metabarcoding

Dissected organs were removed from RNA/ater™ and were individually placed in the tube
containing bashing beads of the DNA extraction kit (DNeasy Powersoil Pro kit, Qiagen, MD,
USA), using sterile technique. The DNA was then extracted following the manufacturer’s
instructions using an automated homogenizer (1600 MiniG Automated Tissue Homogenizer and
Cell Lyser, SPEX SamplePrep, NJ, USA) and a robotic workstation for DNA extraction
(QIAcube, Qiagen). Negative extraction controls were performed every 23 samples. PCR
amplification was undertaken targeting the V3 and V4 regions of the 16S ribosomal RNA
(rRNA) gene using the primer sets as described in Klindworth et al. (2013): Bact341F- 5'- CCT
ACG GGN GGC WGC AG-3' and Bact785R- 5'-GAC TAC HVG GGT ATC TAA TCC-3
Primer sets were modified to include Illumina™ overhang adaptors following the dual-indexing

method from Kozich et al. (2013).

PCR reactions were undertaken in triplicate with 450 nM of each primer, 25 pL of 2X
MyFi™ Mix (Bioline, UK), ca. 5 ng of DNA, and sterile water for a total reaction volume of 50
uL. The cycling conditions were: 95 °C for 5 min, followed by 30 cycles of 94 °C for 30 s, 54
°C for 30 s, 72 °C for 45 s, and a final extension of 72 °C for 7 min. Triplicates of PCR products
were pooled and visualized on 1.5% agarose gel with Red Safe™ DNA Loading Dye (Herogen
Biotech, USA) and UV illumination. PCR negatives (RNA/DNA-free water Life Technologies)
were run to assess for contamination during the PCR steps. The PCR products were purified,
cleaned of primer dimers and normalized using SequalPrep Normalisation plate (ThermoFisher,
MA, USA), and submitted to Auckland Genomics (University of Auckland, New Zealand) for
library preparation. Sequencing adapters and sample-specific indices were added to each
amplicon via a second round of PCR using the Nextera™ Index kit (Illumina Inc., USA).
Amplicons were pooled into a single library and paired-end sequences (2 x 250 bp) generated on
a MiSeq® instrument. The sequencing libraries were prepared following the Illumina 16S
Metagenomics Library Prep manual with the exception that after the indexing PCR, five uL of
each sample (including three water samples acting as sequencing blank) were pooled and a single

clean-up was undertaken on the pool instead of samples being individually cleaned. Quality
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control was undertaken using a bioanalyzer before the library was diluted to 4 nM and denatured.
A 15% PhiX spike was used, and the final loading concentration was 7 pM. Sequence data were
automatically demultiplexed using MiSeq® Reporter (version 2, Illumina Inc.), and forward and
reverse reads assigned to samples. Raw sequence reads were deposited in the National Centre for
Biotechnology Information (NCBI) short read archive under the accession number
PRINA1029659 (reviewer link:
https://dataview.ncbi.nlm.nih.gov/object/PRINA 1029659 ?reviewer=eb944as8eah290qvflpdcijc
fn).

2.4.2. Bioinformatics

Raw reads were processed, subsequent to primers being removed with cutadapt (Martin,
2011), using the DADA?2 package (Callahan et al., 2016) within R. Reads were truncated to 228
and 230 bp and filtered with a maxEE (maximum number of “expected errors”) of 2 and 4 for
forward and reverse reads respectively (reads not reaching this threshold were discarded).
DADA?2 constructs a parametric error matrix (based on the first 10® bps in the dataset), the
samples are dereplicated and sequence variants for the forward and reverse reads are inferred
based on the derived error profiles from the samples. Singletons observed in the inference step
were discarded. Subsequently, paired-end reads were merged with a maximum mismatch of 1 bp
and a required minimum overlap of 10 bp. Forward and reverse reads, which did not merge were
not included in further analysis. Chimeras were removed using the function
removeBimeraDenovo. The resulting chimera-checked, merged Amplicon Sequence Variants
(ASV) were classified taxonomically using the rdp classifier (Wang, Garrity, Tiedje, & Cole,
2007) with a bootstrap of 70 against the Cyanoseq (Lefler et al., 2023) version of the SILVA
v138 reference database (Pruesse et al., 2007). This database updated the taxonomic
classification of the cyanobacteria, compared with the default SILVA database. The results were
parsed into a table using the phyloseq package (McMurdie and Holmes, 2013), and reads assigned
as eukaryotes, chloroplasts and mitochondria were removed. Negative controls were assessed,
and the maximum read number of each contaminating ASVs in a control sample was subtracted
from the samples. To facilitate comparison, samples were subsampled to an even depth of 8214

sequences.

Multivariate patterns were assessed with PERMANOVA undertaken using adonis2 in vegan
(Oksanen et al., 2019) with one factor and three levels (Pre-TTX, Peak TTX and post-TTX) using

Bray-Curtis distance matrices. Composition plots were plotted using ggplot and ggnested
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(Wickham, 2016) at the genus level showing only those taxa that were present at a relative
abundance of 2% (bacteria) or 0.5% (cyanobacteria) in at least one sample. ASVs that were
present in higher abundance in the TTX peak period were identified by subtracting the maximum
number of reads for the respective ASVs present in samples outside the TTX period away from
those samples during the peak TTX period. ASVs with read counts greater than 0 were
determined to be more abundant in the TTX period and plotted in a similar fashion as the previous

composition plots.
2.4.3. Droplet digital PCR assay development

Droplet digital PCR was conducted using an automated droplet generator (QX200 Droplet
Digital PCR System, Bio-Rad) to determine the presence or absence of potential TTX sources,
Cephalothrix sp., in the digestive glands of C. gigas samples. DNA extracts were the same as
used for metabarcoding analyses. Primers and gBlocks to detect Cephalothrix sp. from the
digestive glands of C. gigas were designed for this study (Table 1). Each ddPCR reaction
included 1 pL of 450 nM of each primer, 10 pL Bio-Rad ddPCR Evagreen supermix, 2 uL. DNA,
and sterile water for a total reaction volume of 22 pL. The Bio-Rad QX200 droplet generator
partitioned each reaction mixture into nanodroplets by combining 20 uL of the reaction mixture
with 20 uL of Bio-Rad droplet oil. After processing, this resulted in a total nanodroplet volume
of 40 pL, which was transferred to a PCR plate for amplification using the following cycling
protocol: hold at 95 °C for 5 min, 45 cycles of 95 °C for 30 s, 60 °C for 60 s, one final cycle of
signal stabilisation of 4 °C for 5 min and 90 °C for 5 min for the Cephalothrix sp. assay. The
plate was then analysed on the QX200 instrument. For each ddPCR plate run, at least one
negative control (RNA/DNA-free water Life Technologies), and one positive control (using the

gBlocks designed for the assay, Table 1) were included.

Table 1 | Sequences of primers and gBlock designed and used in this study.
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. Targeted gene
Target Sequence accession .
region
number
Cephalothrix sp,
Fw_Cephalothrix GTAGTTGACCTCCTTCAGGTATTG
R_Cephalothrix TCCTCCTAAACGATCTCCTTC Mitochondrial
cytochrome ¢
NC 01282 V¢
CCCTAGGATGGAGTTAGGTTGTAGTTGAC - oxidase
CTCCTTCAGGTATTGAGCCTTTAAATCCTT 1.1 bunit 1T
block C simula TTTCGGTACCTTTATTGAATACTGCTGTTC subuii
golock_L_Ssimu TTTTGGCTTCTGGAATTACTGTAACCTGAT (Cox3)
CTCATCATTCTATAATAGAAGGAGATCGT
TTAGGAGGAATTCAA GGTTTAATTTTAAC
3. Results
3.1. Tetrodotoxin analysis and environmental parameters

Tetrodotoxin was detected in C. gigas samples for seven weeks (three weeks above the LOQ)

over the sampling period (24 June to 13 August 2021), with a rapid accumulation between 11 (<

limit of detection) and 24" June (peak at 424 and 16 pg/kg in DG and RF, respectively) which

then decreased for the following six weeks (Figure 2A). On June 24, 81% of the total TTX budget
was in the digestive gland. The TTX in the total flesh equivalent was 74 pg/kg on June 24. TTX
was the only congener in all positive samples. Temperature and salinity were relatively stable
over the TTX peak (< 1 °C and 2 salinity units for six weeks prior and three weeks after TTX
peak, while the temperature increased by ~2 °C after July 15, Figure 2B). A Distance-based
ReDundancy Analysis (dbRDA) showed no significant relationship between TTX concentrations

and environmental parameters (data not shown).
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Figure 2 | A) Tetrodotoxin concentrations in the oysters Crassostrea gigas collected from the Loperhet
site over a five-month period, determined using liquid chromatography-mass spectrometry (LC-MS/MS;
n = 3 individuals blended together for n = 1 LC-MS/MS analysis). B). Temperatures (solid line = average
daily temperatures, dotted line = maximum daily temperatures) and salinity at the Pointe du Chateau site
(data retrieved from REPHY, (2022)).

3.2. Microscopy analysis

The phytoplankton counts from the Lanvéoc station (17 km from the cages deployed, Figure
1) showed that dinoflagellates and diatoms were abundant during the study period (Figure 3).
Abundance of some species increased (>1,000 cells per litre threshold was used for this study)
just prior to the peak in TTX concentration (displayed in grey, Figure 2). This includes the
dinoflagellate genera Diplopsalis, Gyrodinium, Katodinium, Protoperidinium and Tripos, and
the order of Peridianiales, and diatoms of the genera Chaetoceros and Pseudo-nitzschia.
Interestingly, diatoms from the genus Chaetoceros bloomed (reaching 40,000 cells per litre) the

same week as C. gigas tested positive for TTX for the first time.
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Figure 3 | Microscopic observations and counts (cells per litre) of A) dinoflagellates and B) diatoms
species in the Lanvéoc large station near the study site. The grey area represents the period of quantifiable

TTX concentrations. Data retrieved from REPHY (2022).




321 3.3. Metabarcoding results

322

323 3.3.1. Bacterial analysis

324

325 A total of 2,165 ASVs were identified in the 16S rRNA gene sequencing with samples

326  rarefied to an even depth of 8,214 reads. Multivariate analysis (PERMANOVA) showed a non-
327  significant difference in community composition amongst time periods (pre-TTX peak, during
328 TTX peak and post TTX-peak) for bacteria in both the digestive gland (Bray—Curtis: P = 0.088,
329 F=1.508) and the remaining flesh (Bray—Curtis: P = 0.275, F = 1.182; Figure 4).
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332 Figure 4: Multivariate analysis (NMDS) showing the distribution of samples across the time period

333  for A) the digestive gland and B) the remaining flesh.
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The bacterial composition showed that the genus Mycoplasma (family: Mycoplasmataceae)
was the dominant component in the microbiomes of C. gigas over the whole period, with the
exception of 24 June 2021, ranging from 17% to 93% in the digestive gland and between 25%
and 91% in the rest. The family Vibrionaceae was also present in the microbiome throughout the
experiment in both the digestive gland and the rest. Changes were noted in the genera of
Vibrionaceae with Aliivibrio being less prevalent after the TTX peak (grey area, Figure 5) and
with Vibrio having a higher relative abundance during the peak (especially in the rest) and
afterwards. There was a large increase in the genus Persicirhabdus (family: Rubritaleaceae) at
the start of the peak in TTX concentrations in the digestive gland (grey area, Figure 5A) reaching
a relative abundance of 54% on June 24, and with a peak in relative abundance (41%) in the rest
prior to the TTX peak (Figure 5B). Other genera that increased with the TTX peak included
Sulfuvorum at the start of the peak and the genera Geminobacterium, Haloferula, Myxosarcina,
Neolyngbya, Pseudahrensia, Roseibacilus and Pseudoaltermonas mid-TTX peak in the digestive

glands (30 June 2021, Figure 5A).
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350 Figure S| Stacked barplots showing the relative abundance of bacterial 16S ribosomal RNA sequences
351  inthe digestive gland (A) and the rest (B), at the genus level (>2% proportion in at least one sample), that
352  are present in Crassostrea gigas during the study period. The grey area corresponds to the period when
353 (. gigas tested positive for TTX.
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3.3.2. Cyanobacterial composition

The cyanobacterial community in C. gigas showed that in the digestive glands,
Parasynechococcus was the dominant genus although it had a low relative abundance (2%) at
the beginning of the TTX peak and reached a maximum relative abundance of 94% post TTX
peak (Figure 6A). Parasynechococcus was not as abundant in the rest of C. gigas, with the
exception of 9 September 2021, where it had a relative abundance of 96%. In the rest samples,
Zarconia was observed to be the dominant cyanobacterial genus prior to the TTX peak (mean
relative abundance: 76%; Figure 6B) although this genus was not prevalent in the digestive gland
during the experiment. Species of the Neolyngbya genus appeared just before TTX increased,
especially in the digestive gland.
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366  Figure 6| Stacked barplots showing the relative abundance of cyanobacterial sequences in the digestive
367  gland (A) and the rest (B), at the genus level (>2% proportion in at least one sample), that are present in
368  Crassostrea gigas during the study period. The grey area corresponds to the period when C. gigas tested
369  positive for TTX.
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3.3.3. TTX-bearing bacterial composition

We investigated the ASVs that were more prevalent when C. gigas tested positive for
TTX, by subtracting the core species present before and after the TTX peak period from those
present during the peak of TTX (Figure 7). The most abundant bacterial genus in TTX-bearing
C. gigas’ digestive glands at the start of the peak was Persicirhabdus (4,294 reads) and
disappeared completely after June 30. (Figure 7A). The other genera present were less abundant
and varied between the sampling days although Vibrio increase during the TTX peak period,

especially in the samples of remaining flesh.
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Figure 7 | Stacked barplots showing the relative abundance of bacterial 16S ribosomal RNA

sequences for the digestive gland (A) and the rest (B), at the genus level (>1% of sample read number),
that were only present in the tetrodotoxin-bearing Crassostrea gigas during the TTX peak.
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34. Droplet digital PCR

The assay developed in this study targeting the genera of interest, Cephalothrix, was
successful and amplified the designed gBlock. No Cephalothrix sp. DNA was detected in the
digestive glands of C. gigas. Because of the lack of nemertean tissue samples acquired for this
assay development, the specificity of the assay was not tested and should be considered as a

limitation of this assay development.

4. Discussion

In this study, we aimed at identifying potential sources of TTX contamination in French
Pacific oysters C. gigas that were placed in an estuary previously known for TTX presence over
a short period of time in summer 2019 (Loperhet, Brittany, France, unpublished data). Seasonal
differences in bacterial communities present in the digestive glands and other organs of C. gigas
were explored, as well as phytoplankton differences in the surrounding waters, aimed at
identifying any relationships with TTX-presence. To achieve this, the bacterial communities
were characterized using metabarcoding in C. gigas placed in cages and harvested 13 times,
weekly or fortnightly for five months, starting at the end of spring and finishing at the start of
autumn. We also developed one detection assay for one of the TTX-bearing and invasive genera
present in Europe, the ribbon worm Cephalothrix sp., to understand if it could be the source of

TTX accumulation in European shellfish.

TTX was detected in C. gigas for a period of seven weeks (three weeks only > LOQ), with a
rapid accumulation, from <5 pg/kg (i.e., LOD) on the 11" of June to 74 pug/kg on the 24™ of June
(424 ng/kg in the digestive gland and only 16 pg/kg in the remaining flesh) and a rapid depuration
(50 png/kg six days later and <5 pg/kg four weeks later in the digestive glands). These results
classify C. gigas as a rapid detoxifier for TTX (Bricelj and Shumway, 1998; Guéguen et al.,
2008; Lassus et al., 2000), and showed no migration between the organs, with the majority (i.e.
>90% when considering LOD/LOQ) of TTX being in the digestive glands, similar to distribution
between organs already reported for C. gigas (Dhanji-Rapkova et al., 2021). Oysters showed
highest TTX levels in the digestive gland indicating that TTX in oysters likely comes from an
exogenous source, feeding in particular, as has been previously established in other shellfish

studies (Biessy, 2021; Biessy et al., 2021; Dhanji-Rapkova et al., 2023).
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Analysis of the eukaryotic phytoplankton in the surrounding waters showed that the
concentration of some microalgal species increased just prior to the peak in TTX concentrations.
In particular, diatoms from the genus Chaetoceros bloomed the same week that TTX
concentrations peaked, reaching 40,000 cells per litre. The diatom genus Chaetoceros is one of
the most diverse and widespread groups among marine phytoplankton. Its species are distributed
worldwide, and they often dominate in coastal ecosystems (Evensen, 1975; Guillard and Kilham,
1977). The genus includes over 200 different species, some of which are important bloom
formers in both oceanic and coastal habitats (Assmy et al., 2008). Many Chaetoceros species are
used as feed algae for seafood aquaculture (Gladue and Maxey, 1994) and there has not been any
report of them producing harmful toxins to date. Chaetoceros species have only been reported to
cause mechanical damage in fish due to the barbed setae becoming embedded in the lamellar
epithelium of fish gills with resultant production of excessive amounts of mucus, resulting in
asphyxia (Rolton et al., 2022). It is not likely that blooms of Chaetoceros spp. have ever been
tested for TTX production, but this is worth investigating in the future, in this study’s location
and around the same time of year when peaks in TTX concentrations have been observed.
Culturing and testing for TTX should also be extended to the dinoflagellate genera Diplopsalis,
Gyrodinium, Katodinium, Protoperidinium and Tripos, and the diatoms from the genera
Pleurosigma and Pseudo-nitzschia that were also present prior to the peak in TTX

concentrations.

A parallel approach of this study was to investigate the bacterial and cyanobacterial
microbiome of the oysters using metabarcoding. The bacterial communities of both DG and RF
were dominated by species from the genus Mycoplasma, a genus that is also consistently
associated with bivalves, often in high abundances (Aceves et al., 2018; Biessy et al., 2020;
Lokmer and Wegner, 2015; Pierce and Ward, 2018). The family Vibrionaceae (Proteobacteria)
was also abundant in all organs, which corroborates with previous studies of TTX-bearing
bivalves (Biessy et al., 2020; Milan et al., 2018) and non-TTX-bearing bivalves (Aceves et al.,
2018; Cho, 2019; Dub¢ et al., 2019). Vibrionaceae were present throughout the study and did not
have a correlation with the peak in TTX concentration. Of note is the increase in the abundance
of bacteria from the Rubritaleaceae family, in particular the genera Persicirhabdus before and
during the TTX peak. Bacteria from the Rubritaleaceae are often associated with shellfish
microbiomes (Biessy et al., 2020; Cho, 2019), showing different proportions likely due to
differences in geographical origins (del Rio-Lavin et al., 2023). In a previous study, we found

that Verrucomicrobia (four ASVs from the Rubritaleaceae family) were significantly and
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positively correlated to TTX concentrations in TTX-bearing clams (Biessy et al., 2020). To the
extent of our knowledge, species from the Rubritaleaceae family, in particular the genus
Persicirhabdus, have not been tested for TTX production and are a great candidate for future

work to identify the producer of TTX.

Previously, cyanobacteria have been hypothesized as potential TTX producers. Strains of the
genera Pleurocapsa, Cyanobium and Prochlorococcus were detected in TTX-bearing clams in
New Zealand, and the genus Synechococcus was found to be significantly correlated to higher
TTX concentrations in these clams (Biessy et al., 2020). Another study showed that
cyanobacteria from the Calotrichaceae lineage were found centred in the microbial co-occurrence
network of toxic pufferfish along Vibrio species (Li et al., 2020). It was hypothesised that Vibrio
and cyanobacteria may form a symbiotic relationship in the gut environment of toxic puffer fish
(Li et al., 2020). In this study, species of Neolyngbya were detected in the oyster’s digestive
glands just before and at the start of the peak in TTX concentrations before completely
disappearing when the TTX concentrations started to decrease. Neolyngbya spp. belong to the
family Oscillatoriaceae and are described as marine filamentous cyanobacteria that are well
known as producers of a rich diversity of secondary metabolites and toxins (Caires et al., 2018),
and should be tested for TTX production in the future. Cyanobacterial ecotoxicology is
particularly well documented in freshwater habitats and are known to produce a wide range of
toxins (Jakubowska and Szelag-Wasielewska, 2015; Rastogi et al., 2015), including paralytic
shellfish toxins (PSTs). PSTs are potent neurotoxins produced by cyanobacteria and marine
dinoflagellates and are known to exert the same toxic effect as TTX through an interaction with
voltage gated sodium channels (Narahashi, 1988). Both toxins have been detected simultaneously
in several aquatic species but toxicological studies on cyanobacteria have not been performed to
the same extent in marine environments (Bane et al., 2014; Frazdo et al., 2010). Marine
cyanobacteria are thus an interesting lead for future studies aiming to identify TTX-producing
bacterial species. It is worth noting that the eukaryotic communities (using metabarcoding
targeting the V4 18S rRNA gene region) were also investigated in this study to identify potential
eukaryotic TTX-producers. However, despite using C. gigas blocking primers previously
developed by Clerissi et al. (2020), over 80% of sequence reads belonged to the class Bivalvia
and thus the data was not robust enough to include in this study. It is also important to note that
the metabarcoding analyses from this study was limited by the frequency of sampling. This study
was designed to guarantee to capture the yearly peak of TTX but if this study was to be repeated,
oysters should be harvested daily or at least weekly around the time of the TTX peak, and during
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a shorter period (Mid-June until the end of July). Another limit to metabarcoding is the well-
known challenge of taxonomic reference database and limited taxonomic resolution (Keck et al.,
2023) and these were hopefully mitigated by the use of up-to-date databases such as Cyanoseq

(Lefler et al., 2023), in particular for cyanobacteria taxonomy, and bioinformatic pipelines.

Lastly, we developed a droplet digital PCR assay aimed at investigating the presence or
absence of Cephalothrix, a genus of interest. This genus is known to be TTX-bearing and has
been detected in Europe in the last decades (Turner et al., 2018). It is possible that the eggs of
this species, after spawning events, could accumulate in filter-feeding shellfish. This is
particularly relevant because spawning of some organisms can be very regular (e.g., within a
week for some fish (Cushing, 1969) and within a month for some marine worms (Bybee et al.,
2007)), which is the case here with TTX concentrations in French shellfish found to peak for a
few weeks in early summer (Réveillon et al., 2021). Due to the lack of positive tissue samples
available for assay development, gBlocks were designed to use as positive controls. Cephalothrix
sp. was not detected in the digestive glands of C. gigas and was thus not likely to have been the
source of TTX contamination in the oysters. It is worth mentioning that due to the lack of positive
and negative Nemertean tissues available, this assay is not fully developed (i.e., sensitivity, cross-
reactivity with other species) and this result should be interpreted with care. This assay, once
fully developed and validated, could be of broad interest globally to detect this invasive and toxic

species.

5. Conclusion

The aim of this study was to investigate the potential source of TTX in French Pacific oysters
Crassostrea gigas that were placed in an estuary previously reported to encounter TTX
accumulation in shellfish. The microscopic observations of algae present during the TTX peak
showed that a sudden bloom in Chaetoceros species co-occurred with the sudden appearance of
TTX in oysters. Metabarcoding analysis suggested that prokaryotic microbiome components
correlate with previous studies indicating that 1) bacteria from the Rubritaleaceae (in particular
from the genus Persicirhabdus) were positively correlated to TTX concentrations in TTX-
bearing shellfish and that 2) marine cyanobacteria, Neolyngbya in particular for this study, should
be investigated as potential TTX producers. Culturing, isolating and testing these bacterial and
cyanobacterial species and genera for toxin production would be a logical next step in the search

to identify the source of TTX in marine organisms.



510

511

512
513

514

515
516
517
518

519

520
521
522

523

524
525

526

527
528
529

530

531

532
533
534

Data Availability Statement

The datasets presented in this study are available in online repositories. The names of the

repository/repositories and accession number(s) can be found in the article.
Author Contributions

LB, KS, KNM, DR and PH conceived and designed the experiments. LB, LT, KNM, LL, AT
and VS performed the experiments and TTX analysis. LB and JP undertook the metabarcoding
analysis. All authors helped with the data interpretation and experiments, and the editing and

writing of the manuscript.
Funding

This work was funded by the French Embassy in New Zealand under the “French Related
Research Projects” funding scheme and was also supported by the MBIE-funded Safe New
Zealand Seafood Research Programme (contract no.: CAWX1801).

Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or

financial relationships that could be construed as a potential conflict of interest.
Acknowledgments

The authors would like to thank Juliette Butler (Cawthron) for their technical help. Jonathan
Labenere is thanked for help with sampling. Nicolas Chomérat (Ifremer) is acknowledged for

advice on metabarcoding data.

References

Aceves, A.K., Johnson, P., Bullard, S.A., Lafrentz, S., Arias, C.R., 2018. Description and characterization of
the digestive gland microbiome in the freshwater mussel Villosa nebulosa (Bivalvia: Unionidae). Journal
of Molluscan Studies 84, 240-246.



535
536
537

538
539

540
541

542
543

544
545

546
547

548
549

550
551
552

553
554
555

556
557
558

559
560
561

562
563

564
565

566
567
568

569
570

571
572

Amzil, Z., Derrien, A., Terre Terrillon, A., Savar, V., Bertin, T., Peyrat, M., Duval, A,, Lhaute, K., Arnich, N.,
Hort, V., 2023. Five years monitoring the emergence of unregulated toxins in shellfish in France
(EMERGTOX 2018-2022). Marine Drugs 21, 435.

Andersen, P., Throndsen, J.,, 2003. Estimating cell numbers, Intergovernmental Oceanographic
Commission

Assmy, P., Hernandez-Becerril, D.U., Montresor, M., 2008. Morphological variability and life cycle traits
of the type species of the diatom genus Chaetoceros, C. dichaeta. Journal of phycology 44, 152-163.

Bagnis, R., Berglund, F., Elias, P.S.e., Van Esch, G.J., Halstead, B.W., Kojima, K., 1970. Problems of
toxicants in marine food products: 1. Marine biotoxins. Bulletin of the World Health Organization 42, 69.

Bane, V., Lehane, M., Dikshit, M., O'Riordan, A., Furey, A., 2014. Tetrodotoxin: Chemistry, toxicity,
source, distribution and detection. Toxins 6, 693-755.

Biessy, L., 2021. Elucidating the origin and transmission of tetrodotoxin in New Zealand bivalves,
Biological Sciences. The University of Waikato, Hamilton, New Zealand, p. 180.

Biessy, L., Boundy, M.J., Smith, K.F., Harwood, D.T., Hawes, I., Wood, S.A., 2019. Tetrodotoxin in marine
bivalves and edible gastropods: A mini-review. Chemosphere 236, 124404.

Biessy, L., Pearman, J.K., Smith, K.F., Hawes, I., Wood, S.A., 2020. Seasonal and spatial variations in
bacterial communities from tetrodotoxin-bearing and non-tetrodotoxin-bearing clams. Frontiers in
Microbiology 11, 1860.

Biessy, L., Smith, K.F.,, Wood, S.A., Tidy, A., van Ginkel, R., Bowater, J.R., Hawes, |, 2021. A
microencapsulation method for delivering tetrodotoxin to bivalves to investigate uptake and
accumulation. Marine Drugs 19, 33.

Blanco, L., Lago, J., Gonzdlez, V., Paz, B., Rambla-Alegre, M., Cabado, G.A., 2019. Occurrence of
tetrodotoxin in bivalves and gastropods from harvesting areas and other natural spaces in Spain. Toxins
11.

Bordin, P., Dall’Ara, S., Tartaglione, L., Antonelli, P., Calfapietra, A., Varriale, F., Guiatti, D., Milandri, A.,
Dell’Aversano, C., Arcangeli, G., Barco, L., 2021. First occurrence of tetrodotoxins in bivalve mollusks
from Northern Adriatic Sea (Italy). Food Control 120, 107510.

Bricelj, V.M., Shumway, S.E., 1998. Paralytic shellfish toxins in bivalve molluscs: occurrence, transfer
kinetics, and biotransformation. Reviews in Fisheries Science 6, 315-383.

Bybee, D.R., Bailey-Brock, J.H., Tamaru, C.S., 2007. Gametogenesis and spawning periodicity in the fan
worm Sabellastarte spectabilis (Polychaeta: Sabellidae). Marine Biology 151, 639-648.

Caires, T.A., da Silva, A.M., Vasconcelos, V.M., Affe, H.M., de Souza Neta, L.C., Boness, H.V., Sant'Anna,
C.L., Nunes, .M., 2018. Biotechnological potential of Neolyngbya (Cyanobacteria), a new marine benthic
filamentous genus from Brazil. Algal Research 36, 1-9.

Chau, R., Kalaitzis, J.A., Neilan, B.A., 2011. On the origins and biosynthesis of tetrodotoxin. Aquatic
Toxicology 104, 61-72.

Chau, R., Kalaitzis, J.A., Wood, S.A., Neilan, B.A., 2013. Diversity and biosynthetic potential of culturable
microbes associated with toxic marine animals. Marine Drugs 11, 2695-2712.



573
574

575
576

577
578

579
580
581

582
583
584

585
586
587

588
589

590
591

592
593

594
595

596
597

598
599

600
601
602

603

604

605
606
607

608
609

Cho, A., 2019. Characterizing the microbiome of farmed Pacific oysters from British Columbia and Alaska,
Microbiology and Immunology. University of British Columbia, Vancouver, p. 95.

Clerissi, C., Guillou, L., Escoubas, J.-M., Toulza, E., 2020. Unveiling protist diversity associated with the
Pacific oyster Crassostrea gigas using blocking and excluding primers. BMC Microbiology 20, 1-13.

Cushing, D., 1969. The regularity of the spawning season of some fishes. ICES Journal of Marine Science
33, 81-92.

del Rio-Lavin, A., Monchy, S., Jiménez, E., Pardo, M.A., 2023. Gut microbiota fingerprinting as a potential
tool for tracing the geographical origin of farmed mussels (Mytilus galloprovincialis). PLoS One 18,
e0290776.

Dell’Aversano, C., Tartaglione, L., Polito, G., Dean, K., Giacobbe, M., Casabianca, S., Capellacci, S., Penna,
A., Turner, A.D., 2019. First detection of tetrodotoxin and high levels of paralytic shellfish poisoning
toxins in shellfish from Sicily (Italy) by three different analytical methods. Chemosphere 215, 881-892.

Dhanji-Rapkova, M., Alves, M.T., Trinanes, J.A., Martinez-Urtaza, J., Haverson, D., Bradley, K., Baker-
Austin, C., Huggett, J.F., Stewart, G., Ritchie, J.M., 2023. Sea temperature influences accumulation of
tetrodotoxin in British bivalve shellfish. Science of The Total Environment 885, 163905.

Dhanji-Rapkova, M., Turner, A.D., Baker-Austin, C., Huggett, J.F., Ritchie, J.M., 2021. Distribution of
tetrodotoxin in pacific oysters (Crassostrea gigas). Marine Drugs 19, 84.

Dubé, C.E., Ky, C.L., Planes, S., 2019. Microbiome of the black-lipped pearl oyster Pinctada margaritifera,
a multi-tissue description with functional profiling. Frontiers in Microbiology 10, 1548.

Evensen, D.L., 1975. The morphology of some Chaetoceros (Bacillariophyceae) species as seen in the
electron microscope. Nova Hedwigia, Beih 53, 153-174.

Frazao, B., Martins, R., Vasconcelos, V., 2010. Are known cyanotoxins involved in the toxicity of
picoplanktonic and filamentous North Atlantic marine cyanobacteria? Marine Drugs 8, 1908-1919.

Gerssen, A, Bovee, T., Klijnstra, M., Poelman, M., Portier, L., Hoogenboom, R., 2018. First report on the
occurrence of tetrodotoxins in bivalve mollusks in The Netherlands. Toxins 10, 450.

Gladue, R.M., Maxey, J.E., 1994. Microalgal feeds for aquaculture. Journal of Applied Phycology 6, 131-
141.

Guéguen, M., Bardouil, M., Baron, R., Lassus, P., Truquet, P., Massardier, J., Amzil, Z., 2008.
Detoxification of Pacific oyster Crassostrea gigas fed on diets of Skeletonema costatum with and without
silt, following PSP contamination by Alexandrium minutum. Aquatic Living Resources 21, 13-20.

Guillard, R., Kilham, P., 1977. The ecology of marine planktonic diatoms, University of California Press,
Berkeley.

Hindson, B.J., Ness, K.D., Masquelier, D.A., Belgrader, P., Heredia, N.J., Makarewicz, A.J., Bright, I.J.,
Lucero, M.Y., Hiddessen, A.L., Legler, T.C., 2011. High-throughput droplet digital PCR system for absolute
guantitation of DNA copy number. Analytical Chemistry 83, 8604-8610.

Hort, V., Arnich, N., Guérin, T., Lavison-Bompard, G., Nicolas, M., 2020. First detection of tetrodotoxin
in bivalves and gastropods from the French mainland coasts. Toxins 12, 599.



610
611

612
613

614
615

616
617

618
619

620
621

622
623
624

625
626
627
628

629
630

631
632
633

634
635
636

637
638
639

640
641

642
643

644
645

646
647

Hwang, D.F., Noguchi, T., 2007. Tetrodotoxin poisoning. Advances in Food and Nutrition Research 52,
141-236.

Jakubowska, N., Szelgg-Wasielewska, E., 2015. Toxic picoplanktonic cyanobacteria. Marine Drugs 13,
1497-1518.

Katikou, P., 2019. Public health risks associated with tetrodotoxin and its analogues in European waters:
recent advances after The EFSA scientific opinion. Toxins 11, 240.

Katikou, P., Gokbulut, C., Kosker, A.R., Campas, M., Ozogul, F., 2022. An updated review of tetrodotoxin
and its peculiarities. Marine Drugs 20, 47.

Keck, F., Couton, M., Altermatt, F., 2023. Navigating the seven challenges of taxonomic reference
databases in metabarcoding analyses. Molecular Ecology Resources 23, 742-755.

Khor, S., Wood, S.A,, Salvitti, L., Taylor, D.l., Adamson, J., McNabb, P., Cary, S.C., 2013. Investigating diet
as the source of tetrodotoxin in Pleurobranchaea maculata. Marine Drugs 12, 1-16.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., Gléckner, F.O., 2013. Evaluation
of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based
diversity studies. Nucleic Acids Research 41, el.

Knutsen, H.K., Alexander, J., BarregAard, L., Bignami, M., Brischweiler, B., Ceccatelli, S., Cottrill, B.,
Dinovi, M., Edler, L., Grasl-Kraupp, B., 2017. Risks for public health related to the presence of
tetrodotoxin (TTX) and TTX analogues in marine bivalves and gastropods. European Food Safety
Authority Journal 15.

Kodama, M., Sato, S., Sakamoto, S., Ogata, T., 1996. Occurrence of tetrodotoxin in Alexandrium
tamarense, a causative dinoflagellate of paralytic shellfish poisoning. Toxicon 34, 1101-1105.

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K., Schloss, P.D., 2013. Development of a dual-
index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq
Illumina sequencing platform. Applied Environmental Microbiology 79, 5112-5120.

Lassus, P., Bardouil, M., Massselin, P., Naviner, M., Truquet, P., 2000. Comparative efficiencies of
different non-toxic microalgal diets in detoxification of PSP-contaminated oysters (Crassostrea gigas
Thunberg). Journal of Natural Toxins 9, 1-12.

Ledo, J., Lozano-Leon, A., Giraldez, J., Vilarifio, O., Gago-Martinez, A., 2018. Preliminary results on the
evaluation of the occurrence of tetrodotoxin associated to marine Vibrio spp. in bivalves from the
Galician Rias (Northwest of Spain). Marine Drugs 16, 81.

Lefler, F.W., Berthold, D.E., Laughinghouse IV, H.D., 2023. Cyanoseq: A database of cyanobacterial 16S
rRNA gene sequences with curated taxonomy. Journal of Phycology 59, 470-480.

Li, Z., Tian, J., Lai, Y., Lee, C.-H., Cai, Z., Yu, C.-F., 2020. Puffer fish gut microbiota studies revealed unique
bacterial co-occurrence patterns and new insights on tetrodotoxin producers. Marine Drugs 18, 278.

Lokmer, A., Wegner, K.M., 2015. Hemolymph microbiome of Pacific oysters in response to temperature,
temperature stress and infection. The ISME Journal 9, 670.

Magarlamov, T.Y., Melnikova, D.l., Chernyshev, A.V., 2017. Tetrodotoxin-producing bacteria: detection,
distribution and migration of the toxin in aquatic systems. Toxins 9, 166.



648
649
650

651
652

653
654

655
656
657
658

659
660

661
662
663

664
665

666
667

668
669
670

671
672

673
674

675
676

677
678

679
680

681
682
683

Malykin, G.V., Velansky, P.V., Melnikova, D.l., Magarlamov, T.Y., 2023. Tetrodotoxins in larval
development of ribbon worm Cephalothrix cf. simula (Palaeonemertea, Nemertea). Marine
Biotechnology 25, 918-934.

Matsumura, K., 1998. Production of tetrodotoxin in puffer fish embryos. Environmental Toxicology and
Pharmacology 6, 217-219.

McMurdie, P.J., Holmes, S., 2013. phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PloS One 8, 1217.

McNabb, P.S., Taylor, D.l., Ogilvie, S.C., Wilkinson, L., Anderson, A., Hamon, D., Wood, S.A., Peake, B.M.,,
2014. First detection of tetrodotoxin in the bivalve Paphies australis by liquid chromatography coupled
to triple quadrupole mass spectrometry with and without precolumn reaction. Journal of AOAC
International 97, 325-333.

Melnikova, D.l., Vlasenko, A.E., Magarlamov, T.Y., 2019. Stable tetrodotoxin production by Bacillus sp.
strain 1839. Marine Drugs 17, 704.

Milan, M., Carraro, L., Fariselli, P., Martino, M.E., Cavalieri, D., Vitali, F., Boffo, L., Patarnello, T.,
Bargelloni, L., Cardazzo, B., 2018. Microbiota and environmental stress: how pollution affects microbial
communities in Manila clams. Aquatic Toxicology 194, 195-207.

Narahashi, T., 1988. Mechanism of tetrodotoxin and saxitoxin action. Handbook of Natural Toxins,
Marine toxins and Venoms 3.

Noguchi, T., Arakawa, O., Takatani, T., 2006. TTX accumulation in Pufferfish. Comparative Biochemistry
and Physiology Part D: Genomics and Proteomics 1, 145-152.

Noguchi, T., Maruyama, J., Hashimoto, K., Narita, H., 1982. Tetrodotoxin in the starfish Astropecten
polyacanthus, in association with toxification of a trumpet shell," boshubora" Charonia sauliae. Bulletin
of the Japanese Society of Scientific Fisheries 48(8), 1173-1177.

Okabe, T., Oyama, H., Kashitani, M., Ishimaru, Y., Suo, R., Sugita, H., Itoi, S., 2019. Toxic flatworm egg
plates serve as a possible source of tetrodotoxin for pufferfish. Toxins 11, 402.

Oksanen, J., Blanchet, F., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P., O’Hara, R,,
Simpson, G., Solymos, P., 2019. vegan: Community ecology package, in: 2.5-6., R.p.v. (Ed.).

Pierce, M.L.,, Ward, J.E., 2018. Microbial ecology of the bivalvia, with an emphasis on the family
Ostreidae. Journal of Shellfish Research 37, 793-806.

Rastogi, R.P., Madamwar, D., Incharoensakdi, A., 2015. Bloom dynamics of cyanobacteria and their
toxins: environmental health impacts and mitigation strategies. Frontiers in Microbiology 6.

REPHY, 2022. REPHY dataset - French Observation and Monitoring program for Phytoplankton and
Hydrology in coastal waters. Metropolitan data. SEANOE.

Réveillon, D., Savar, V., Schaefer, E., Chevé, J., Halm-Lemeille, M.-P., Hervio-Heath, D., Travers, M.-A.,
Abadie, E., Rolland, J.-L., Hess, P., 2021. Tetrodotoxins in french bivalve mollusks—Analytical
methodology, environmental dynamics and screening of bacterial strain collections. Toxins 13, 740.



684
685
686

687
688
689

690
691
692

693
694

695
696
697

698
699

700
701
702

703
704
705

706

707
708

709
710
711

712
713
714

715

Rolton, A., Rhodes, L., Hutson, K.S., Biessy, L., Bui, T., MacKenzie, L., Symonds, J.E., Smith, K.F., 2022.
Effects of harmful algal blooms on fish and shellfish species: A case study of New Zealand in a changing
environment. Toxins 14, 341.

Salvitti, L., Wood, S.A., Taylor, D.l.,, McNabb, P., Cary, S.C., 2015. First identification of tetrodotoxin (TTX)
in the flatworm Stylochoplana sp.; a source of TTX for the sea slug Pleurobranchaea maculata. Toxicon
95, 23-29.

Turner, A., Fenwick, D., Powell, A., Dhanji-Rapkova, M., Ford, C., Hatfield, R., Santos, A., Martinez-Urtaza,
J., Bean, T., Baker-Austin, C., 2018. New invasive Nemertean species (Cephalothrix Simula) in England
with high levels of tetrodotoxin and a microbiome linked to toxin metabolism. Marine Drugs 16, 452.

Turner, A., Powell, A, Schofield, A., Lees, D., Baker-Austin, C., 2015. Detection of the pufferfish toxin
tetrodotoxin in European bivalves, England, 2013 to 2014. Euro Surveillance 20, 2-8.

Turner, A.D., Dhanji-Rapkova, M., Coates, L., Bickerstaff, L., Milligan, S., O’Neill, A., Faulkner, D.,
McEneny, H., Baker-Austin, C., Lees, D.N., 2017. Detection of Tetrodotoxin Shellfish Poisoning (TSP)
toxins and causative factors in bivalve molluscs from the UK. Marine Drugs 15, 277.

Utermohl, H., 1958. Zur Vervollkommung der quantitativen phytoplankton-methodik. Mitt Int. Ver
Limnol. 9, 38.

Vlamis, A., Katikou, P., Rodriguez, |., Rey, V., Alfonso, A., Papazachariou, A., Zacharaki, T., Botana, A.M.,
Botana, L.M., 2015. First detection of tetrodotoxin in Greek shellfish by UPLC-MS/MS potentially linked
to the presence of the dinoflagellate Prorocentrum minimum. Toxins 7, 1779-1807.

Vlasenko, A.E., Magarlamov, T.Y., 2020. Tetrodotoxin and its analogues in Cephalothrix cf. simula
(Nemertea: Palaeonemertea) from the Sea of Japan (Peter the Great Gulf): intrabody distribution and
secretions. Toxins 12, 745.

Wickham, H., 2016. ggplot2: elegant graphics for data analysis, 2 ed. Springer International Publishing.

Williams, B.L., 2010. Behavioral and chemical ecology of marine organisms with respect to tetrodotoxin.
Marine Drugs 8, 381-398.

Yasukawa, S., Shirai, K., Namigata, K., Ito, M., Tsubaki, M., Oyama, H., Fujita, Y., Okabe, T., Suo, R., Ogiso,
S., 2023. Tetrodotoxin detection in Japanese bivalves: toxification status of scallops. Marine
Biotechnology, 1-11.

Zhang, X., Zong, J., Chen, S., Li, M., Lu, Y., Wang, R., Xu, H., 2020. Accumulation and elimination of
tetrodotoxin in the pufferfish Takifugu obscurus by dietary administration of the wild toxic gastropod
Nassarius semiplicata. Toxins 12, 278.



	2.4.2. Bioinformatics

