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Abstract :

The neurotoxin B-N-methylamino-L-alanine (BMAA) is naturally present in some microalgal species in
the marine environment. The accumulation of BMAA has widely been observed in filter-feeding bivalves
that are known to consume primary producers constituting the base of complex aquatic food webs. This
study was performed to assess the occurrence of BMAA and isomers in mollusks collected from nine
representative shellfish production areas located on the three French coasts (Channel, Atlantic and
Mediterranean sites). The use of a highly selective and sensitive HILIC-MS/MS method, with DSDAB as
internal standard, revealed the systematic detection of BMAA and DAB, in concentrations ranging from
0.20 to 6.7 pg g-1 dry weight of digestive gland tissues of mollusks. While we detected BMAA in four
strains of diatoms in a previous study, here BMAA was only detected in one diatom species previously
not investigated out of the 23 microalgal species examined (belonging to seven classes). The
concentrations of BMAA and DAB in mussels and oysters were similar at different sampling locations
and despite the high diversity of phytoplankton populations that mollusks feed on at these locations.
Only small variations of BMAA and DAB levels were observed and these were not correlated to any of
the phytoplankton species reported. Therefore, extensive research should be performed on both origin
and metabolism of BMAA in shellfish. The levels observed in this study are similar to those found in
other studies in France or elsewhere. A previous study had related such levels to a cluster of
Amyotrophic Lateral Sclerosis in the South of France; hence the widespread occurrence of BMAA in
shellfish from all coasts in France found in this study suggests the need for further epidemiological and
toxicological studies to establish the levels that are relevant for a link between the consumption of
BMAA-containing foodstuffs and neurodegenerative diseases.
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Highlights

» BMAA and DAB were systematically present in bivalves sampled from the French coasts. »
Concentrations in bivalves exhibited only small geographical and temporal variations. » No obvious link
was noted between phytoplankton abundance and BMAA levels in bivalves. » BMAA was present in 1
diatom species out of 23 cultured microalgal strains.
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1 Introduction

BMAA (B-N-methylamino-L-alanine) is a non-proteinogenic amino acid whose mechanisms of toxicity have
been extensively studied (reviewed by Chiu et al. (2011) and Karamyan and Speth (2008)) and associated with
neurodegenerative diseases like the particular form of Amyotrophic Lateral Sclerosis (ALS) that occurred on the
island of Guam in the 1950s (Whiting, 1963).

To date, BMAA and isomers have been detected in many organisms encompassing microalgae, plants, mollusks,
crustaceans and fishes, hence including potential foodstuffs (Al-Sammak et al., 2014; Christensen et al., 2012;
Cox et al., 2005; Lage et al., 2014; Mondo et al., 2012; Murch et al., 2004a). The bioaccumulation of BMAA,
theoretically based on its misincorporation instead of L-serine during protein synthesis (Dunlop et al., 2013;
Glover et al., 2014), has been suggested in geographically distinct aquatic food webs, in marine and fresh- or
brackish water environments, e.g. Baltic Sea (Jonasson et al., 2010), Florida Bay (Brand et al., 2010), Gonghu
Bay, China (Jiao et al., 2014) or Thau lagoon, France (Réveillon et al., 2015). Concentrations reported varied by
several orders of magnitude, most likely originating from insufficient analytical performance that led to
overestimation and/or misidentification of BMAA, as recently reviewed by (Faassen, 2014). Thus, the analysis
of BMAA requires selective and sensitive analytical methods, relying on tandem mass spectrometry and the use
of an internal standard for accurate quantification (Cohen, 2012). Considering only those studies in which highly
selective methods have been employed, the widespread occurrence of BMAA in many organisms, including in
primary producers like cyanobacteria, cannot be clearly verified (Faassen, 2014). However, recent reports
convincingly showed the presence of BMAA in dinoflagellates and diatoms (Jiang et al., 2014a; Lage et al.,
2014), expanding the number of BMAA-containing phytoplanktonic species that constitute the base of food
chains.

Recreational activities as well as aerosolization have been highlighted as potential routes of human exposure to
BMAA (Banack et al., 2010; Cox et al., 2009; Stommel et al., 2013). However, since the detection of BMAA in
the diet of the Chamorro people on the island of Guam (Cox et al., 2003), the risk arising from the consumption
of BMAA-containing foodstuffs has gained attention and could constitute a more widespread route of human
exposure. Indeed, recent studies reported the existence of potential BMAA-contaminated foodstuffs, for a large
Swedish population (Jiang et al., 2014b), in the environment where ALS clusters have been reported (Banack et
al., 2015; Masseret et al., 2013) and even in the direct diet of ALS patients (Banack et al., 2014; Field et al.,

2013). The accumulation of BMAA in the human brain is still under debate (Combes et al., 2014; Murch et al.,
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2004b; Pablo et al., 2009; Snyder et al., 2009), possibly due to different sample preparation techniques and
analytical methods. Even though the presence of BMAA in the human central nervous system may be not
specific to ALS-patients (Berntzon et al., 2015), the fact that humans are exposed to BMAA confirms that
further studies are required about BMAA sources and its level of involvement in neurodegenerative disorders
(Banack et al., 2015).

In France, BMAA had been detected in shellfish for the first time in Thau Lagoon, South of France (Masseret et
al., 2013). Those authors also formulated the hypothesis that this contamination could be related to an ALS
cluster in that area. However, many toxins produced by phytoplankéormplfycotoxins) are accumulated in
filter-feeding bivalves, including some neurotoxins currently not regulated e.g. spirolides and pinnatoxins,
leading to health concerns for consumers (Amzil et al., 2007; Amzil et al., 2008; Hallegraeff, 1993; Hess et al.,
2013). In the context of the French phytoplankton and phycotoxins monitoring network program (REPHY),
shellfish from different locations on the French coasts are routinely screened for regulated toxins as well as fast
acting phycotoxins while the phytoplankton communities are also recorded (Amzil et al., 2007; Belin and
Neaud-Masson, 2012). In addition, the REPHY has established a vigilance program of shellfish for novel or
emerging toxins,i.e. analysis by both LC-MS/MS (Liquid Chromatography coupled with tandem Mass
Spectrometry) and the lipophilic mouse bioassay as a screen (Belin and Neaud-Masson, 2012).

In a previous study, we have reported the continuous presence of BMAA and isomers in mussels from Thau
lagoon, French Mediterranean Sea (Réveillon et al., 2015). To assess whether BMAA was present in French
ecosystems other than Thau lagoon, we screened 97 samples of mollusks (mussels and oysters) with a highly
selective and sensitive HILIC-MS/MS methace (liquid chromatography with a HILIC column). This method

had previously been optimized for cyanobacterial and mollusk matrices, usd®BDas internal standard
(Réveillon et al., 2014). The mollusks were sampled within the vigilance program, once a month during 2013, in
nine locations chosen for geographical spread and to reflect important French shellfish production areas. Thanks
to the phytoplankton communitiesg, database of REPHY), we would be able to evaluate a possible link
between phytoplankton populations and the concentration of BMAA in the mollusks, as was hypothesized
between diatoms and the mussels of Thau lagoon in a recent study (Réveillon et al., 2015). In parallel, 23
microalgal species were screened for total BMAA and isomers, to assess if other species, in addition to the

already analyzed diatoms and dinoflagellates, are capable of producing BMAA.
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2  Material and Methods

Chemicals and reagents

B-N-methylaminot-alanine hydrochloride (BMAA, B107) and trichloroacetic acid (TCA, 33731) were
purchased from Sigma-Aldrich, France, while N-2-aminoethylglycine (AEG, A1153) and 2,4-diaminobutyric
acid dihydrochloride (DAB, D0083) were obtained from TCI, Belgium. D-2,4-diaminobutyric acid-2,3°Bg,4-
dihydrochloride (BDAB), used as the internal standard, was purchased from CDN isotopes (CIL, France).
Methanol (MeOH) and acetonitrile (ACN) were obtained as HPLC grade solvents from JT Baker, France. Water
for analysis was supplied by a Milli-Q integral 3 system (Millipore, France). Solutions of formic acid (FA,
33015), hydrochloric acid 37% (HCI, 258148) and ammonium hydroxidg@NIH221228), all reagent grade,

were purchased from Sigma-Aldrich, France.
2.1 Samples

2.1.1 Collection of shellfish as part of the vigilance surveillance program in 2013

Sampling was carried out in 2013 in nine of the ten sentinel sites defined by the vigilance surveillance program
(figure 1), as part of the French phytoplankton and phycotoxins monitoring network (REPHY). The site at Ingril
was omitted since previous studies had already established the presence of BMAA in Thau lagoon, an adjacent

production area (Masseret et al., 2013; Réveillon et al., 2015).
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Pointe de St Quent*

Antifer ponton péctf*

Aga*

Le Scof*
Kervoy2k'

Ronc*

Banc Arguin su'*

Ingril su*
Parc Leurate*

Etang de Dian*

Figure 1: Map of French coastline with the ten sentinel sites selected for the vigilance surveillance program.

Digestive gland tissues (DG; 10 g) of either oystersCfassostrea gigas Ronce and Parc Leucate) or mussels
(Mytilus galloprovincialisin Etang de Diana ané. edulisin all remaining sites) were collected once a month

on each site, homogenized and stored at -80 °C. It should be noted that all sampling dates were available for
only few sites (Le Scoré, Kervoyal, Ronce and Banc Arguin sud), while one date was missing for Pointe de St
Quentin, Antifer ponton péche, Agon and Parc Leucate and only 5 samples were available from Etang de Diana.
In total, 97 freeze-dried aliquots, corresponding to nine sites, were screened. Only total BMAA and isomers were
analyzed because the free form of these non-proteinogenic amino acids was rarely detected in previous studies
(Al-Sammak et al., 2014; Réveillon et al., 2014), especially in digestive gland tissue of mollusks (Réveillon et

al., 2015).

2.1.2 Monitoring of phytoplankton communities (REPHY)

The REPHY also monitors the spatial and temporal distribution of phytoplankton populations on French coasts.
For quantitative analysis, sub-surface (0 — 1 m) water samples collected once or twice monthly were fixed with
Lugol’'s solution and counted according to the Utermohl method (Uterméhl, 1958). Experts identified and
counted all organisns 20 um. Smaller species were also counted if they were potentially toxic/noxious (e.g.

ChrysochromulinaPhaeocystisor had a chain structure or formed a colony. Organisms were identified to the
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lowest possible taxonomic level. Taxa that were difficult to discriminate with optical microscopy were grouped
(e.g. Pseudo-nitzschiaspp. or cryptophyceae species). Further details about sampling and processing of
phytoplankton are available in the literature (Belin and Neaud-Masson, 2012; Grossel, 2006; Hernandez-Farinas
et al., 2014). In this study, we used the phytoplankton population data of 2013, corresponding to the closest

sampling sites to those of the mollusk sampling locations.

2.1.3 Microalgal cultures

Non-axenic strains of microalgae representing possible food resources for mollusks were cultured in order to
screen them for the production of BMAA, DAB and AEG (table 1).

Alexandrium minutumAM99PZ, Heterocapsa triquetraHT99PZ andScrippsiella trochoidee&sT97PZ were
isolated from Bay of Morlaix, English Channel Sea, FraRterocentrum mican®M85BYV and the unidentified
cryptophyceae were isolated from Bay of Vilaine witlgeudo-nitzschia delicatissinveas isolated from Méle
Saint-Anne, all from Atlantic Ocean, France. The other strains were coming from culture collections. The culture
media were prepared with filter-sterilized seawater (0.2 um) at a salinity of 35. Microalgae were grown in batch
cultures (excepi. triquetrain a 100 L bioreactor) and were harvested via centrifugation atgHi¥0 min at

4 °C. Supernatant was carefully discarded and the resulting pellet was freeze-dried, homogenized and stored at
room temperature until extraction of total BMAA, DAB and AEG.

Table 1: Origin and conditions of culture of the microalgae species that were screened for total BMAA, DAB
and AEG. The culture media were prepared accordingly to Guillard (1975) for f/2 medium, Guillard and
Hargraves (1993) for L1 medium, Walne (1970) for Conway medium, Tompkins et al. (1995) for PE medium

and Provasoli (1968) for ESP medium. For L1 modified medium, 190 uM of Nak€r@ added.



Strain

Irradiance (umol/mz/s) /
Light:dark cycle (h) /
Temperature (°C)

Culture media / days

Origin of growth (d)

Bacillariophyceae

Halamphora coffeaeformis CCAP 1001/2 fl2/118 200/12:12 /20
Asterionellopsiglacialis CCMP 139 fl2 115 200/12:12 /20
Odontella aurita AC 815 fl2 122 200/12:12 /20
Pseudo-nitzschia delicatissimi France (P5C1) L1/10 100/12:12 /16
Dinophyceae

Alexandrium minutum France (AMP99PZ) L1 (27%o) - Si/ 15 90/16:8/17
Heterocapsa triquetra France (HT99PZ) L1-Si/(* 250/16:8 /20
Prorocentrum micans France (PM85BV) ESP /19 100/12:12/16
Pyrocystis noctulica CCMP 732 fl2-Sil 34 200/12:12 /20
Scrippsiella trochoidea France (ST97PZ) fl2-Si/l 19 150/12:12 /16
Symbiodinium microadriaticurn CCMP 828 fl2-Si/ 18 200/12:12 /20

Cryptophyceae

Hemiselmisp. RCC 659 L1 — Si (modified) / 12 100/16:8 /17
Proteomonasp. RCC 3072 L1 — Si (modified) / 12 100/16:8 /17
Rhinomonasp. RCC 821 L1 — Si (modified) / 12 100/16:8 /17
Rhodomonas salina RCC 1506 L1 — Si (modified) / 12 100/16:8 /17
Rhodomonasp. RCC 1978 L1 — Si (modified) / 12 100/16:8 /17
Unidentified cryptophyceae France L1 — Si (modified) / 12 100/16:8 /17

Microalgae of other classes

Chlamydomonas reginae CCAP 11/78 Conway - Si/ 20 200/12:12 /20
Chilorella vulgaris CCAP 211/25 Conway - Si/ 20 200/12:12 /20
Dunaliella salina CCAP 19/18 fl2-Sil 20 200/12:12 /20
Emiliana huxleyi CCMP 371 fl2 - Sil 27 200/12:12 /20
Eutreptiella gymnastica CCMP 1594 fl2-Sil 20 200/12:12 /20
Porphyridium purpureum CCAP 1380/5 PE /27 200/12:12/20
Tisochrysis lutea CCAP 927/14 ESP /27 50/12:12 /16

141 (*) culture in a 100 L bioreacto? 7%., diluted natural seawater; - Si, without silicate

142 2.2 Sample extraction

143 BMAA, DAB and AEG (total form) were extracted and analyzed as previously described (Réveillon et al.,
144  2014). Briefly, 750 uL of TCA 0.1 M containing the internal standaylAB (50 ng mL*) were added to 10 mg

145  (for algae) or 15 mg (for mollusk) of freeze-dried material before grinding with glass beads in a mixer mill
146  (Retsch MM400, Germany) for 30 min. The supernatant was subsequently collected, evaporated to dryness, the
147  residue dissolved in 600 pL HCI 6 M and hydrolyzed at 99 °C for 24 h. HCI was dried, and the residue dissolved
148 in 1 mL of TCA 0.1 M before SPE clean-up on Bond ElRtexa PCX cartridges (Agilent Technologies, VWR,

149  France).

150 2.3 Instrumentation and analytical method

151  Liquid chromatography was performed on a Z4@ILIC column (150 x 2.1 mm, im, Merck Sequant®) with

152 a TSK gel amide 80 guard column (2 x 10 mmn® using a Nexera Ultra-Fast Liquid Chromatography system
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(Shimadzu, France). Separation was achieved using a linear gradient elution at 0.2'mitinia column
temperature set at 30 °C while samples were kept at 4 °C and the injection volumeaulwaBhB elution
program (solvent A: water and solvent B: acetonitrile, both with 0.1% formic acid) was as follows: 0 min, 37%
A; 18 min, 55% A, 20 min, 55% A; 23 min, 37% A and 38 min, 37% A.

The MS/MS analysis was performed with an APl 5500 QTRAP triple-quadrupole mass spectrometer (AB Sciex,
France) in positive ion mode with multiple reaction monitoring (MRM) detection. BMAA, DAB and AEG were
unambiguously distinguished thanks to chromatographic resolution, specific mass spectral transitions and
gualitative to quantitative ion ratios. The peak area ratio between the specific productz@gsand 88 was

also verified for identification of BMAA. The common transitioniz119 > 102 was used to quantify BMAA,

DAB and AEG, while the transitiom/z 124 > 47 was used to quantif@AB. To avoid overestimation of

BMAA in digestive gland tissues, BMAA was quantified with the specific transitign 119 > 76, for all
mollusk samples (see paragraph 3.1).

Quantitation was performed relatively to pure standards of BMAA, DAB and AEG. The limits of detection
(LOD) and quantification (LOQ) were the same as reported previously (Réveillon et al., 2014). For all isomers,
LOQ was 0.23 pgand 0.15 pg'gDW for microalgae and mollusk matrices, respectively. A corrective factor
derived from BDAB recovery was applied to compensate for losses during samples preparation and matrix
effects. All other instrument parameters were the same as previously mentioned (Réveillon et al., 2014). The

software Analyst 1.5.1 was used to analyze acquired raw data.

3 Reslults

3.1 HILIC-MS/MS performance

A compound eluting just before BMAA was detected in all digestive gland tissue of mollusks, especially for
oysters extracts (Appendix). In this study, the mean values (+ RSD) of 88/102 and 76/102 ion ratios used for
correct identification of BMAA were 13.2% (+4.4%) and 12.1% (+ 4.1%), respectively. These ratios were
inconsistent between oyster digestive gland samples and the BMAA standard. These discrepancies were
attributed to the interfering compound that only generated a productioiz 519 > 102. Therefore, the ratio of
specific product ions (76/88) was assessed to further confirm BMAA identity. The 76/88 ion ratio of BMAA
standard was 92.6 £ 2.2%. For all mollusk extracts, there was a differdr® of this ratio between samples

and the BMAA standard (with 93% of samples showing a differen6&). Thus, the 76/88 ion ratio was

included as a criterion used to confirm the identity of BMAA, in all biological matrices. The interfering
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compound could lead to an overestimation of BMAA since the mass spectral tramgititt® > 102 was used

to quantify the samples. As an alternative, the quantification with either the producizi8@ or 76 was tested

and no difference was observed with these two ions for BMAA-calculated concentrations. Therefore, all
digestive gland extracts of mollusks were quantified with the mass spectral tramsitiahl9 > 76, for
consistent comparison between oysters and mussels. As a function of this amendment, LOQs for BMAA in
shellfish were somewhat higher than in the originally reported method (Réveillon et al.,i2018)45 ug ¢

DW). Nevertheless, the signal-to-noise (S/N) ratio for the transitin119 > 88 wag 10 for all mollusks
extracts, except for two oysters samples (S&.

In this study, the mean total recovery (+ RSD) of the internal standdddBwas 62.6 (+ 16%, n= 23) in
microalgal samples, while recoveries of 64.9 (£ 15%, n=23) and 69.1% (+ 12.7%, n=74) were obtained for

digestive gland tissues of oysters and mussels, respectively.

3.2 BMAA and isomers in mollusks collected within the vigilance surveillance program

In total, 97 aliquots of digestive gland tissues of mollusks collected in 2013 were screened for BMAA and
isomers. Surprisingly, BMAA and DAB were detected in all samples (both mussels and oysters), at all sampling
stations and dates (figures 2 and 3). Mean BMAA concentrations (iff jpy\ with the lowest and highest
concentrations noted in brackets) were as follows: Kervoyal, 2.2 (0.52 — 6.7) < Antifer ponton péche, 2.1 (1.1 —
3.4) <Agon, 1.7 (0.85-3.0) <Banc Arguin sud, 1.6 (0.82 - 2.9) < Pointe de St Quentin, 1.6 (0.76 — 2.8)
< Diana, 1.0 (0.55- 1.7) <Le Scoré, 0.78 (0.44 — 1.9) < Ronce, 0.76 (0.25 — 2.4) < Leucate, 0.61 (0.19 — 1.0).
For DAB, the decreasing order was: Leucate, 7.5 (4.3 - 9.2) <Banc Arguin sud, 5.7 (2.8 — 7.2) < Diana,
4.9 (3.2 - 6.4) <Ronce, 4.8 (2.8 - 6.6) < Agon, 4.3 (2.3 -7.2) < Kervoyal, 4.1 (2.0-7.9) < Le Scoré, 3.9 (2.5 -
7.9) < Antifer, 3.9 (1.9 — 6.2) < Pointe de St Quentin, 2.5 (1.2 — 4.6).

BMAA concentrations were generally higher in mussels, while for DAB, higher concentrations were observed in

oysters (means of 1\&ersus0.68 for BMAA and 4.%ersus6.2 pg ¢ DW for DAB).
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211 de Diana, within the vigilance surveillance program. Only partial counting was available for Agon

212  phytoplankton populations.
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214  Figure 3: Abundances of diatoms and dinoflagellates reported by REPHY in 2013 and BMAA and DAB
215 concentrations obtained in the digestive glands of oysters sampled at (A) Ronce and (B) Parc Leucate, within the

216  vigilance surveillance program.

217 3.3 Phytoplankton populations database of REPHY

218 The phytoplanktonic populations at the sampling sites of REPHY varied both qualitatively and quantitatively
219 during 2013 (table 2). Depending on the location, the number of identified taxa or groups of taxa ranged from 43
220 at Parc Leucate (Mediterranean lagoon) to 126 at Banc Arguin sud (entrance of the semi-enclosed Arcachon
221 Bay). Diatoms and dinoflagellates represented the majority of observed taxa and diatom species were generally
222 more diverse. The total abundance of phytoplankton cells was chosen as a proxy to estimate the quantity of food
223  available for bivalve mollusks. Thus, phytoplankton relative abundance was low at Parc Leucate (<1 million
224  cells.L'"), intermediate at Ronce, Antifer ponton péche and Banc Arguin sud (5.6 — 8.5 million §elisdhigh

225 at the other sentinel sites (15— 27 million cel§.LDiatom abundances were significantly higher than

226  dinoflagellate cell concentrations or other classes; except at Pointe de St Quentin where dense blooms of
227  Phaeocystis sgprymnesiophyceae) were observed.

228
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233

234

235

236

Table 2: Phytoplankton data (2013) of REPHY corresponding to the closest sentinel sites of the vigilance
surveillance program. The number of identified taxa/groups, the proportion (qualitative and quantitative) of

major classes, the total abundance and the most abundant species were reported. Only partial phytoplankton

counting was available for Agon (adjacent to Antifer) thus the results were not included.

Sentinel ie Number of Total Prqaortionoof major
(distance betweef identified taxa | abundance of Clazsbeusn((jfn(():];t)mal Most abundant species (% of
phytoplankton | (% of diatoms/| phytoplankton . P °
. g @= diatomsj = total abundance)
and mollusk dinoflagellates in 2013 .
oy lother classes)| (cells.L") dinoflagellates, =
samplingsitey ' other classes
Pointe de St Quentin 87 27 million Phaeocystig51%)
(8 km) (65/25/10) Leptocylindrus danicu@25%)
Antlfef ponton 63 - Chaetocerospp. (64%)
péche 8.5 million .
(2.5 km) (62/27/11) Leptocylindrusspp. (14%)
Chaetocerospp. (19%)
Le Scoré 110 Cryptophyceae (17%)
(6 km) (51/42/7) 16 million Pseudo-nitzschia delicatissima
complex(15%)
Skeletonema costatuih5%)
Leptocylindrusspp. (41%)
Kg\l/(?%/)al (53}??65/11) 25 million Cryptophyceae (15%)
Chaetocerospp. (13%)
Skeletonemapp. (25%)
(Rzol?;i (67?238/5) 5.9 million Leptocylindrusspp. (24%)
Gymnodiniaceae (20%)
Pseudo-nitzschia delicatissima
Banc Arguin Sud 126 8.2 million complex(41%)
(5 km) (44/44/12) ) Cryptophyceae (21%)
Leptocylindrusspp. (20%)
Parc Leucate 43 0.87 million Chaetocerospp. (68%)
(0 km) (47/14717) ' Prorocentrumspp. (7%)
Etang de Diana 76 15 million Nitzschia longissim&45%)
(0 km) (41/46/13) Leptocylindrus minimug34%)

In 5 out of the 8 sites, the sum of abundanceGhaetocerospp.,Leptocylindrusspp.,Skeletonemapp. and
species of botfPseudo-nitzschia delicatissincamplex and cryptophyceae accounted for 69 to 84% of the total

abundance of phytoplankton. At the other sitehaeocystis Nitzschia longissimgdiatom) and species of

12



237 Gymnodiniaceae (dinoflagellates) were more abundant. It should be noted that the water sampling sites for
238  phytoplankton monitoring were sometimes distant from the sampling sites of mollusks for the vigilance
239 surveillance program. However, they were chosen to be representative of phytoplankton communities in the

240  surrounding area (including the bivalve production areas).

241 3.4 BMAA and isomers in lab-cultured microalgae

242  Some diatom and dinoflagellate species have recently been shown to contain bound BMAA in the marine
243  environment (Jiang et al., 2014a; Jiang and llag, 2014; Lage et al., 2014; Réveillon et al., 2015). Therefore, we
244  screened 23 species of marine microalgae to assess if other phytoplanktonic species contained BMAA, including
245 4 species of bacillariophyceae and 6 species of dinophyceae but also other classes that have not been screened so
246  far,i.e. 6 species of cryptophyceae, 3 of chlorophyceae, 2 of prymnesiophyceae and one of both euglenophyceae
247  and rhodophyceae (table 3).

248  Several microalgal species screened in this study were observed in different phytoplankton communities within
249 the framework of the REPHY phytoplankton monitoring. While most species were only present at small cell
250 concentrations, others were observed at much higher concentrago®sprocentrum mican#sterionellopsis

251 glacialis, Scrippsiella spp. and the Pseudo-nitzschia delicatissima complex (blooms of

252 170 000 to 2 million cells.t). BMAA was not quantified in any of these 23 additionally screened microalgal

253  species. However, a trace of BMAA (confirmed by injecting twice the regular volume) was observed in the
254  diatomHalamphora coffeaeformisanother globally distributed common diatom. Two of the known isomers of

255  BMAA, namely DAB and AEG, were respectively found in all microalgae (0.42 - 5.1°uBW) and in 9

256  (0.23-2.1 ug g DW) out of the 23 lab-cultured species.

257
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258

259

260

261

262

263

264

265

266

267

Table 3: Concentrations of total form of BMAA, DAB and AEG in the lab-cultured microalgae. The presence of
similar species observed within the framework of REPHY is mentioned as well as the number of sites in which

the species were counted.

Strain SvSifr?ilr?SRcl)EtlgsHeg e Concentration (ug g* DW) Study
Bacillariophyceae BMAA DAB AEG
H. coffeaeformigCCAP 1001/2) No Trace 0.66 0.25
A. gIamahs(CF:l\/lP 139) Yes (n=8) <LD 2.9 0.6 This study
Odontella aurita(AC815) Yes (n=6) <LD 5.1 0.35
P. delicatissimgP5C1) Yes (n=7) <LD 3.5 <LD
C.calcitrans(CCMP 1315) Genus * 0.32 3.9 <LD
Chaetocerosp. (France) Yes (n=8) 0.58 29 <LD Réveillon et
P. tricornutum(CCAP 1055/1) No 0.51 1.3 <LD al., 2015
T. pseudonanéCCMP 1015) Family ** 0.75 18 <LD
Dinophyceae BMAA DAB AEG
A. minutumAMP99PZ) Yes (n=8) <LD 0.63 <LD
H. triquetra(HT99PZ) Yes (n=7) <LD 5.1 <LD
P. micangPM85BV) Yes (n=8) <LD 1.2 2.1
P. noctulica(CCMP 732) No <LD 5.0 0.23
S. trochoidedST97PZ) Yes (n=8) <LD 15 <LD
S. microadriaticum{CCMP 828) No <LD 1.1 <LD
Cryptophyceae BMAA DAB AEG
Hemiselmisp.(RCC 659) <LD 3.9 <LD
Proteomonasp.(RCC 3072) <LD 0.45 <LD
. Yes
Rhinomonasp.(RCC 821) <LD 0.9 <LD .
R. salina(RCC 1506) (but grouped as <LD 1.1 <LD This study
Cryptophyceae)
Rhodomonasp.(RCC 1978) <LD 0.85 <LD
Unidentified cryptomonagFrance) <LD 1.7 <LD
Microalgae of other classes BMAA DAB AEG
C. reginag(CCAP 11/78) No <LD 0.95 0.66
C. vulgaris(CCAP 211/25) No <LD 35 0.76
D. salina(CCAP 19/18) No <LD 3.1 <LD
E. huxleyi(CCMP 371) No <LD 1.6 <LD
E. gymnastic§CCMP 1594) Yes (n=4) <LD 2.6 <LD
P. purpureun(CCAP 1380/5) No <LD 0.42 0.29
T. lutea(CCAP 927/14) No <LD 2.7 <LD

< LD: no peak or a peak inferior to the limit of detection (0.23 j1d§V) was observed at a retention time

corresponding to the standard; *@saetocerosp.; ** asThalassiosirasp. orThalassiosira+ Porosira

4  Discussion

To date, at least three isomers of BMA&. DAB, AEG and BAMA @-aminoN-methyl-alanine) have been
reported in different matrices including microalgae and mollusks (Banack et al., 2012; Beach et al., 2015; Jiang
et al., 2013; Rosen and Hellenas, 2008). Thus, the chemical analysis of BMAA is challenging (Faassen, 2014;

Faassen et al., 2012) and requires highly selective and sensitive methods to distinguish all analogs (Cohen, 2012;

14



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

Combes et al., 2013; Jiang et al., 2013). In the present study, we used an HILIC-MS/MS method that had been
optimized in a previous study (Réveillon et al., 2014). This method allowed us to unambiguously identify and
accurately quantify BMAA, DAB and AEG in microalgae and mollusk matrices, usyAB as internal
standard.

Previously, we had reported the existence of a compound eluted just before BMAA in hydrolyzed mollusk
samples (Réveillon et al., 2014). In this study, that interfering compound was, as expected, detected in the
digestive gland tissues of mollusks (Appendix) confirming the complexity of BMAA analysis and the
requirement of highly selective methods. Considering the recent work of Beach et al (2015), the nature of the
interfering peak may be BAMABfaminoN-methylalanine) but this hypothesis should be further confirmed.
Indeed, using standards, they showed a BAMA-BMAA resolution with a HILIC chromatography very similar to
what we obtained for our hydrolyzed mollusk extracts between the interfering compound and BMAA. In that
study, BMAA and BAMA were only separated thanks to the implementation of DMS (differential mobility
spectrometry) to the original HILIC-MS/MS method; making DMS a promising approach to improving the
reliability of BMAA analysis (Beach et al., 2015).

As an alternative and to cope with the possible misidentification of BMAA, the ratio of specific produtt/zons
76/88 was successfully used to confirm BMAA identity in mollusk extracts and therefore applied to all
biological samples. The quantification of BMAA with the productiaiz 76 prevented any overestimation as no
interfering compound was detected for the mass spectral transitidri9 > 76. Both the mean total recovery of
DsDAB and the relative standard deviations were similar to previous studies (Jiang et al., 2013; Réveillon et al.,
2014). Finally, correct retention times, satisfactory ion ratios and reproducible extraction recoveries indicated

adequate performance of the sample preparation and reliability of the analytical procedure.

According to the 2008-2009 data from the French national shellfish farming committee (CNC, 2010), France is
the second European shellfish producer (up to 200 000 t annually, 65% of@ygigas. To date, BMAA had

only been screened in mollusks from Thau lagoon in France (Masseret et al., 2013; Réveillon et al., 2014), even
though this production area accounts only for ca. 8% of the French production of shellfish (CNC, 2010).
Samples of mussels and oysters collected monthly in 2013 as part of the vigilance program were analyzed to
assess the distribution of BMAA in other shellfish production areas. These samples corresponded to nine
geographically representative French shellfish growing areas and were analyzed for total BMAA and analogs.

BMAA and DAB were always detected while AEG was observed in 88% of the mollusk samples.
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Concentrations of BMAA reported in this study are very similar to the concentrations that have been reported in

mollusks worldwide (Table 4), considering only highly selective methagsn6 fluorescence detection).

Table 4: BMAA levels in bivalve mollusks used in this study and in previous articles

Total BMAA
Organism Origin concentration Reference
(g g* DW)
Oyster Crassostrea virginica(n=15) L;)Al;lssslir;?pzrd 6.8 —47 Ch;:Stzgslzn et
Mussel Mytilus edulig (n=3) West coast of Sweden 0.15-0.2 Jonasson et al.,
Ostrea edulign=3) Baltic Sea* 0.006 - 0.14 2010
Mussel Mytilus edulig (n=6) We_st coast of Sweden 0.40 — 4.5* Jiang et al.,
. . Baltic Sea and importeq
Oyster O. edulisor C. gigag (n=4) from Greece and France 0.50 — 3.3** 2014b
Rias de Avei d
Cockle Cerastoderma edu)én=19) Flci)irsmoe'}sa ngguznal <LD-0.43 Lage et al., 201#
Mussel M. galloprovinciali§ (n=7) 1.8-6 Masseret et al.,
Oyster C. giga3 (n=5) Thaulagoon, France | - 51 g 2013
DG? of mussel 1. galloprovinciali§ (n=17) 1.0-6.6 Réveillon et al.,
RF® of mussel (n=17) Thau lagoon, France 12-97 2015
Mussel M. edulisor galloprovincialig French coasts (Channe], 044 — 6.7
(n=74) Atlantic and 0'19 B 2'4 This study
Oyster C. gigag (n=23) Mediterranean sites) ' '

* Fully marine ecosystem; ** concentrations expressed originally in uget weight thus estimated here
assuming that the dry/wet weight ratio is 0.2 for bivalve mollusks (Jiang et al., 20Dig@stive Gland an8l

Remaining Flesh.

Within the vigilance program, only the digestive gland tissues of mollusks are conserved as they are known to
more efficiently accumulate toxins (Blanco et al., 2007; Jauffrais et al., 2012; Lassus et al., 2007). However,
significant amounts of BMAA ie. 60 +6.2%) have been detected in non-visceral tissueMytilus
galloprovincialisfrom Thau lagoorfRéveillon et al., 20153uggesting that total concentration of BMAA in the

whole tissue of mollusks could be higher than those reported in the present study. It seems that BMAA presence
is widespread among filter-feeding bivalves. Indeed, almost all studies reported shellfish to contain BMAA (and
isomers, when included in the analysis), except some burrowing bivabi&€3efastoderma edulsampled from
Portuguese transitional water bodies and from the Baltic Sea (Lage et al., 2014)). The feeding behavior of
shellfish has been suggested to explain the apparently global observation of BMAA in these organisms (Jiang et

al., 2014b; Lage et al., 2014). Actually, as filter-feeding bivalves, shellfish are known to concentrate phycotoxins
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(Amzil et al., 2007; Jauffrais et al., 2012; Lassus et al., 2007), bacterial or viral particles (Cavallo et al., 2009; Le
Guyader et al., 2006; Love et al., 2010) as well as chemicals (Chu et al., 2003; Jeon et al., 2010; Ueno et al.,
2010) during the process of filter-feeding. Therefore, they may accumulate BMAA and isomers from ingested
organisms. The reported BMAA producers include species of some ubiquitous phytoplankton classes that are
largely represented on the French coastspecies belonging to diatoms and dinoflagellates (Jiang et al., 2014a;
Lage et al., 2014; Réveillon et al., 2015). These primary producers are at the base of aquatic food webs and
assumed to constitute the major food source for bivalve mollusks.

BMAA was systematically detected in French mollusks but specific patteies ¢ycles of
accumulation/depuration) were not obvious. The BMAA level was not correlated to total or specific classes of
phytoplankton abundances considered here (figures 2 and 3). Indeed, similar BMAA concentrations were
observed at locations with contrasted abundances of phytoplankton, e.g. between “Pointe de St Quentin” and
“Banc Arguin sud” for mussels or between “Ronce” and “Parc Leucate” for oysters. The phytoplankton
communities observed in the water samples were composed of species that mollusks can feed on (Brown et al.,
1997; Dunstan et al., 2005; Fernandes et al., 2013; Ren et al., 2006), even Bfwmeagtystisand
Leptocylindrusspp. may have less significance as food sources when blooming (Lauringson et al., 2014a;
Peperzak and Poelman, 2008; Smaal and Twisk, 1997). Several hypotheses could explain the absence of
correlation between phytoplankton and BMAA concentration in digestive gland of mollusks. Firstly,
phytoplankton communities observed within REPHY are restricted to the>c2lgim present at sub-surface

(0 — 1m) and sampled at distances up to several kilometers away from the location of mollusk sampling. Thus
the observed phytoplankton populations may not be totally representative of the food directly available for
mollusks. Furthermore, different feeding behavior depending on the season, type and abundance of plankton
have been reported (Kreeger and Newell, 2001; Marin Leal et al., 2008; Wong and Levinton, 2004). Actually,
the composition of stomach contents of mussels may not reflect the occurrence and abundance of phytoplankton
communities (Rouillon et al., 2005; Sidari et al., 1998). For example, in the Baltidgdlas trossulusnever
consumed_eptocylindrus yet the most abundant genera in the water column while most of the benthic diatoms
consumed appeared not to be present in simultaneously taken water samples (Lauringson et al., 2014b). This
selective feeding behavior (Shumway et al., 1985) strengthens the possibility that the observed phytoplankton
communities may not well represent the diet of mussels and oysters. In spite of their similar feeding processes
and capacity for particle selection (Riisgard and Larsen, 2010), oysters appeared capable of greater trophic

plasticity than mussels (Dubois et al., 2007) which may at least partly explain some differences in BMAA and
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346  DAB levels between these two shellfish species. Finally, bivalves are opportunistic filter-feeders thus, additional
347 sources that are not sampled by REPHY cannot be exclugedjicocyanobacteriamicrophytobenthos,

348  aggregated bacteria, detritus (microalgal or terrestrial) and zooplankton (Kach and Ward, 2008; Lefebvre et al.,
349 2009; Masseret et al., 2013; Page and Lastra, 2003; Peharda et al., 2012; Pernet et al., 2014). Indeed, as
350 suspension-feeding aquatic animals, bivalve mollusks have specialized in grazing on particles of a wide range of
351  size (Riisgard and Larsen, 2010). Available studies using stable iso8df@sid5'°N) and focusing on food

352 webs of some ecosystems, in which mussels and oysters were sampled in this study, revealed that mollusks
353 preferentially consumed marine particulate organic matter, mainly composed of phytoplankton. However,
354  microphytobenthos represented a significant proportion in most of the areas while terrestrial or riverine organic
355  matter and detritus from macroalgae were less relevant (Carlier et al., 2009; Dubois et al., 2014; Lefebvre et al.,
356  2009; Mortillaro et al., 2014; Riera and Richard, 1996; Rigolet et al., 2014). For example, in Lingreville near
357 Agon, the area exhibited a high marine influence and the diet of mussels was composed of 70-90% of
358  phytoplankton, with the rest consisting of half microphytobenthos and half riverine organic matter (Lefebvre et
359 al.,, 2009). On the opposite, in Bay of Concarneau (near Le Scoré), misvictila sp. (benthic diatoms

360 consisting of epibionts) can contribute up to 50% to the diet of the suspension Peditiapes virgineus

361 (Rigolet et al., 2014).

362

363  The number of recorded BMAA-producing and potentially producing species has increased over the past few
364 years. In Thau lagoon, BMAA and DAB were detected in plankton collected with nets, indicating that mussels
365 were exposed to organisms that contained both BMAA and DAB (Réveillon et al., 2015). However, specific
366  species producing BMAA have not been identified in that ecosystem. Nevertheless, (Jiang et al., 2014a)
367 hypothesized that BMAA production might be common among diatoms after they reported the detection of
368 BMAA in five cultures of axenic diatoms species. We therefore assessed the capacity of some microalgae
369  species, including diatoms, to contain BMAA. For this purpose, 23 microalgae belonging to seven classes were
370 screened and if we consider the species analyzed in a previous study (Réveillon et al., 2015), a total of 38 species
371 representing potential food sources for mollusks have been evaluated for their BMAA production. BMAA was
372  only detected in 5 out of the 13 diatoms species (0.32 — 0.75 P\ and only at trace level in microalgae in

373  this study. None of the other species, independent of their classes, contained BMAA. The systematic detection of
374  DAB and the observation of AEG in only some spediesif 8 out of the 23 screened species) are in agreement

375  with previous studies, suggesting that DAB is always detected in lab-cultured microalgae (Jiang et al., 2014a;
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Réveillon et al., 2015). Our results did not confirm the global production of BMAA by diatoms under our culture
conditions. It is noteworthy that we did not detect BMAA Tisochrysis luteaCCAP 927/14 (formerly
Isochrysisaff. galbang since it is frequently used in aquaculture to feed farmed bivalve mollusks (Marchetti et

al., 2012). Even though we could not detect any BMAA in most of the microalgal species, further studies are
required to better understand the conditions allowing the production of BMAA and isomers by primary
producers, like the role of nitrogen (Downing et al., 2011; Scott et al., 2014). The absence of detectable BMAA
in many cultured species that represent possible or important food sources for the mollusks raised questions
about the origin of BMAA detected in the shellfish. However, BMAA-producing species have not been clearly
identified yet and due to the high diversity of potential primary producers that mollusks can feed on, as well as
their trophic plasticity, there is a great uncertainty in determining which sources make important contributions to
both their diets and BMAA content. In the future, particular attention should be paid to benthic diatoms
belonging to microphytobenthos as they may represent a significant food source for mollusks.

According to Christensen et al (2012), knowledge of the concentration and variability of BMAA in seafood
species is essential for calculating human exposure and designing animal model studies for human risk
assessment. The variation in BMAA and DAB levels in mollusks across the sampling sites and seasons was
small in this study, and very similar to those reported by Jiang et al. (2014b) for different seafood sold in
Swedish markets. However, only few studies reported the screening of BMAA in seafood on a relatively large
scale (Christensen et al., 2012; Jiang et al., 2014b; Jonasson et al., 2010). The results of the present study
highlight the fact that BMAA and DAB are continuously detected in both mussels and oysters that are farmed in
different ecosystems along the three French coasts. Regarding these observations and the results obtained with
mussels of Thau lagoon (Réveillon et al., 2015) BMAA accumulation and depuration might be slow processes.
As non proteinogenic amino acid, BMAA exist in two forms, as a free amino acid and bound to proteins (Glover
et al.,, 2014). However, the exact nature of molecular interaction between BMAA and proteins should be
thoroughly studied to better understand both the mechanism of bioaccumulation and the metabolization by
mollusks.

The results of the present study, outlining the widespread occurrence of BMAA in shellfish from all French
mainland coasts, also contrast the hypothesis made by Masseret et al. (2013) of a potential correlation of the
ALS cluster observed in Southern France and BMAA in shellfish from Thau Lagoon. We therefore strongly
suggest to re-examine the causative agents for ALS in French patients and also to evaluate more closely the

levels of BMAA in foodstuffs likely to trigger ALS.
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406

407 5 Conclusion

408 This study was performed to assess the occurrence of BMAA and isomers in mollusks reared in nine
409 representative bivalve farming areas located on the three French coasts (Channel, Atlantic and Mediterranean
410  sites). Digestive gland tissues of mollusks were collected monthly in 2013 as part of the vigilance surveillance
411  program of the French phytoplankton and phycotoxins monitoring network (REPHY). A highly selective and
412  sensitive HILIC-MS/MS method allowed the unambiguous identification and accurate quantification of BMAA
413  in biological samples, using sDAB as internal standard. Despite their different origins, mollusks were
414  systematically shown to contain BMAA, DAB and to a lesser extent AEG. Considering only results obtained
415  with highly selective methods, concentrations were similar to those reported worldwide in filter-feeding
416  bivalves. However, small variations of BMAA and DAB levels were noted, irrespective of the season and
417  sampling location. Thus no specific contamination pattern could be identified. Unlike for Thau lagoon, no
418  correlation between phytoplankton population recorded and BMAA/DAB concentration in digestive glands was
419 observed. However, diatoms and dinoflagellates species, some being reported as BMAA-producers, largely
420 dominated the phytoplankton populations in the areas of the bivalve farming areas.

421  Finally, food web structures are complex and the primary producers containing BMAA and consumed by
422  mollusks have not been totally identified yet. Further studies are required about the origin, accumulation and
423  metabolization of BMAA and DAB in mollusks.

424

425  CONFLICT OF INTEREST

426  The authors declare that there are no conflicts of interest.

427

428 AKNOWLEDGMENTS

429  This study was carried out under the RISALTOX project (Ifremer) and co-funded by the Regional Council of the
430 “Pays de la Loire” through the PhD program (Damien Réveillon) and the COSELMAR project. The authors
431  would like to thank all of the members of the laboratory Phycotoxins at the Atlantic Centre of Ifremer for their
432  help and advice during this study, especially Michele Bardouil and Virginie Raimbault for the cultures of
433  microalgae. They also would like to thank the members of Ifremer involved in the French phytoplankton and
434  phycotoxins monitoring network (REPHY) for all the data and samples available.

435

20



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

REFERENCES

Al-Sammak, M.A., Hoagland, K.D., Cassada, D., Snow, D.D., 2014. Co-occurrence of the
cyanotoxins BMAA, DABA and anatoxin-a in Nebraska reservoirs, fish, and aquatic plants.
Toxins 6, 488-508.

Amzil, Z., Sibat, M., Royer, F., Masson, N., Abadie, E., 2007. Report on the first detection of
pectenotoxin-2, spirolide-A and their derivatives in French shellfish. Marine Drugs 5, 168-179.

Amzil, Z., Sibat, M., Royer, F., Savar, V., 2008. First report on azaspiracid and yessotoxin groups
detection in French shellfish. Toxicon 52, 39-48.

Banack, S.A., Caller, T., Henegan, P., Haney, J., Murby, A., Metcalf, J.S., Powell, J., Cox, P.A,,
Stommel, E., 2015. Detection of Cyanotoxins, beta-N-methylamino-L-alanine and Microcystins,
from a Lake Surrounded by Cases of Amyotrophic Lateral Sclerosis. Toxins 7, 322-336.

Banack, S.A., Caller, T.A., Stommel, E.W., 2010. The Cyanobacteria Derived Toxin Beta-N-
Methylamino-L-Alanine and Amyotrophic Lateral Sclerosis. Toxins 2, 2837-2850.

Banack, S.A., Metcalf, J.S., Bradley, W.G., Cox, P.A., 2014. Detection of cyanobacterial neurotoxin
B-N-methylamino-l-alanine within shellfish in the diet of an ALS patient in Florida. Toxicon 90,
167-173.

Banack, S.A., Metcalf, J.S., Jiang, L., Craighead, D., llag, L.L., Cox, P.A., 2012. Cyanobacteria
produce N-(2-aminoethyl)glycine, a backbone for Peptide nucleic acids which may have been
the first genetic molecules for life on Earth. PloS one 7, e49043-e49043.

Beach, D., Kerrin, E., Quilliam, M., 2015. Selective quantitation of the neurotoxin BMAA by use of
hydrophilic-interaction liquid chromatography—differential mobility spectrometry—tandem mass

spectrometry (HILIC-DMS-MS/MS). Anal Bioanal Chem, 1-13.

21



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

Belin, C., Neaud-Masson, N., 2012. Cahier de Procédures REPHY 2012-2013. Ifremer, Nantes.
Available at
http://envlit.ifremer.fr/content/download/81386/558742/file/Cahier REPHY_ 2012 version_fina
le_12 sep_%202012.pdf

Berntzon, L., Ronnevi, L.O., Bergman, B., Eriksson, J., 2015. Detection of BMAA in the human
central nervous system. Neuroscience 292, 137-147.

Blanco, J., Marifo, C., Martin, H., Acosta, C.P., 2007. Anatomical distribution of diarrhetic shellfish
poisoning (DSP) toxins in the mussel Mytilus galloprovincialis. Toxicon 50, 1011-1018.

Brand, L.E., Pablo, J., Compton, A., Hammerschlag, N., Mash, D.C., 2010. Cyanobacterial blooms
and the occurrence of the neurotoxin, beta-N-methylamino-I-alanine (BMAA), in South Florida
aquatic food webs. Harmful Algae 9, 620-635.

Brown, M.R., Jeffrey, S.W., Volkman, J.K., Dunstan, G.A., 1997. Nutritional properties of microalgae
for mariculture. Aquaculture 151, 315-331.

Carlier, A., Riera, P., Amouroux, J.M., Bodiou, J.Y., Desmalades, M., Grémare, A., 2009. Spatial
heterogeneity in the food web of a heavily modified Mediterranean coastal lagoon: stable
isotope evidence. Aquatic Biology 5, 167-179.

Cavallo, R.A., Acquaviva, M.1., Stabili, L., 2009. Culturable heterotrophic bacteria in seawater and
Mytilus galloprovincialis from a Mediterranean area (Northern lonian Sea - lItaly).
Environmental monitoring and assessment 149, 465-475.

Chiu, A.S., Gehringer, M.M., Welch, J.H., Neilan, B.A., 2011. Does alpha-Amino-beta-
methylaminopropionic Acid (BMAA) Play a Role in Neurodegeneration? Int J Env Res Pub He
8, 3728-3746.

Christensen, S.J., Hemscheidt, T.K., Trapido-Rosenthal, H., Laws, E.A., Bidigare, R.R., 2012.
Detection and quantification of beta-methylamino-L-alanine in aquatic invertebrates.
Limnology and Oceanography-Methods 10, 891-898.

Chu, F.L.E., Soudant, P., Hale, R.C., 2003. Relationship between PCB accumulation and reproductive
output in conditioned oysters Crassostrea virginica fed a contaminated algal diet. Aquatic

Toxicology 65, 293-307.

22



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

CNC, 2010. CNC-Comité National de la Conchyliculture.

Cohen, S.A., 2012. Analytical techniques for the detection of alpha-amino-beta-methylaminopropionic
acid. Analyst 137, 1991-2005.

Combes, A., El Abdellaoui, S., Sarazin, C., Vial, J., Mejean, A., Ploux, O., Pichon, V., group, B.,
2013. Validation of the analytical procedure for the determination of the neurotoxin beta-N-
methylamino-l-alanine in complex environmental samples. Anal Chim Acta 771, 42-49.

Combes, A., El Abdellaoui, S., Vial, J., Lagrange, E., Pichon, V., group, B., 2014. Development of an
analytical procedure for quantifying the underivatized neurotoxin beta-N-methylamino-L-
alanine in brain tissues. Anal Bioanal Chem 406, 4627-4636.

Cox, P.A., Banack, S.A., Murch, S.J., 2003. Biomagnification of cyanobacterial neurotoxins and
neurodegenerative disease among the Chamorro people of Guam. Proceedings of the National
Academy of Sciences 100, 13380-13383.

Cox, P.A., Banack, S.A., Murch, S.J., Rasmussen, U., Tien, G., Bidigare, R.R., Metcalf, J.S.,
Morrison, L.F., Codd, G.A., Bergman, B., 2005. Diverse taxa of cyanobacteria prodiice
methylamino-l-alanine, a neurotoxic amino acid. Proceedings of the National Academy of
Sciences of the United States of America 102, 5074-5078.

Cox, P.A., Richer, R., Metcalf, J.S., Banack, S.A., Codd, G.A., Bradley, W.G., 2009. Cyanobacteria
and BMAA exposure from desert dust: A possible link to sporadic ALS among Gulf War
veterans. Amyotrophic Lateral Sclerosis 10, 109-117.

Downing, S., Banack, S.A., Metcalf, J.S., Cox, P.A., Downing, T.G., 2011. Nitrogen starvation of
cyanobacteria results in the production dffinethylamino-L-alanine. Toxicon 58, 187-194.

Dubois, S., Blanchet, H., Garcia, A., Masse, M., Galois, R., Gremare, A., Charlier, K., Guillou, G.,
Richard, P., Savoye, N., 2014. Trophic resource use by macrozoobenthic primary consumers
within a semi-enclosed coastal ecosystem: Stable isotope and fatty acid assessment. Journal of
Sea Research 88, 87-99.

Dubois, S., Orvain, F., Marin-Leal, J.C., Ropert, M., Lefebvre, S., 2007. Small-scale spatial variability
of food partitioning between cultivated oysters and associated suspension-feeding species, as

revealed by stable isotopes. Mar Ecol Prog Ser 336, 151-160.

23



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

Dunlop, R.A., Cox, P.A., Banack, S.A., Rodgers, K.J., 2013. The Non-Protein Amino Acid BMAA Is
Misincorporated into Human Proteins in Place of L-Serine Causing Protein Misfolding and
Aggregation. Plos One 8.

Dunstan, G.A., Brown, M.R., Volkman, J.K., 2005. Cryptophyceae and rhodophyceae;
chemotaxonomy, phylogeny, and application. Phytochemistry 66, 2557-2570.

Faassen, E.J., 2014. Presence of the neurotoxin BMAA in aquatic ecosystems: what do we really
know? Toxins 6, 1109-1138.

Faassen, E.J., Gillissen, F., Lurling, M., 2012. A Comparative Study on Three Analytical Methods for
the Determination of the Neurotoxin BMAA in Cyanobacteria. PLoS ONE 7, e36667.

Fernandes, L.F., Cavalcante, K.P., Proenca, L.A.D., Schramm, M.A., 2013. Blooms of Pseudo-
nitzschia pseudodelicatissima and P. calliantha, and associated domoic acid accumulation in
shellfish from the South Brazilian coast. Diatom Research 28, 381-393.

Field, N.C., Metcalf, J.S., Caller, T.A., Banack, S.A., Cox, P.A., Stommel, E.W., 2013. Linking beta-
methylamino-L-alanine exposure to sporadic amyotrophic lateral sclerosis in Annapolis, MD.
Toxicon 70, 179-183.

Glover, W.B., Mash, D.C., Murch, S.J., 2014. The natural non-protein amino acid N-beta-
methylamino-L-alanine (BMAA) is incorporated into protein during synthesis. Amino Acids 46,
2553-2559.

Grossel, H., 2006. Manuel d’'observation et de dénombrement du phytoplancton marin. Document de
méthode REPHY. Ifremer, Nantes.

Guillard, R.L., 1975. Culture of Phytoplankton for Feeding Marine Invertebrates, in: Smith, W.,
Chanley, M. (Eds.), Culture of Marine Invertebrate Animals. Springer US, New York, pp. 29-
60.

Guillard, R.R.L., Hargraves, P.E., 199Sichochrysis immobiligs a diatom, not a chrysophyte.
Phycologia 32, 234-236.

Hallegraeff, G.M., 1993. A Review of Harmful Algal Blooms and Their Apparent Global Increase.

Phycologia 32, 79-99.

24



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

573

Hernandez-Farinas, T., Soudant, D., Barille, L., Belin, C., Lefebvre, A., Bacher, C., 2014. Temporal
changes in the phytoplankton community along the French coast of the eastern English Channel
and the southern Bight of the North Sea. Ices J Mar Sci 71, 821-833.

Hess, P., Abadie, E., Herve, F., Berteaux, T., Sechet, V., Araoz, R., Molgo, J., Zakarian, A., Sibat, M.,
Rundberget, T., Miles, C.0., Amzil, Z., 2013. Pinnatoxin G is responsible for atypical toxicity
in mussels (Mytilus galloprovincialis) and clams (Venerupis decussata) from Ingril, a French
Mediterranean lagoon. Toxicon 75, 16-26.

Jauffrais, T., Marcaillou, C., Herrenknecht, C., Truquet, P., Séchet, V., Nicolau, E., Tillmann, U.,
Hess, P., 2012. Azaspiracid accumulation, detoxification and biotransformation in blue mussels
(Mytilus edulis) experimentally fed Azadinium spinosum. Toxicon 60, 582-595.

Jeon, J., Kannan, K., Lim, H.K., Moon, H.B., Ra, J.S., Kim, S.D., 2010. Bioaccumulation of
Perfluorochemicals in Pacific Oyster under Different Salinity Gradients. Environmental science
& technology 44, 2695-2701.

Jiang, L., Eriksson, J., Lage, S., Jonasson, S., Shams, S., Mehine, M., llag, L.L., Rasmussen, U.,
2014a. Diatoms: A Novel Source for the Neurotoxin BMAA in Aquatic Environments. PLoS
One 9, e84578.

Jiang, L., llag, L.L., 2014. Detection of endogenous BMAA in dinoflagellate (Heterocapsa triquetra)
hints at evolutionary conservation and environmental concern. PubRaw Science.

Jiang, L., Johnston, E., Aberg, K.M., Nilsson, U., llag, L., 2013. Strategy for quantifying trace levels
of BMAA in cyanobacteria by LC/MS/MS. Anal Bioanal Chem 405, 1283-1292.

Jiang, L., Kiselova, N., Rosen, J., llag, L.L., 2014b. Quantification of neurotoxin BMAA ([bgr]-N-
methylamino-L-alanine) in seafood from Swedish markets. Sci. Rep. 4.

Jiao, Y., Chen, Q., Chen, X., Wang, X., Liao, X., Jiang, L., Wu, J., Yang, L., 2014. Occurrence and
transfer of a cyanobacterial neurotoxin beta-methylamino-I-alanine within the aquatic food webs
of Gonghu Bay (Lake Taihu, China) to evaluate the potential human health risk. The Science of
the total environment 468, 457-463.

Jonasson, S., Eriksson, J., Berntzon, L.,¢bp&., llag, L.L., Ronnevi, L.-O., Rasmussen, U.,

Bergman, B., 2010. Transfer of a cyanobacterial neurotoxin within a temperate aquatic

25



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

ecosystem suggests pathways for human exposure. Proceedings of the National Academy of
Sciences 107, 9252-9257.

Kach, D., Ward, J.E., 2008. The role of marine aggregates in the ingestion of picoplankton-size
particles by suspension-feeding molluscs. Mar. Biol. 153, 797-805.

Karamyan, V.T., Speth, R.C., 2008. Animal models of BMAA neurotoxicity: A critical review. Life
Sciences 82, 233-246.

Kreeger, D.A., Newell, R.I.LE., 2001. Seasonal utilization of different seston carbon sources by the
ribbed mussel, Geukensia demissa (Dillwyn) in a mid-Atlantic salt marsh. J Exp Mar Biol Ecol
260, 71-91.

Lage, S., Costa, P.R., Moita, T., Eriksson, J., Rasmussen, U., Rydberg, S.J., 2014. BMAA in shellfish
from two Portuguese transitional water bodies suggests the marine dinoflagellate Gymnodinium
catenatum as a potential BMAA source. Aquatic Toxicology 152, 131-138.

Lassus, P., Amzil, Z., Baron, R., Séchet, V., Barillé, L., Abadie, E., Bardouil, M., Sibat, M., Truquet,
P., Bérard, J.-B., Gueguen, M., 2007. Modelling the accumulation of PSP toxins in Thau
Lagoon oysters ( Crassostrea gigas) from trials using mixed cultures of Alexandrium catenella
and Thalassiosira weissflogii. Aquatic Living Resources 20, 59-67.

Lauringson, V., Kotta, J., Orav-Kotta, H., Kaljurand, K., 2014a. Diet of mussels Mytilus trossulus and
Dreissena polymorpha in a brackish nontidal environment. Marine Ecology-an Evolutionary
Perspective 35, 56-66.

Lauringson, V., Kotta, J., Orav-Kotta, H., Kaljurand, K., 2014b. Diet of mussels Mytilus trossulus and
Dreissena polymorpha in a brackish nontidal environment. Marine Ecology 35, 56-66.

Le Guyader, F.S., Loisy, F., Atmar, R.L., Hutson, A.M., Estes, M.K., Ruvoen-Clouet, N., Pommepuy,
M., Le Pendu, J., 2006. Norwalk virus-specific binding to oyster digestive tissues. Emerging
Infectious Diseases 12, 931-936.

Lefebvre, S., Marin Leal, J.C., Dubois, S., Orvain, F., Blin, J.-L., Bataillé, M.-P., Ourry, A., Galois,
R., 2009. Seasonal dynamics of trophic relationships among co-occurring suspension-feeders in

two shellfish culture dominated ecosystems. Estuarine, Coastal and Shelf Science 82, 415-425.

26



601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

Love, D.C., Lovelace, G.L., Sobsey, M.D., 2010. Removal of Escherichia coli, Enterococcus fecalis,
coliphage MS2, poliovirus, and hepatitis A virus from oysters (Crassostrea virginica) and hard
shell clams (Mercinaria mercinaria) by depuration. International Journal of Food Microbiology
143, 211-217.

Marchetti, J., Bougaran, G., Le Dean, L., Megrier, C., Lukomska, E., Kaas, R., Olivo, E., Baron, R.,
Robert, R., Cadoret, J.P., 2012. Optimizing conditions for the continuous culture of Isochrysis
affinis galbana relevant to commercial hatcheries. Aquaculture 326, 106-115.

Marin Leal, J.C., Dubois, S., Orvain, F., Galois, R., Blin, J.L., Ropert, M., Bataille, M.P., Ourry, A.,
Lefebvre, S., 2008. Stable isotopes (delta C-13, delta N-15) and modelling as tools to estimate
the trophic ecology of cultivated oysters in two contrasting environments. Mar Biol 153, 673-
688.

Masseret, E., Banack, S., Boumédiéne, F., Abadie, E., Brient, L., Pernet, F., Juntas-Morales, R.,
Pageot, N., Metcalf, J., Cox, P., Camu, W., the French Network on, A.L.S.C.D., Investigation,
2013. Dietary BMAA Exposure in an Amyotrophic Lateral Sclerosis Cluster from Southern
France. PLoS ONE 8, e83406.

Mondo, K., Hammerschlag, N., Basile, M., Pablo, J., Banack, S.A., Mash, D.C., 2012. Cyanobacterial
Neurotoxin BN-Methylamino-L-alanine (BMAA) in Shark Fins. Marine Drugs 10, 509-520.

Mortillaro, J.M., Schaal, G., Grall, J., Nerot, C., Brind’Amour, A., Marchais, V., Perdriau, M., Le Bris,
H., 2014. Comparative study of isotopic trends in two coastal ecosystems of North Biscay: A
multitrophic spatial gradient approach. Estuarine, Coastal and Shelf Science 136, 149-156.

Murch, S.J., Cox, P.A., Banack, S.A., 2004a. A mechanism for slow release of biomagnified
cyanobacterial neurotoxins and neurodegenerative disease in Guam. Proceedings of the National
Academy of Sciences of the United States of America 101, 12228-12231.

Murch, S.J., Cox, P.A., Banack, S.A., Steele, J.C., Sacks, O.W., 2004b. Occurrence of beta-
methylamino-L-alanine (BMAA) in ALS/PDC patients from Guam. Acta Neurologica

Scandinavica 110, 267-269.

27



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

Pablo, J., Banack, S.A., Cox, P.A., Johnson, T.E., Papapetropoulos, S., Bradley, W.G., Buck, A.,
Mash, D.C., 2009. Cyanobacterial neurotoxin BMAA in ALS and Alzheimer’'s disease. Acta
Neurologica Scandinavica 120, 216-225.

Page, H.M., Lastra, M., 2003. Diet of intertidal bivalves in the Ria de Arosa (NW Spain): evidence
from stable C and N isotope analysis. Mar Biol 143, 519-532.

Peharda, M., Ezgeta-B&JiD., Davenport, J., Bojatj N., Vidjak, O., Nin&vi¢-Gladan, Z., 2012.
Differential ingestion of zooplankton by four species of bivalves (Mollusca) in the Mali Ston
Bay, Croatia. Mar Biol 159, 881-895.

Peperzak, L., Poelman, M., 2008. Mass mussel mortality in The Netherlands after a bloom of
Phaeocystis globosa (prymnesiophyceae). Journal of Sea Research 60, 220-222.

Pernet, F., Lagarde, F., Jeannee, N., Daigle, G., Barret, J., Le Gall, P., Quere, C., D'orbcastel, E.R.,
2014. Spatial and Temporal Dynamics of Mass Mortalities in Oysters Is Influenced by Energetic
Reserves and Food Quality. Plos One 9.

Provasoli, L., 1968. Media and prospects for the cultivation of marine algae, in: Watanabe, A., Hattori,
A. (Eds.), Cultures and Collections of Algae. Japan Soc. Plant Physiol, Tokyo, Japan, pp. 63-75.

Ren, J.S., Ross, A.H., Hayden, B.J., 2006. Comparison of assimilation efficiency on diets of nine
phytoplankton species of the greenshell mussel Perna canaliculus. J. Shellfish Res. 25, 887-892.

Réveillon, D., Abadie, E., Sechet, V., Brient, L., Savar, V., Bardouil, M., Hess, P., Amzil, Z., 2014.
Beta-N-Methylamino-L-Alanine: LC-MS/MS Optimization, Screening of Cyanobacterial
Strains and Occurrence in Shellfish from Thau, a French Mediterranean Lagoon. Marine Drugs
12, 5441-5467.

Réveillon, D., Abadie, E., Séchet, V., Masseret, E., Hess, P., Amzil, Z., g0N-Bnethylamino-I-
alanine (BMAA) and isomers: Distribution in different food web compartments of Thau lagoon,
French Mediterranean Sea. Marine Environmental Research,
http://dx.doi.org/10.1016/j.marenvres.2015.1007.1015.

Riera, P., Richard, P., 1996. Isotopic determination of food sources of Crassostrea gigas along a

trophic gradient in the estuarine bay of Marennes-Oleron. Estuar Coast Shelf S 42, 347-360.

28



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

Rigolet, C., Thiebaut, E., Dubois, S.F., 2014. Food web structures of subtidal benthic muddy habitats:
evidence of microphytobenthos contribution supported by an engineer species. Mar Ecol Prog
Ser 500, 25-U49.

Riisgard, H.U., Larsen, P.S., 2010. Particle capture mechanisms in suspension-feeding invertebrates.
Mar Ecol Prog Ser 418, 255-293.

Rosen, J., Hellenas, K.E., 2008. Determination of the neurotoxin BMAA (beta-N-methylamino-L-
alanine) in cycad seed and cyanobacteria by LC-MS/MS (liquid chromatography tandem mass
spectrometry). Analyst 133, 1785-1789.

Rouillon, G., Rivas, J.G., Ochoa, N., Navarro, E., 2005. Phytoplankton composition of the stomach
contents of the mussel Mytilus edulis L. from two populations: Comparison with its food
supply. J. Shellfish Res. 24, 5-14.

Scott, L.L., Downing, S., Phelan, R.R., Downing, T.G., 2014. Environmental modulation of
microcystin and beta-N-methylamino-I-alanine as a function of nitrogen availability. Toxicon :
official journal of the International Society on Toxinology 87, 1-5.

Shumway, S.E., Cucci, T.L., Newell, R.C., Yentsch, C.M., 1985. Particle selection, ingestion, and
absorption in filter-feeding bivalves. J Exp Mar Biol Ecol 91, 77-92.

Sidari, L., Nichetto, P., Cok, S., Sosa, S., Tubaro, A., Honsell, G., Della Loggia, R., 1998.
Phytoplankton selection by mussels, and diarrhetic shellfish poisoning. Mar Biol 131, 103-111.

Smaal, A.C., Twisk, F., 1997. Filtration and absorption of Phaeocystis cf globosa by the mussel
Mytilus edulis L. J Exp Mar Biol Ecol 209, 33-46.

Snyder, L.R., Cruz-Aguado, R., Sadilek, M., Galasko, D., Shaw, C.A., Montine, T.J., 2009.
Parkinson—dementia complex and development of a new stable isotope dilution assay for
BMAA detection in tissue. Toxicology and Applied Pharmacology 240, 180-188.

Stommel, E.W., Field, N.C., Caller, T.A., 2013. Aerosolization of cyanobacteria as a risk factor for
amyotrophic lateral sclerosis. Medical hypotheses 80, 142-145.

Tompkins, J., DeVille, M.M., Day, J.G., Turner, M.F., 1995. Culture Collection of Algae and

Protozoa. Culture Collection of Algae and Protozoa, Ambleside, UK.

29



681

682

683

684

685

686

687

688

689

690

691

692

693
694

695

Ueno, D., Isobe, T., Ramu, K., Tanabe, S., Alaee, M., Marvin, C., Inoue, K., Someya, T., Miyajima,
T., Kodama, H., Nakata, H., 2010. Spatial distribution of hexabromocyclododecanes (HBCDs),
polybrominated diphenyl ethers (PBDES) and organochlorines in bivalves from Japanese coastal
waters. Chemosphere 78, 1213-1219.

Utermohl, H., 1958. Zur Vervollkomnung der quantitativen Phytoplankton-Methodik. Mitt. int. Ver.
ther. angew. Limnol 9, 1-38.

Walne, P.R., 1970. Studies on the food value of nineteen genera of algae to juvenile bivalves of the
genera Ostrea, Crassostrea, Mercenaria and Mytilus. H.M.S.O., London,.

Whiting, M., 1963. Toxicity of cycads. Econ Bot 17, 270-302.

Wong, W.H., Levinton, J.S., 2004. Culture of the blue mussel Mytilus edulis (Linnaeus, 1758) fed
both phytoplankton and zooplankton: a microcosm experiment. Aquaculture Research 35, 965-

9609.

30



696

697

698

699

700

701

702

703

704
705

706

707

708

Appendix

Systematic detection of BMAAB(N-methylamino-L-alanine) and DAB (2,4-diaminobutyric
acid) in mollusks collected in shellfish production areas along the French coasts
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Appendix: Extracted ion chromatograms of BMAA, DAB and AEG of digestive gland tissues of (A) oyster from
“Ronce” and (B) mussel from “Kervoyal’. For the oyster sample, there is a co-elution between BMAA and an

interfering compound leading to false ion ratios. However, the two peaks are partially resolved for mussel

sample and the ion ratios are in agreement with those of the standards.
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