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Abstract : 
 
Microalgae have previously been reported to contain β-N-methylamino-l-alanine (BMAA), and the global 
presence of these primary producers has been associated with the widespread occurrence of BMAA in 
marine organisms. It has been repeatedly shown that filter-feeding bivalves accumulate phytoplankton 
species and their toxins. In this study, the concentrations of total soluble BMAA and DAB as a function 
of growth phase were observed for four non-axenic diatom species (i.e. Phaeodactylum tricornutum, 
Chaetoceros sp., Chaetoceros calcitrans and Thalassiosira pseudonana). These strains had previously 
been shown to contain BMAA using a highly selective HILIC-MS/MS method. BMAA cell quota 
appeared to be species-specific, however, highest BMAA concentrations were always obtained during 
the stationary growth phase, for all four species, suggesting that BMAA is a secondary metabolite. 
While DAB was detected in a bacterial culture isolated from a culture of P. tricornutum, the presence or 
absence of a bacterial population did not influence production of BMAA and DAB by P. tricornutum, i.e. 
no significant difference was noted for BMAA and DAB production between axenic and non-axenic 
cultures. The presence of DAB in bacteria had previously been shown, and raised the question as to 
whether DAB observed in many species of microalgae may arise from the non-axenic culture conditions 
or from the microalgae themselves. 
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1. Introduction 

The non-proteinogenic amino acid β-N-methylamino-l-alanine (BMAA) is a putative nutritional factor 
involved in the etiology of amyotrophic lateral sclerosis-Parkinsonism dementia complex (ALS-PDC) ( 
Banack et al., 2010 and Spencer et al., 1987). This specific neurodegenerative disease was observed 
on the Island of Guam in the 1950s and was suspected to be linked to the consumption of BMAA-
containing foodstuff ( Banack et al., 2006 and Murch et al., 2004). Since the discovery of BMAA (Vega 
and Bell, 1967), the role of BMAA in the ALS syndrome is still under debate. It has gained increased 
attention over the last decade from the observation of BMAA presence in many different primary 
producers in both freshwater and marine environments. While cyanobacteria were the first organisms 
suspected to produce BMAA, some diatom and dinoflagellate species have recently been recognized as 
potential BMAA-producers as well ( Cox et al., 2005, Jiang et al., 2014, Jiang et al., 2013, Lage et al., 
2014 and Réveillon et al., 2015). Phytoplankton species, including those containing BMAA, are at the 
base of food chains and their general presence in aquatic ecosystems might suppose a widespread 
exposure for aquatic organisms, through classic trophic interactions. Hitherto, the production of BMAA 
by primary producers is still poorly understood. A group recently noted that BMAA was always detected 
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in several diatom cultures while its production by cyanobacteria seemed to be 58 

fluctuating (Jiang et al., 2014). Nevertheless, BMAA concentrations that 59 

were reported by that group were ca. 1000 times lower than those reported by 60 

two other groups (Lage et al., 2015; Réveillon et al., 2015).  61 

The aims of the present study were to examine total soluble BMAA 62 

concentrations (i.e. free plus bound to not-precipitated proteins, as well 63 

explained in Faassen et al. (2016)) in four diatom species as a function of 64 

growth phase and to investigate the role of bacteria in the production of 65 

BMAA and DAB by Phaeodactylum tricornutum. For this purpose bacteria 66 

were isolated from P. tricornutum culture. Meanwhile, antibiotic treatments 67 

were performed to rule out the impact of bacteria on BMAA and DAB 68 

productions by this diatom species. All samples were analyzed using a highly 69 

selective and sensitive HILIC-MS/MS method (Réveillon et al., 2014). Both 70 

labeled D3BMAA and D5DAB internal standards were used to correct 71 

BMAA and DAB concentrations, thus allowing for further increase of both 72 

reliability and accuracy of the previously published method (Réveillon et al., 73 

2014). 74 

2 Material and Methods 75 

2.1 Chemicals and reagents 76 

β-N-methylamino-L-alanine hydrochloride (BMAA, B107) and 77 

trichloroacetic acid (TCA, 33731) were purchased from Sigma-Aldrich, 78 

France, while N-2-aminoethylglycine (AEG, A1153) and 2,4-diaminobutyric 79 

acid dihydrochloride (DAB, D0083) were obtained from TCI, Belgium. 80 

Deuterium labeled BMAA (BMAA-4,4,4-d3, referred-to D3BMAA, purity 81 

98%), at a certified concentration of 1 mg mL-1 was purchased from Novakits 82 

(Nantes, France). Deuterium labeled DAB (D-2,4-diaminobutyric acid-83 

2,3,3,4,4-d5 dihydrochloride, referred-to D5DAB, purity > 99%) was obtained 84 

from CDN isotopes (CIL, France). 85 
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Methanol (MeOH) and acetonitrile (ACN) were obtained as HPLC grade 86 

solvents from JT Baker. Water for analysis was supplied by a Milli-Q 87 

integral 3 system (Millipore, France). Solutions of formic acid (FA, 33015), 88 

hydrochloric acid 37% (HCl, 258148) and ammonium hydroxide (NH4OH, 89 

221228), all reagent grade, were purchased from Sigma-Aldrich, France.  90 

2.2 Diatom culture conditions  91 

Four diatom species were grown for growth phase experiments, namely 92 

Phaeodactylum tricornutum CCAP 1055/1, Chaetoceros sp. isolated from 93 

Argenton, English Channel, France, Chaetoceros calcitrans CCMP 1315 and 94 

Thalassiosira pseudonana CCMP 1015.  95 

Experiments were carried out with the Conway culture medium (Walne, 96 

1970) at a temperature of 22 °C, an irradiance of 80 µmol m-2 s-1 under a 97 

photoperiod of 16 h of light and 8 h of dark. The culture media were prepared 98 

in 10 L borosilicate round flasks with filtered seawater (0.2 µm) at a salinity 99 

of 35. At day 0, non-axenic starter cultures in mid-exponential growth phase 100 

were diluted in fresh medium (8 L) aerated with filtered air (0.2 µm), at a 101 

final concentration of ca. 150 000 cells mL-1. Cellular concentration was 102 

regularly assessed from day 0 to 31 by image analysis on Malassez slides 103 

using specific image analysis software (Samba Technologies, Meylan, 104 

France) after Lugol dying. The growth was also monitored by measuring 105 

chlorophyll fluorescence (excitation 450 nm and emission 685 nm) and 106 

absorbance (A680) with a TECAN Infinite® 200 Multi-Mode Microplate 107 

Reader and Tecan i-control 1.5.14.0 software.  108 

For Phaeodactylum tricornutum, the experiment was performed in duplicate 109 

and cells were sampled nine times between day 4 and 31. For the other three 110 

strains, single experiments were performed and the cells were sampled eight 111 

times between day 4 and 31. Aliquots of 200 – 400 mL of cultures were 112 

harvested via centrifugation at 4000 g for 30 min at 4 °C. Supernatant was 113 

carefully discarded and the resulting pellet was stored at -20 °C until 114 

lyophilisation. 115 
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2.3 Antibiotic treatments of P. tricornutum culture 116 

To reduce bacterial community, a non-axenic P. tricornutum culture was 117 

treated with a mixture of antibiotics. The penicillin-streptomycin solution (10 118 

000 units of penicillin and 10 mg streptomycin per mL, P0781, Sigma, 119 

France) was used at 15 and 30 mL L-1 on cultures in mid-exponential growth 120 

phase. After five days of treatment, the cultures were centrifuged twice 7 min 121 

at 500 g and once 10 min at 600 g then the procedure was fully repeated (i.e. 122 

antibiotics treatment, centrifugation and inoculation in fresh medium). 123 

Efficacy of the procedure after the two antibiotic treatments was checked by 124 

growth on Marine Agar plates (DifcoTM 2216), no bacterial growth was found 125 

following the two treatments. Then, fresh autoclaved Conway medium (500 126 

mL) was inoculated with both treated and untreated mid-exponential cultures 127 

of P. tricornutum at 150 000 cells mL-1. The growth was monitored with 128 

fluorescence and absorbance of chlorophyll. Cells were harvested at day 16 129 

and analyzed in duplicate for BMAA and isomers content.  130 

2.4 Isolation of bacteria 131 

In parallel, supernatant of P. tricornutum culture was spread on Marine Agar 132 

plates. Some of the heterotrophic marine bacteria colonies obtained were 133 

inoculated in 400 mL of Marine Broth (DifcoTM 2216) and agitated at 100 134 

rpm. Bacteria were harvested as for microalgae after 11 days of growth and 135 

analyzed for BMAA and isomers. 136 

2.5 Extraction procedure for total soluble BMAA and DAB 137 

All matrices were lyophilised before extraction. BMAA and DAB were 138 

extracted and analyzed as previously described (Réveillon et al., 2014), with 139 

both D3BMAA and D5DAB as internal standards. Briefly, freeze-dried 140 

material (10 mg) was ground in TCA 0.1 M containing the internal standards. 141 

The supernatant was collected, evaporated to dryness and hydrolyzed in HCl 142 

6 M at 99 °C for 24 h before SPE clean-up on Bond Elut® Plexa PCX 143 

cartridges (Agilent Technologies, VWR, France). Therefore, only free and 144 
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TCA-soluble bound forms of BMAA and DAB were analyzed (i.e. total 145 

soluble fraction), as the pellets containing cell debris and any precipitated 146 

proteins were not considered. 147 

2.6 Instrumentation and analytical method for BMAA and DAB 148 

Liquid chromatography and tandem mass spectrometry were performed as 149 

described in Réveillon et al. (2014). The three isomers BMAA, DAB and 150 

AEG were unambiguously distinguished thanks to chromatographic 151 

resolution, specific mass spectral transitions and qualitative to quantitative 152 

ion ratios. The common transition m/z 119 > 102 was used to quantify 153 

BMAA, DAB and AEG. The internal standards were quantified with the 154 

transitions m/z 122 > 105 and m/z 124 > 47 for D3BMAA and D5DAB, 155 

respectively.  156 

Quantitation was performed relative to pure standards of BMAA, DAB and 157 

AEG. The limit of detection (LOD) equaled the limit of quantification (LOQ) 158 

and was 0.23 µg g-1 dry weight (DW). The method used to determine the 159 

LOQ was reported in Réveillon et al (2014). Briefly, LOQ corresponded to 160 

the lowest concentration in a spiked microalgal matrix giving a signal-to-161 

noise ratio of three and ten for the qualitative and quantitative mass spectral 162 

transitions of BMAA and DAB, respectively. Results were expressed as 163 

<LOQ when a peak was detected at a retention time corresponding to the 164 

internal standard but identity could not be verified by all criteria (i.e. specific 165 

mass spectral transitions and/or ion ratios could not be used). Corrective 166 

factors derived from both internal standard recoveries were applied to 167 

compensate for losses during samples preparation and matrix effects. The 168 

software Analyst 1.5.1 was used to analyze acquired raw data. 169 

2.7 Statistical analysis 170 

Statistical analyses (t-tests) were carried out using SigmaPlot 11 (Systat 171 

Software Inc., Chicago, IL, USA). Differences were considered significant at 172 

p<0.05. 173 
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3 Results 174 

3.1 Kinetics of BMAA and DAB production by diatoms 175 

The results of growth and BMAA and DAB concentrations obtained for the 176 

four diatom species are shown in figure 1.  177 

 178 

Figure 1: Growth (grey circle symbols) and concentrations of total soluble 179 

BMAA (white bars) and DAB (black hatched bars), for respectively (A, B) 180 

Phaeodactylum tricornutum CCAP 1055/1, (C, D) Chaetoceros sp. (E, F) 181 

Chaetoceros calcitrans CCMP 1315 and (G, H) Thalassiosira pseudonana 182 

CCMP 1015. Error bars correspond to standard deviation. Cellular 183 

concentration was used as a proxy of growth only for P. tricornutum while 184 

fluorescence of chlorophyll was used as an alternative for the three other 185 

strains (i.e. formation of aggregates led to underestimated concentrations of 186 

cells). 187 
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The four species showed comparable growth curves with a short lag phase 188 

(≤ two days), an exponential phase starting from day 2, up to day 21 for P. 189 

tricornutum and to day 14-15 for the three other species, then a stationary 190 

phase up to day 31 (i.e. the end of the experiment). The drop of fluorescence 191 

signal observed for Chaetoceros sp. and T. pseudonana coincided with the 192 

stationary phase and may be related to loss of chlorophyll, as a result of 193 

nutrient limitation (Ruivo et al., 2011). 194 

BMAA in P. tricornutum was observed from day 7 until the end of the 195 

experiment, with increasing concentrations ranging from 0.20 to 1.4 µg g-1 196 

DW. An inverse relationship was observed for DAB (from 1.2 µg g-1 to 197 

< LOQ).  A chromatogram of P. tricornutum extract at day 25 can be seen 198 

in figure 2. 199 

 200 

Figure 2:  Extracted ion chromatogram of P. tricornutum culture at day 25 201 

of the growth curve experiment. Black dotted line represent transition m/z 202 

122 > 105 used to quantify D3BMAA. It can be seen that retention time of 203 

the internal standard matched the one of BMAA detected in the culture of P. 204 

tricornutum.  205 

 206 

Similar pattern was observed for BMAA concentrations in the three other 207 

diatom species. Nevertheless, BMAA was first detected on day 14 for both 208 
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Chaetoceros sp. and T. pseudonana and on day 21 for C. calcitrans. The 209 

BMAA concentrations were between 0.26 – 1.6, 0.17 – 0.28 and 0.56 – 1.8 210 

µg g-1 DW, respectively. DAB was always detected in these strains, at 211 

higher concentrations varying from 8.5 to 44 for Chaetoceros sp., 7.5 to 28 212 

for C. calcitrans and 3.0 to 16 µg g-1 for T. pseudonana. 213 

3.2 Effects of antibiotic treatments on BMAA and DAB production by P. 214 

tricornutum 215 

Bacterial population in P. tricornutum cultures was significantly reduced 216 

after the two cycles of antibiotic treatments (i.e. no growth observed on 217 

marine agar plates for the treated cultures, at both 15 and 30 mL L-1). 218 

Growth of treated and untreated cultures was very similar as were the 219 

BMAA and DAB concentrations after 16 days of growth. Indeed no 220 

significant difference (p>0.05) was observed for BMAA and DAB 221 

concentrations as 0.62, 0.62 and 0.56 µg g-1 of BMAA and 0.55, 0.53 and 222 

0.59 µg g-1 DW of DAB were quantified in the untreated culture, and the 223 

cultures treated with 15 and 30 mL L-1 of antibiotic solution, respectively. 224 

3.3 LC-MS/MS analysis of bacteria isolated from P. tricornutum 225 

One type of bacterial colony was obtained from P. tricornutum culture. 226 

After growth, the bacterial biomass was screened for BMAA and isomers. 227 

While no BMAA was detected, DAB was quantified at 18.6 µg g-1 DW. 228 

4   Discussion 229 

The selective and sensitive HILIC-MS/MS method used in this study had 230 

previously been optimized (Réveillon et al., 2014). The reliability of BMAA 231 

identification and accuracy of quantification were, however, further 232 

increased by the use of D3BMAA as isotopically labeled internal standard. 233 

The mean total recoveries ± SD of both internal standards were in 234 

agreement with previous studies (65 ± 7%  and 61% ± 8% for D3BMAA and 235 

D5DAB respectively) (Réveillon et al., 2014; Réveillon et al., 2015). 236 
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Even though cyanobacteria were the first organisms suspected to produce 237 

BMAA (Cox et al., 2005), only few species were confirmed to contain 238 

BMAA using highly selective methods (Jiang et al., 2013). On the opposite, 239 

some marine phytoplankton species belonging to diatom and dinoflagellate 240 

groups were recently reported to contain BMAA (Jiang et al., 2014; Lage et 241 

al., 2015; Lage et al., 2014; Réveillon et al., 2015). Nevertheless, production 242 

of BMAA and isomers as a function of growth of marine microalgae has not 243 

been studied so far. For this purpose, four diatom strains that had previously 244 

been reported to contain BMAA were used in this study (Réveillon et al., 245 

2015). Two Chaetoceros species (CCMP 1315 and isolated from Argenton, 246 

France), one Phaeodactylum tricornutum (CCAP 1055/1) and one 247 

Thalassiosira pseudonana (CCMP 1015) strains were cultured under 248 

conditions previously reported for each species.  249 

Both appearance and concentration of BMAA varied between strains. P. 250 

tricornutum showed a more prolonged BMAA production than the three 251 

other species, with BMAA detected from day 7 (i.e. mid exponential phase). 252 

The concentrations at the end of the growth curve experiments were similar 253 

for three out of the four strains (i.e. from 1.3 to 1.8 µg g-1 DW), except in C. 254 

calcitrans in which BMAA concentration was about 5 times lower. 255 

Therefore, BMAA production by diatoms may be species-specific as for 256 

other toxin-microalgae combinations (Anderson et al., 2012; Reguera et al., 257 

2012; Thessen et al., 2009). It should be mentioned that the growth curve 258 

experiments were not replicated, except for P. tricornutum which showed 259 

low variability of BMAA concentrations. Therefore the species-specific 260 

hypothesis of BMAA production should be further confirmed as the 261 

variability within- and consequently the variability between strains are not 262 

well characterized for the three other diatom strains. Moreover, while we 263 

only analyzed total soluble BMAA, the presence of BMAA in pellets (i.e. as 264 

bound to precipitated proteins) should be investigated, even though the 265 
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soluble bound fraction accounted for the majority of BMAA concentration 266 

in other studies (Faassen et al., 2016; Rosén et al., 2016). 267 

Data about BMAA production by primary producers are scarce in literature. 268 

While Downing and coworkers postulated that cyanobacteria may 269 

preferentially produce BMAA under nitrogen limiting conditions (Downing 270 

et al., 2011; Scott et al., 2014), such limitation was not necessary for P. 271 

tricornutum to produce BMAA at significant levels in the present study. 272 

Indeed, BMAA production increased as a function of growth, as for other 273 

toxins produced by microalgae, (e.g. Hwang and Lu, 2000; Jauffrais et al., 274 

2013; Thorel et al., 2014). 275 

DAB, an isomer of BMAA largely reported in microalgal species (Jiang et 276 

al., 2014; Krüger et al., 2010; Lage et al., 2014; Réveillon et al., 2014) was 277 

also detected in the four diatom strains. In P. tricornutum, the two isomers 278 

were present in similar concentrations (i.e. < 1.4 µg g-1 DW), and while 279 

DAB concentration decreased as a function of growth, an inverse 280 

relationship was noted for BMAA. Nonetheless, much higher DAB 281 

concentrations were found in the other species but no particular patterns 282 

could be defined. The concentrations, from 7.5 to 44 µg g-1 DW, are in 283 

agreement with those reported by other groups, but relatively high in 284 

comparison to the concentrations that the authors group had previously 285 

observed in cyanobacteria (McCarron et al., 2014; Réveillon et al., 2014; 286 

Rosén and Hellenas, 2008). Biosynthetic pathways of the two non 287 

proteinogenic amino acids are still lacking, neither a common precursor nor 288 

BMAA-DAB or DAB-BMAA conversions have been reported to explain 289 

the relative variation of concentrations in the different diatom species and 290 

especially for P. tricornutum. 291 

 292 

As xenic cultures of diatoms were used, the hypothesis that BMAA and 293 

DAB productions by diatoms may be directly or indirectly influenced by 294 

bacteria cannot be excluded. Interactions between bacteria and diatoms are 295 
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common (Amin et al., 2012; Doucette, 1995; Paul et al., 2013). They are 296 

recognized as an important factor in the physiology of diatoms (Grossart et 297 

al., 2005; Rooney-Varga et al., 2005) and might be involved in the 298 

production of the neurotoxin domoic acid by Pseudo-nitzschia (Bates et al., 299 

1995; Sison-Mangus et al., 2014). A potential bacterial BMAA production 300 

has not been reported yet, while DAB is commonly present in bacteria. 301 

Indeed, it has been detected in the peptidoglycan cell wall of actinomycetes 302 

and had been used as a diagnostic diamino acid for identifying new strains 303 

(Groth et al., 1996). Moreover, a gene encoding DAB has been identified in 304 

Acinetobacter baumannii (Ikai and Yamamoto, 1997). To assess the impact 305 

of bacteria on BMAA and DAB production by P. tricornutum, antibiotic 306 

treatments and isolation of bacteria were concurrently performed on the 307 

same culture. Analysis revealed that both growth and BMAA and DAB 308 

contents in P. tricornutum cells were not influenced by the presence of 309 

bacteria, suggesting that P. tricornutum did produce these compounds as no 310 

significant difference was observed between treated and untreated cultures. 311 

While BMAA was not directly detected in bacteria isolated from P. 312 

tricornutum culture, high concentration of DAB was found. This 313 

observation may be relevant for DAB production by diatoms, especially for 314 

Chaetoceros and Thalassiosira pseudonana strains on which no antibiotic 315 

treatment was performed. Moreover, these three diatom strains displayed 316 

high concentrations of DAB (i.e. in comparison to P. tricornutum) that was 317 

not correlated to the growth. The presence of a bacterial community might 318 

explain the high concentration of DAB as well as its behaviour in 319 

Chaetoceros and Thalassiosira pseudonana cultures. Thus, further work is 320 

required to disentangle to which proportion bacteria (including symbiotic 321 

bacteria) are involved in DAB production by diatoms and more broadly by 322 

microalgae, including cyanobacteria. Moreover, antibiotic treatments should 323 

be performed on all non-axenic microalgal strains to confirm that they are 324 

the actual BMAA producers. 325 
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The control of toxin production by microalgae is thought to be complex and 326 

triggered by many environmental factors, as for azaspiracids or domoic acid, 327 

two phycotoxins produced by the dinoflagellate Azadinium spinosum and 328 

the diatom Pseudo-nitzschia (Jauffrais et al., 2013; Trainer et al., 2012). 329 

Here, the concentration of BMAA and DAB were assessed over time but in 330 

only one and non-limiting condition (i.e. conditions for routine 331 

maintenance). Therefore, the factors controlling BMAA production by 332 

diatoms should be further investigated (e.g. salinity, temperature, irradiance, 333 

culture media, nutrient sources and bacteria-diatom interactions) as stressed 334 

cells are generally assumed to produce more toxins (Bates and Trainer, 335 

2006). Moreover, it was recently suggested that BMAA was released or 336 

formed from the low molecular weight compounds in blue mussels while 337 

the amino acid was neither in a free nor a protein-bound form in the extracts 338 

(Rosén et al., 2016). Thus, the exact nature of BMAA detected in 339 

microalgae, but also in the other aquatic organisms, should be further 340 

studied (e.g. degradation product or amino acid released from proteins or 341 

other compounds).  342 

5 Conclusion 343 

The prevalent presence of BMAA in aquatic organisms of higher trophic 344 

levels in freshwater ecosystems has predominantly been associated with the 345 

occurrence of cyanobacteria. In the marine environment, diatoms may 346 

represent a more likely primary source of BMAA. It is therefore necessary 347 

to study BMAA production by diatoms. The four diatom strains that were 348 

used in this study did contain BMAA. Production as a function of growth 349 

phase seemed species-specific but should be further confirmed by 350 

replicating the growth curve experiments. Maximum BMAA concentrations 351 

were observed at the end of the experiment (i.e. late exponential phase) as 352 

for many toxin-microalgae combination. Nevertheless, the factors that 353 

trigger BMAA production should be further investigated.  354 
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DAB was detected in bacteria isolated from P. tricornutum culture. While 355 

bacteria did not influence the production of BMAA and DAB by this diatom 356 

species, their importance for BMAA and DAB concentrations observed 357 

cannot be ruled out for the three other species, and for non-axenic cultures 358 

of microalgae on a larger scale. 359 
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