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Abstract: Of the wide variety of toxic compounds produced by cyanobacteria, the neurotoxic amino
acid β-N-methylamino-L-alanine (BMAA) has attracted attention as a result of its association with
chronic human neurodegenerative diseases such as ALS and Alzheimer’s. Consequently, specific
detection methods are required to assess the presence of BMAA and its isomers in environmental and
clinical materials, including cyanobacteria and mollusks. Although the separation of isomers such
as β-amino-N-methylalanine (BAMA), N-(2-aminoethyl)glycine (AEG) and 2,4-diaminobutyric acid
(DAB) from BMAA has been demonstrated during routine analysis, a further compounding factor
is the potential presence of enantiomers for some of these isomers. Current analytical methods for
BMAA mostly do not discriminate between enantiomers, and the chiral configuration of BMAA in
cyanobacteria is still largely unexplored. To understand the potential for the occurrence of D-BMAA
in cyanobacteria, a chiral UPLC-MS/MS method was developed to separate BMAA enantiomers and
isomers and to determine the enantiomeric configuration of endogenous free BMAA in a marine
Lyngbya mat and two mussel reference materials. After extraction, purification and derivatization
with N-(4-nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl ester ((S)-NIFE), both L- and
D-BMAA were identified as free amino acids in cyanobacterial materials, whereas only L-BMAA was
identified in mussel tissues. The finding of D-BMAA in biological environmental materials raises
questions concerning the source and role of BMAA enantiomers in neurological disease.

Keywords: BMAA; enantiomers; cyanobacteria; neurological disease; chirality

Key Contribution: This developed method allows for the direct determination of BMAA isomer
chirality in cyanobacteria and mollusks. Such sensitive and specific methods will allow for a greater
understanding of the occurrence of neurotoxic BMAA isomers and enantiomers in environmental
samples.

1. Introduction

Cyanobacteria are well known for producing a wide array of toxic compounds, both with
acute and chronic toxicities [1,2]. With fossils dating back up to 3.6 billion years [3–7], these
organisms are considered to have had a large influence on the evolution of our planet, such
as through the generation of the oxygen atmosphere and the Great Oxidation Event [8–11].
More recently, cyanobacteria have also been shown to produce a large number of toxic
compounds [12–15], including peptides, alkaloids and components of the cell wall, such as
microcystins [16–20], cylindrospermopsins [21–26], anatoxin-a [27–30], anatoxin-a(S) (guani-
toxin; [31–37]), saxitoxins [38–42], and LPS [43–45] as examples. With regard to human health,
exposure to these toxins can occur through a wide range of exposure routes such as drinking
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water [46,47], the consumption of seafood including fish and shellfish [48,49], administered
medicinal water, often via intravenous injection [50,51], and through air during the process of
inhalation [52–54] as examples.

As the potential for toxin exposures and the associated risks are increasingly being
better understood, accurate assessments using a variety of methods and procedures are
increasingly required to protect human and animal health. In order to achieve this, the
use and application of analytical methods for the detection of toxins is essential for risk
assessments concerning the potential for adverse health effects. This has resulted in the
capacity to detect a wide variety of possible cyanobacterial toxins that are present, with a
diverse and adaptable set of analytical methods that continue to be developed and refined.
For the assessment of acutely toxic cyanobacterial products, such as microcystins, anatoxin-
a, guanitoxin and saxitoxins, a wide range of methods have been employed. These include
methods for the potential for toxin production, such as PCR [55–57] and microscopy [58,59],
to detect the producer organisms or genes concerning the production of the toxin molecular
machinery. Conversely, depending on the scenario, the assessment of actual toxins may be
required. A wide variety of biochemical-based analytical techniques have been developed
to permit this, ranging from bioassays [60–63], protein binding and enzyme inhibition
assays [64–69], through to immunoassays [70–76]. Increasingly, physicochemical methods
are being employed to measure these toxins in a wide range of matrices. Although UV
methods have been successfully employed for their detection, they are increasingly being
replaced with mass spectrometry. Using single or triple quadrupole mass spectrometry, the
ability to detect, e.g., microcystins [77,78], cylindrospermopsin [79] and anatoxin-a [80], is
possible. In cases where acute toxicity occurs, a retrospective assessment of toxin types,
exposure routes and concentrations is generally easy to carry out if investigators are
aware of the potential for cyanobacterial toxins as the proximal cause of the intoxication.
Increasingly, however, the possibility exists that long-term chronic exposures to cyanotoxins
may be a cause for concern. Certainly, the association between microcystin and nodularin as
potential tumor promoters and carcinogens [81] shows that long-term human health could
be adversely affected, and increasingly, chronic exposure to saxitoxin may be connected to
cognitive decline [82].

In addition to the various cyanobacterial peptides and alkaloids with associated
neuro-, hepato- and cytotoxicities, research into neurotoxic amino acids and their rela-
tionship to human neurodegenerative disease has continued apace (e.g., [83]), largely
investigating β-N-methylamino-L-alanine (BMAA) and its isomers (Figure 1), the achiral
N-(2-aminoethyl)glycine (AEG), L-2,4-diaminobutyric acid (DAB) and β-amino-N-methyl-
L-alanine (BAMA) [84]. The need to analyze a wide variety of sample types has led to
the introduction of a number of analytical methods to specifically identify BMAA and its
isomers in a range of clinical and environmental matrices [85]. Analytical methods and
laboratory equipment have progressed from fluorescence to mass spectrometric detection,
with or without chemical derivatization to provide accurate and specific detection of these
molecules [85]. Although such methods are useful for isolating and quantifying BMAA
and its isomers, so far, methods to understand the enantiomers of such compounds are
limited [86–88].
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Figure 1. Structures of L- and D-BMAA and related isomers.

BMAA was originally isolated from an ethanolic extract of cycad seeds, and an optical
analysis of the compound determined the presence of the L-enantiomer [89,90]. Toxicity
studies with the L-enantiomer of BMAA showed toxicity when compared with DL-BMAA
administered to chicks at acute doses [91]. During digestion, changes in pH and tempera-
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ture can affect the configurations of chiral molecules such as amino acids [92]. Furthermore,
in mammals, D-amino acids such as D-serine and D-aspartic acid do occur as free com-
pounds, often involved in neurotransmission [93–95]. Being true bacteria, cyanobacteria
are capable of producing a wide range of D-amino acids, often present in peptides [1],
and along with the analysis of plants, over 800 novel amino acids are currently known
to exist [96].

A variety of methods have been introduced for the measurement of BMAA in a wide
range of samples and matrices. These methods are generally split based upon whether
BMAA is measured directly or after chemical modification. Direct analyses usually employ
hydrophilic interaction liquid chromatography (HILIC), whereas chemical modifications
can include 9-fluorenylmethoxy carbonyl (fmoc), propyl chloroformate (PCF), dansyl chlo-
ride (DC) and 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) to increase the
size and detectability of the molecule using reverse-phase liquid chromatography [85].
The current advantages of the HILIC methodology allow for direct analysis without any
chemical modification, but do require specialized chromatographic columns. However,
the ZIC-HILIC column has been demonstrated to be unreliable for BMAA analysis, and
further systematic method validations are needed [97]. The chemical derivatization of
BMAA, although adding an additional preparation step, does allow for the use of common
C18 stationary phases, and in general, results in greater sensitivity and detectability, with
robust validation solidly demonstrated [85,98,99]. BMAA has been analytically detected
in cyanobacteria [87,100] and is considered to also be produced by diatoms and possibly
dinoflagellates [101–106], although little research has been performed on the enantiomers
that are present in these organisms. Previous methods have separated synthetic L- and
D-BMAA standards using derivatized [86,88] and underivatized [87] methods. The pres-
ence of BMAA enantiomers has been investigated in cycads [87,88], cyanobacteria and in
mammalian liver, blood and CNS after dosing with synthetic L-BMAA [87]. Although the
presence of D-BMAA has not so far been widely reported, this enantiomer has been shown
to be neurotoxic and was found in the central nervous system of mammals after dosing
with L-BMAA [87,107]. Consequently, if D-BMAA was present in cyanobacterial bloom
samples and people or animals were exposed, then synergistic toxicological effects may
potentially result from the presence of both enantiomers, in addition to the presence of
toxic isomers [107].

A number of techniques are available for the separation of amino acid enantiomers,
using underivatized methods such as crown ether columns and other specialized UPLC or
HPLC stationary phases (e.g., [108]). Alternatively, a wide variety of derivatizing reagents
are available, such as Marfey’s reagent and chloroformates, that can be used to chemically
modify the compound, generally by inserting a second chiral center into the molecule,
allowing for the easier separation of stereoisomers (e.g., [88]). Further chiral derivatization
reagents include (S)-NIFE (N-(4-nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl
ester), which has been successfully applied to the detection of amino acid enantiomers in a
range of biological materials such as urine [109].

Using underivatized chiral techniques, L-BMAA has been identified in Nostoc sp.
isolated from Guamanian cycads [87]. Although this method allowed for the fractionation
and semi-purification of the extracts, it is more labor- and time-intensive than direct
derivatization and analysis. Therefore, the purpose of this study was to examine the free
amino acid fraction of a marine Lyngbya mat and mussel tissues known to contain BMAA
to determine the enantiomeric configuration of free BMAA.

2. Results

The acid hydrolysis of the Lyngbya mat material showed the presence of AEG, BMAA,
and DAB (Figure 2), with a total (free + bound) BMAA concentration of 460 ng/g when
derivatized with AQC.
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For the assessment of free enantiomers, a new method was developed to derivatize
the enantiomers and isomers with (S)-NIFE (Figure 3).
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observed in LC-MS and LC-MS/MS.

BMAA isomers and enantiomers, including BAMA, could be successfully separated
after derivatization with (S)-NIFE on a C18 column, analyzing double-derivatized enan-
tiomers using single quadrupole mass spectrometry (m/z 617; Figure 4), and additionally
with CID in triple quadrupole mass spectrometry, the single derivatized (m/z 368) and the
underivatized enantiomer/isomer (m/z 119; Figure 5A–C).
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Figure 5. (S)-NIFE derivatization and analysis of BMAA enantiomer and isomers, as standards and in an
extract of Lyngbya spp., showing parent and daughter ions as analyzed by LC-MS/MS. The enantiomers
and isomers analyzed were L-2,4-diaminobutyric acid (*), D-2,4-diaminobutyric acid (#), L-β-amino-
N-methylalanine ($), N-(2-aminoethyl)glycine (ˆ), β-methylamino-L-alanine (~) and β-methylamino-D-
alanine (%). Panels (A–C) represent standards and (D,E) are an extract of cyanobacteria.
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Using synthetic standards, the linearity of the assay and precision were adequate, with
reasonable linearity, intra-day and inter-day precision (Figure 6; Tables 1–3). An analysis of
the free amino acid extract from an environmental collection of Lyngbya after solid-phase
extraction showed the presence of L-BMAA and D-BMAA as free amino acids in marine
cyanobacterial material, in addition to the likely presence of AEG at free concentrations
of 2.03, 1.17 and 0.36 ng/g, respectively. An assessment of SPE methods with separate
L- and D-BMAA standards did not show any appreciable racemization to the opposite
enantiomer, and differences in recovery were observed with the cation exchange cartridges
with recoveries of 82% and 25% for L-BMAA and D-BMAA, respectively. Therefore, the
concentrations of free L- and D-BMAA in this Lyngbya sample may be an underestima-
tion. Only L-BMAA (0.01 and 0.05 µg/g) and L-DAB (1.0 and 1.4 µg/g) were found as
free amino acids in the TCA extractions of CRM-FDMT-1 and CRM-Asp-Mus-d mussel
tissues, respectively.
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Figure 6. Example standard curves for L-BMAA (•), D-BMAA (−), AEG (+), L-DAB (�) and D-DAB
(×). Samples (0.01 to 100 µg/mL) were derivatized with (S)-NIFE and 5 µL injections were assessed
by single quadrupole mass spectrometry (n = 6). Regression equations are shown for L-BMAA
(y = 2.27 × 106x, R2 = 0.999), D-BMAA (y = 1.33 × 106x, R2 = 0.999), AEG (y = 8.2 × 105x, R2 = 0.999),
L-DAB (y = 1.23 × 106x, R2 = 0.999) and D-DAB (y = 7.6 × 105x, R2 = 0.999).

Table 1. Coefficients of variation regarding retention time and area for L-BMAA, its isomers and
enantiomers (n = 6).

L-BMAA D-BMAA AEG L-DAB D-DAB

Conc
(µg/mL)

ng on
Column

RT
%CV

Area
%CV

RT
%CV

Area
%CV

RT
%CV

Area
%CV

RT
%CV

Area
%CV

RT
%CV

Area
%CV

0.1 0.5 0.18 12.32 0.16 17.03 0.27 18.73 ND ND ND ND

1 5 0.40 22.93 0.20 12.02 0.25 10.09 0.24 11.65 0.25 9.42

10 50 0.26 25.70 0.25 29.06 0.24 14.14 0.26 12.68 0.23 10.66

100 500 0.21 13.32 0.22 8.58 0.23 7.80 0.23 7.96 0.26 5.73

ND, not detectable.
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Table 2. Variations in retention time for BMAA isomers and enantiomers as analyzed by UPLC-MS,
along with limits of detection and quantification (n = 6).

L-BMAA D-BMAA AEG L-DAB D-DAB

Conc (µg/mL) RT range (min) RT range (min) RT range (min) RT range (min) RT range (min)

0.1 5.098–5.127 5.268–5.292 4.822–4.856 4.211–4.240 4.482–4.499

1 5.096–5.147 5.269–5.298 4.824–4.853 4.223–4.237 4.479–4.507

10 5.062–5.092 5.265–5.298 4.827–4.856 4.213–4.242 4.478–4.501

100 5.028–5.058 5.255–5.268 4.826–4.851 4.211–4.239 4.472–4.499

LOD (µg/mL) 0.0013 0.0025 0.0031 0.0025 0.0033

LOQ (µg/mL) 0.0042 0.0085 0.0103 0.00846 0.0111

Table 3. Examples of linearity, intra-day and inter-day precision for BMAA enantiomers and isomers.

Enantiomer Linearity (µg/mL) Intra-Day Precision (%) Inter-Day Precision (%)

L-BMAA 0.1–100 87–112 85–117

D-BMAA 0.1–100 95–104 88–117

AEG 0.1–100 95–104 91–112

L-DAB 0.1–100 90–109 86–112

D-DAB 0.1–100 88–111 90–110

3. Discussion

A wide variety of analytical methods have been applied to the detection of BMAA in
cyanobacterial and clinical materials [85]. However, such methods are generally unable
to distinguish enantiomers (AEG is achiral), and care needs to be taken to ensure that the
isomers are also sufficiently separated from each other. Although only the L-enantiomer of
BMAA has previously been demonstrated in cyanobacteria [87], the possibility exists that
D-BMAA may naturally occur, especially in light of the fact that cyanobacteria are capable
of producing a wide range of D-amino acids, such as D-glutamic acid and D-alanine,
which are present in the cyclic peptide hepatotoxins, the microcystins [1]. As D-BMAA has
also been reported in cycads, of which cyanobacteria are common symbionts [88,110,111],
supports the detection of L- and D-BMAA in this study as free amino acids in cyanobacterial
extracts (Figure 5). In addition to cyanobacteria and cycads, diatoms, dinoflagellates and
chemoheterotrophic bacteria have shown the potential to contain BMAA [101–104,106,112],
and further research should consider the enantiomeric ratios of these isomers within
these organisms. As evidence suggests that both L- and D-BMAA can be produced by
cyanobacteria, then further research is required to understand how these compounds are
produced by cyanobacteria and whether the different enantiomers are interconvertible
through, e.g., racemases. At present, the production of (presumably) L-BMAA is considered
to be related to the nitrogen status of the cyanobacterial cell, with a temporary increase in
its concentration in the cell under conditions of nitrogen starvation, and a subsequent loss
after the resumption of nitrogen supply back to the cell [113].

A further possibility for racemization concerns the pH of the environment during
cyanobacterial blooms. Although the material used in this study was collected from a
marine environment, freshwater cyanobacterial blooms frequently experience high pH due
to the removal of carbonic acid during carbon fixation and photosynthesis [114]. If extremes
of pH were observed in the cyanobacterial bloom, then potentially, the racemization of
certain compounds may occur, as pH and temperature are known to affect amino acid
enantiomers and their racemization [92]. In this study, only free amino acids were assessed
for enantiomers, as the acid hydrolysis of cyanobacterial material has been shown to
racemize BMAA [88]. An assessment of the SPE procedures with L- and D-BMAA standards
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indicated that little to no racemization occurs. Therefore, the finding of D-BMAA in Lyngbya
material suggests that this is a naturally occurring enantiomer. Furthermore, as DAB was
observed in the extract after AQC derivatization and was not detected after SPE and (S)-
NIFE derivatization, this may be due to the SPE procedure showing differing abilities to
retain AEG and DAB. Further research is required to examine the various SPE phases that
are required to obtain other, environmentally relevant neurotoxic amino acids such as DAB.

Previous studies have shown that the chiral separation of BMAA enantiomers is possi-
ble and applicable to purified compounds and extracts of organisms such as cycads [86,88].
The only previous study dedicated to examining the presence of L-BMAA in cyanobac-
teria combined chiral fractionation and measurements of BMAA in the fractions using
AQC derivatization and mass spectrometry [87]. Although this time-consuming and labor-
intensive procedure showed the presence of L-BMAA as a free amino acid in Nostoc, this
study aimed to simplify and develop a more user-friendly procedure for routing chiral anal-
ysis. Using AQC derivatization, BMAA was shown to be present in the Lyngbya extracts,
and developing a new analytical method with S-NIFE revealed the presence of L- and
D-BMAA in the extracts. An analysis of the mussel reference materials only showed the
presence of L-BMAA. Although adequate separation of the enantiomers and isomers was
achieved, further research could encompass making sure complete separation is achieved
and, depending on the matrix, further optimization of the chromatographic system may be
necessary to ensure this separation.

Although acute intoxications from naturally occurring BMAA enantiomers and iso-
mers are unlikely, chronic exposure to BMAA has been implicated in diseases such as
amyotrophic lateral sclerosis and Alzheimer’s, with chronic dietary exposure to BMAA
having been shown to cause neuropathologies that are consistent with these neurodegener-
ative diseases [115,116]. Ultimately, in order to be able to accurately detect BMAA, methods
need to be robust enough to allow for accurate and specific detection. Furthermore, com-
plementary methods can also aid in this endeavor. The analysis of BMAA enantiomers and
isomers here have employed two different mass spectrometric methods, using chemical
derivatization with AQC and (S)-NIFE for isomers and enantiomers, respectively. Using
our triple quadrupole analytical method, transitions from parent ions to, e.g., m/z 171 were
used to monitor the different enantiomers at specific retention times. Although this is out-
side the scope of the current study, future investigations could monitor for the presence of
unique daughter ions that may aid in the identification of S-NIFE derivatized enantiomers.

The methods developed here have shown that marine samples of cyanobacteria and
mollusks contain a number of enantiomers and isomers of BMAA. Research is warranted
to better understand the ecological and toxicological effects of these compounds.

4. Materials and Methods
4.1. Source of Biological and Chemical Materials

The cyanobacterial mat material was collected from the surface of mangrove roots
at Matheson Hammock Park, Biscayne Bay, Florida. The material was transported to a
laboratory, where it was assessed and confirmed as Lyngbya sp. using light microscopy. The
material was subsequently frozen, lyophilized and stored at −20 ◦C, prior to extraction.

Two mussel reference material samples were donated by the National Research Council
Canada (reference material NRC-CRM-FDMT-1, NRC-CRM-Asp-Mus-d, Ottawa, ON,
Canada) and have previously been shown to contain BMAA (e.g., [99,104]). Consequently,
they were included to test for the chirality of the BMAA present within. The amino acid
L-BAMA was a gift from Prof. Susan Murch (University of British Columbia, Kelowna, BC,
Canada), and the D-BMAA and D-DAB were provided by the investigators (P.B. Wyatt and
P.B. Nunn, respectively) at, according to UPLC-UV and/or NMR, >97% purity.

4.2. Extraction and Purification of Neurotoxic Amino Acids

The freeze-dried Lyngbya material was removed from the freezer and allowed to warm
to room temperature. A subsample of the material was removed (24 mg) and placed
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into a screw-capped glass vial. To this material, 200 µL of 6 M HCl was added and
the material was hydrolyzed for 16 h at 110 ◦C. After cooling, an aliquot (100 µL) was
removed and centrifuge-filtered. An aliquot (50 µL) of that filtrate was dried in a Speed Vac
(Thermo Scientific Savant, Asheville, NC, USA) on low for 2 h. After drying, the residue
underwent solid-phase extraction using C18 and strong cation-exchange cartridges [114].
After elution, the SCX solution was dried in the Speed Vac and resuspended with 1 mL
(2 × 500 µL) of 20 mM HCl, which was again dried in the Speed Vac. The residue was
resuspended with 100 µL of 20 mM HCl, and a 1/5 dilution was prepared and derivatized
with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) for analysis by UPLC-
MS/MS to verify the presence of total BMAA and isomers [117].

A further subsample (0.7 g) of the cyanobacterial mat material was removed and
processed for free amino acids to determine the chirality of the endogenous BMAA. The
material was resuspended with 10 mL of 10% TCA (w/v) in water and sonicated for
20 s. The suspension was allowed to sit at room temperature for 1 h before being placed
at 4 ◦C overnight. The suspension was removed and centrifuged, and the supernatant
was aspirated. A second aliquot of 10 mL of 10% (w/v) TCA was added to the pelleted
material and re-sonicated. The suspension was left for 1 h at room temperature before
the centrifugation and aspiration of the supernatant. The supernatants were pooled and
underwent solid-phase extraction. A total of 9 mL of the pooled supernatant was recovered
from the Lyngbya material, and this was passed through a 1 g Isolute C18 cartridge, after
conditioning with 10 mL of methanol, followed by 10 mL of DQ water. The filtrate from
the C18 cartridge was collected, and the cartridge was washed with a further 10 mL of
DQ water, which was pooled with the filtrate and freeze-dried. The dried residue was
resuspended with 10 mL of 0.1 M HCl for purification with a strong cation-exchange
solid-phase extraction cartridge (Strata-X-C, 33 µ 500 mg/3 mL Phenomenex, Torrance, CA,
USA). The X-C cartridge was conditioned with 10 mL of methanol, followed by 10 mL of
DQ water, and finally 10 mL of 0.1 M HCl. The 10 mL extract was then passed through
the cartridge before being washed with 3 mL of 0.1 M HCl and then eluted with 15 mL
of 10% NH4OH in methanol. The eluate was collected in a rotary evaporation flask and
dried in the rotary evaporator. Once dry, the residue was resuspended with 2 × 500 µL of
0.1 M HCl, transferred to an Eppendorf vial and dried in a Speed Vac. Once dry, the residue
was resuspended with 500 µL of 20 mM HCl and centrifuged to remove precipitates. The
supernatant was removed and stored at –20 ◦C until it was derivatized with (S)-NIFE for
chiral analysis.

The freeze-dried mussel samples were also extracted with 10% (w/v) TCA using
sonication in water (3 watts, 60 s) followed by centrifugation (3 min at 5000× g), after which
the supernatant was removed. This was followed by a second sonication in 10% (w/v)
TCA, and the material was allowed to precipitate at room temperature for one hour. The
material was centrifuged (5 min at 5000× g) and the supernatants were combined for a
total mass to volume ratio of 100 mg/mL. The supernatant was then centrifuge-filtered
through a 0.22 µm filter (Ultrafree-MC GV, Sigma-Aldrich, St. Louis, MO, USA) before
(S)-NIFE derivatization and chiral analysis.

4.3. Analysis of AQC-Derivatized BMAA via UPLC-MS/MS

AQC-derivatized samples of the acid-hydrolyzed Lyngbya material were run on a triple
quadrupole UPLC-MS/MS system (Thermo Scientific Finnigan TSQ Quantum UltraAM,
San Jose, CA, USA) after separation, using a Waters Acquity-UPLC system comprising a
Binary Solvent Manager, a Sample Manager and a Waters AccQTag Ultra column (part#
186003837, 2.1 × 100 mm, 1.7 µm), maintained at 55 ◦C. Separation was achieved with
gradient elution at a flow of 0.65 mL/min, with solvents of 0.1% (v/v) formic acid in water
(eluent A) and 0.1% (v/v) formic acid in acetonitrile (eluent B): gradient of 99.1%A @ 0 min;
99.1%A curve 6 @ 0.5 min; 95%A curve 6 @ 2 min; 95%A curve 6 @ 3 min; 90%A curve
8 @ 5.5 min; 15%A curve 6 @ 6 min; 15%A curve 6 @ 6.5 min; 99.1%A curve 6 @ 6.6 min;
99.1%A curve 6 @ 8 min. To the HESI (heated electrospray ionization) probe, nitrogen
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gas was supplied with a nebulizing pressure of 40 psi and a vaporizer temperature of
400 ◦C. The mass spectrometer was then operated under the following conditions: the
capillary temperature was set to 270 ◦C, the capillary offset was set to 35, the tube lens
offset was set to 110 and the aux gas pressure was set at 35, with a spray voltage of
3500 V, a source collision energy of 0, and a multiplier voltage set to −1719 V. During
the equilibration and cleaning phases of the gradient, a divert valve was used. Using
100% argon, the second quadrupole was pressurized to 1.0 mtorr. During the BMAA
analysis of the cyanobacterial and mussel extracts, collision-induced dissociation (CID)
was achieved in the second quadrupole using the following transitions: m/z 459 to m/z
119 CE 21; m/z 459 to m/z 289 CE 17; and m/z 459 to m/z 171 CE 38. The resultant product
ions were scanned using the third quadrupole, detected, and their relative abundances
were quantified in comparison with the AQC-derivatized N-(2-aminoethyl)glycine (AEG),
L-BMAA and L-2,4-diaminobutyric acid (DAB) standards. For the cyanobacterial extracts,
the precursor ion of m/z 459 was monitored for CID daughter ions of m/z 171, 289, 119,
258 (BMAA), 214 (AEG) and 188 (DAB), with the last three daughter ions being qualifier
ions for the different isomers.

4.4. Analysis and Partial Validation of (S)-NIFE Derivatized Standards and Cyanobacterial Samples

The SPE cleaned and purified extract of Lyngbya was derivatized with (S)-NIFE (N-
(4-nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl ester) in a 150 µL PCR tube,
with a 12.5 µL sample added to 12.5 µL of 0.2 M sodium tetraborate and mixed, before the
addition of 12.5 µL of (S)-NIFE (Santa Cruz Biotechnology (sc-253524), Dallas, TX, USA,
5 mg/mL in acetonitrile). The filtered extracts of the mussel tissues were derivatized with
(S)-NIFE using a 10 µL sample added to 1.5 µL of 19.3 M NaOH plus 28.2 µL of 0.2 M
sodium tetraborate and mixed, before the addition of 6.25 µL of S-NIFE. After mixing, the
samples were left at room temperature for 20 min, before the addition of 4 M HCl (2.5 µL
for Lyngbya and 5.0 µL for mussel tissues) and finally, DQ water (50 µL for Lyngbya and
75 µL for mussel tissues). After derivatization, the samples were transferred to a total
recovery UPLC vial and placed in the sample manager, maintained at 4 ◦C. From these
vials, 5 µL injections were performed using partial loop injection and assessed by single
(Waters EMD1000, Milford, MA, USA) or triple quadrupole mass spectrometry (Thermo
TSQ Quantiva or Thermo TSQ Quantum UltraAM, Waltham, MA, USA). Using the single
quadrupole mass spectrometer, a preliminary validation of the S-NIFE method was carried
out, examining the retention time range, linearity, the limits of detection and quantification
and the inter- and intra-day precision for the enantiomers/isomers, and all calculations
were performed using Microsoft Excel. The sample was supplied to the mass spectrometers
using a Waters Acquity ultra-high-pressure liquid chromatographic system, with a binary
solvent manager and sample manager, as well as a Phenomenex Kinetix 1.7 µ 100 Å C18
column (100 × 2.1 mm for Lyngbya) and a Thermo Hypersil Gold (Waltham, MA, USA) 1.9 µ
100 Å C18 column (100 × 2.1 mm for mussel tissue), maintained at 55 ◦C. The separation
of the available BMAA isomers and enantiomers (L-BMAA, D-BMAA, L-BAMA, L-DAB,
D-DAB, AEG) was performed after derivatization with (S)-NIFE, with the exception that
after derivatization, the standards received 97.5 µL of DQ water (versus 50 or 75 µL of
DQ water for the samples). The flow was maintained at 0.2 mL/min, with a gradient of
37–58% B (acetonitrile + 0.1% (v/v) formic acid) and curve 10 over 5 min (curve 10 for
Lyngbya and curve 9 for mussel tissues), before a wash of 100% B from 5.1 to 5.5 min, before
returning to the starting conditions of 63% A (water + 0.1% (v/v) formic acid) and 37% B at
5.6 min, with a total run time of 8 min. The double-derivatized BMAA enantiomers were
monitored at m/z 617.4, with transitions from m/z 617 > 368 and 617 > 119 (NCE = 19) for
the single-derivatized and underivatized isomers, respectively.
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and lipopolysaccharides in aerosols from inland freshwater bodies and their effects on human bronchial cells. Environ. Toxicol.
Pharmacol. 2023, 98, 104073. [CrossRef]

53. Wood, S.A.; Dietrich, D.R. Quantitative assessment of aerosolized cyanobacterial toxins at two New Zealand lakes. J. Environ.
Monit. 2011, 13, 1617–1624. [PubMed]

54. Facciponte, D.N.; Bough, M.W.; Seidler, D.; Carroll, J.L.; Ashare, A.; Andrew, A.S.; Tsongalis, G.J.; Vaickus, L.J.; Henegan, P.L.; Butt,
T.H.; et al. Identifying aerosolized cyanobacteria in the human respiratory tract: A proposed mechanism for cyanotoxin-associated
diseases. Sci. Total Environ. 2018, 645, 1003–1013. [PubMed]

55. Gaget, V.; Lau, M.; Sendall, B.; Froscio, S.; Humpage, A.R. Cyanotoxins: Which detection technique for an optimum risk
assessment? Water Res. 2017, 118, 227–238.

56. Yuan, J.; Yoon, K.-J. Overview of PCR Methods Applied for the Identification of Freshwater Toxigenic Cyanobacteria. Cyanobacteria-
Recent Adv. Taxon. Appl. 2022, 1–24. [CrossRef]

57. Pacheco, A.B.; Guedes, I.A.; Azevedo, S.M. Is qPCR a reliable indicator of cyanotoxin risk in freshwater? Toxins 2016, 8, 172.
58. Ouellette, A.J.; Wilhelm, S.W. Toxic cyanobacteria: The evolving molecular toolbox. Front. Ecol. Environ. 2003, 1, 359–366.
59. Jaramillo, M.; O’Shea, K.E. Analytical methods for assessment of cyanotoxin contamination in drinking water sources. Curr. Opin.

Environ. Sci. Health 2019, 7, 45–51.
60. Van Apeldoorn, M.E.; Van Egmond, H.P.; Speijers, G.J.; Bakker, G.J. Toxins of cyanobacteria. Mol. Nutr. Food Res. 2007, 51, 7–60.
61. Ramya, M.; Umamaheswari, A.; Elumalai, S. Global health concern of cyanotoxins in surface water and its various detection

methods. Curr. Bot. 2020, 11, 65–74. [CrossRef]
62. Ahari, H.; Nowruzi, B.; Anvar, A.A.; Porzani, S.J. The toxicity testing of cyanobacterial toxins in vivo and in vitro by mouse

bioassay: A review. Mini Rev. Med. Chem. 2022, 22, 1131–1151.
63. Kaushik, R.; Balasubramanian, R. Methods and approaches used for detection of cyanotoxins in environmental samples: A review.

Crit. Rev. Environ. Sci. Technol. 2013, 43, 1349–1383.
64. Campos, A.; Vasconcelos, V. Molecular mechanisms of microcystin toxicity in animal cells. Int. J. Mol. Sci. 2010, 11, 268–287.
65. Massey, I.Y.; Wu, P.; Wei, J.; Luo, J.; Ding, P.; Wei, H.; Yang, F. A mini-review on detection methods of microcystins. Toxins 2020,

12, 641. [PubMed]
66. Froscio, S.M.; Humpage, A.R.; Burcham, P.C.; Falconer, I.R. Cell-free protein synthesis inhibition assay for the cyanobacterial

toxin cylindrospermopsin. Environ. Toxicol. Int. J. 2001, 16, 408–412.
67. Devic, E.; Li, D.; Dauta, A.; Henriksen, P.; Codd, G.A.; Marty, J.L.; Fournier, D. Detection of anatoxin-a (s) in environmental

samples of cyanobacteria by using a biosensor with engineered acetylcholinesterases. Appl. Environ. Microbiol. 2002, 68, 4102–4106.
[PubMed]

68. Llewellyn, L.E.; Doyle, J.; Negri, A.P. A high-throughput, microtiter plate assay for paralytic shellfish poisons using the saxitoxin-
specific receptor, saxiphilin. Anal. Biochem. 1998, 261, 51–56. [PubMed]

69. Aráoz, R.; Nghiêm, H.O.; Rippka, R.; Palibroda, N.; de Marsac, N.T.; Herdman, M. Neurotoxins in axenic oscillatorian cyanobac-
teria: Coexistence of anatoxin-a and homoanatoxin-a determined by ligand-binding assay and GC/MS. Microbiology 2005, 151,
1263–1273.

70. Zhang, H.; Li, B.; Liu, Y.; Chuan, H.; Liu, Y.; Xie, P. Immunoassay technology: Research progress in microcystin-LR detection in
water samples. J. Hazard. Mater. 2022, 424, 127406.

71. Fischer, W.J.; Garthwaite, I.; Miles, C.O.; Ross, K.M.; Aggen, J.B.; Chamberlin, A.R.; Towers, N.R.; Dietrich, D.R. Congener-
independent immunoassay for microcystins and nodularins. Environ. Sci. Technol. 2001, 35, 4849–4856.

72. Mikhailov, A.; Härmälä-Braskén, A.S.; Polosukhina, E.; Hanski, A.; Wahlsten, M.; Sivonen, K.; Eriksson, J.E. Production
and specificity of monoclonal antibodies against nodularin conjugated through N-methyldehydrobutyrine. Toxicon 2001, 39,
1453–1459.

73. do Carmo Bittencourt-Oliveira, M.; Piccin-Santos, V.; Kujbida, P.; do Nascimento Moura, A. Cylindrospermopsin in water supply
reservoirs in Brazil determined by immunochemical and molecular methods. J. Water Resour. Prot. 2011, 3, 349. [CrossRef]

74. Zhao, Z.; Chen, H.; Ma, L.; Liu, D.; Wang, Z. A label-free electrochemical impedance aptasensor for cylindrospermopsin detection
based on thionine–graphene nanocomposites. Analyst 2015, 140, 5570–5577. [CrossRef]

75. Cevallos-Cedeño, R.E.; Quiñones-Reyes, G.; Agulló, C.; Abad-Somovilla, A.; Abad-Fuentes, A.; Mercader, J.V. Rapid Immuno-
chemical Methods for Anatoxin-a Monitoring in Environmental Water Samples. Anal. Chem. 2022, 94, 10857–10864. [CrossRef]

76. Micheli, L.; Di Stefano, S.; Moscone, D.; Palleschi, G.; Marini, S.; Coletta, M.; Draisci, R.; Delli Quadri, F. Production of antibodies
and development of highly sensitive formats of enzyme immunoassay for saxitoxin analysis. Anal. Bioanal. Chem. 2002, 373,
678–684. [CrossRef] [PubMed]

77. Qi, Y.; Rosso, L.; Sedan, D.; Giannuzzi, L.; Andrinolo, D.; Volmer, D.A. Seven new microcystin variants discovered from a native
Microcystis aeruginosa strain–unambiguous assignment of product ions by tandem mass spectrometry. Rapid Commun. Mass
Spectrom. 2015, 29, 220–224. [CrossRef] [PubMed]

78. Dai, M.; Xie, P.; Liang, G.; Chen, J.; Lei, H. Simultaneous determination of microcystin-LR and its glutathione conjugate in fish
tissues by liquid chromatography–tandem mass spectrometry. J. Chromatogr. B 2008, 862, 43–50. [CrossRef]

https://doi.org/10.1016/j.etap.2023.104073
https://www.ncbi.nlm.nih.gov/pubmed/21491044
https://www.ncbi.nlm.nih.gov/pubmed/30248825
https://doi.org/10.5772/intechopen.97701
https://doi.org/10.25081/cb.2020.v11.6059
https://www.ncbi.nlm.nih.gov/pubmed/33020400
https://www.ncbi.nlm.nih.gov/pubmed/12147513
https://www.ncbi.nlm.nih.gov/pubmed/9683511
https://doi.org/10.4236/jwarp.2011.36044
https://doi.org/10.1039/C5AN00704F
https://doi.org/10.1021/acs.analchem.2c01939
https://doi.org/10.1007/s00216-002-1399-3
https://www.ncbi.nlm.nih.gov/pubmed/12194023
https://doi.org/10.1002/rcm.7098
https://www.ncbi.nlm.nih.gov/pubmed/25641497
https://doi.org/10.1016/j.jchromb.2007.10.030


Toxins 2023, 15, 639 14 of 15

79. Gallo, P.; Fabbrocino, S.; Cerulo, M.G.; Ferranti, P.; Bruno, M.; Serpe, L. Determination of cylindrospermopsin in freshwaters and
fish tissue by liquid chromatography coupled to electrospray ion trap mass spectrometry. Rapid Commun. Mass Spectrom. 2009, 23,
3279–3284. [CrossRef]

80. Haddad, S.P.; Bobbitt, J.M.; Taylor, R.B.; Lovin, L.M.; Conkle, J.L.; Chambliss, C.K.; Brooks, B.W. Determination of microcystins,
nodularin, anatoxin-a, cylindrospermopsin, and saxitoxin in water and fish tissue using isotope dilution liquid chromatography
tandem mass spectrometry. J. Chromatogr. A 2019, 1599, 66–74. [CrossRef]

81. Fujiki, H.; Suganuma, M. Tumor promoters-microcystin-LR, nodularin and TNF-α and human cancer development. Anti-Cancer
Agents Med. Chem. 2011, 11, 4–18. [CrossRef] [PubMed]

82. Li, S.; Chen, X.; Sun, Q.; Ren, X.; Zhong, J.; Zhou, L.; Zhang, H.; Li, G.; Liu, Y.; Liu, J.; et al. Long term exposure of saxitoxin
induced cognitive deficits and YAP1 cytoplasmic retention. Ecotoxicol. Environ. Saf. 2023, 253, 114645. [CrossRef]

83. Newell, M.E.; Adhikari, S.; Halden, R.U. Systematic and state of the science review of the role of environmental factors in
Amyotophic Lateral Sclerosis (ALS) or Lou Gehrig’s Disease. Sci. Total Environ. 2021, 817, 152504. [CrossRef] [PubMed]

84. Dunlop, R.A.; Banack, S.A.; Bishop, S.L.; Metcalf, J.S.; Murch, S.J.; Davis, D.A.; Stommel, E.W.; Karlsson, O.; Brittebo, E.B.;
Chatziefthimiou, A.D.; et al. Is exposure to BMAA a risk factor for neurodegenerative diseases? A response to a critical review of
the BMAA hypothesis. Neurotox. Res. 2021, 39, 81–106.

85. Bishop, S.L.; Murch, S.J. A systematic review of analytical methods for the detection and quantification of β-N-methylamino-L-
alanine (BMAA). Analyst 2020, 145, 13–28. [CrossRef] [PubMed]

86. Euerby, M.R.; Partridge, L.Z.; Nunn, P.B. Resolution of neuroactive non-protein amino acid enantiomers by high-performance
liquid chromatography utilizing pre-column derivatisation with o-phthaldialdehyde-chiral thiols. Application to 2-amino-ω-
phosphoalkanoic acid homologues and α-amino-β-N-methylaminopropanoic acid (β-methylaminoalanine). J. Chromatogr. 1989,
469, 412–419. [PubMed]

87. Metcalf, J.S.; Lobner, D.; Banack, S.A.; Cox, G.A.; Nunn, P.B.; Wyatt, P.B.; Cox, P.A. Analysis of BMAA enantiomers in cycads,
cyanobacteria, and mammals: In vivo formation and toxicity of D-BMAA. Amino Acids 2017, 49, 1427–1439. [CrossRef]

88. Zurita, J.; Zguna, N.; Andrýs, R.; Strzelczak, A.; Jiang, L.; Thorsen, G.; Ilag, L.L. Chiral analysis of β-methylaminoalanine (BMAA)
enantiomers after (+)-1-(9-fluorenyl)-ethyl chloroformate (FLEC) derivatization and LC-MS/MS. Anal. Meth. 2019, 11, 432–442.
[CrossRef]

89. Vega, A.; Bell, E.A. α-amino-β-methylaminopropionic acid, a new amino acid from seeds of Cycas circinalis. Phytochemistry 1967,
6, 759–762. [CrossRef]

90. Vega, A.; Bell, E.A.; Nunn, P.B. The preparation of L- and D-α-amino-β-methylaminopropionic acid and the identification of the
compound isolated from Cycas circinalis as the L-isomer. Phytochemistry 1968, 7, 1885–1887. [CrossRef]

91. Polsky, F.I.; Nunn, P.B.; Bell, E.A. Distribution and toxicity of α-amino-β-methylaminopropionic acid. Fed. Proc. 1972, 31,
1473–1475.

92. Friedman, M. Origin, microbiology, nutrition and pharmacology of D-amino acids. Chem. Biodivers. 2010, 7, 1491–1530. [CrossRef]
93. Baumgart, F.; Rodriguez-Crespo, I. D-amino acids in the brain: The biochemistry of serine racemase. FEBS J. 2008, 275, 3538–3548.

[CrossRef]
94. Kim, P.M.; Duan, X.; Huang, A.S.; Liu, C.Y.; Ming, G.-L.; Song, H.; Snyder, S.H. Aspartate racemase, generating neuronal

D-aspartate, regulates adult neurogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 3175–3179. [CrossRef]
95. Krashia, P.; Ledonne, A.; Nobili, A.; Cordella, A.; Errico, F.; Usiello, A.; D’Amelio, M.; Mercuri, N.B.; Guatteo, E.; Carunchio,

I. Persistent elevation of D-aspartate enhances NMDA receptor-mediated responses in mouse substantia nigra pars compacta
dopamine neurons. Neuropharmacology 2016, 103, 69–78. [CrossRef] [PubMed]

96. Bell, E.A.; Watson, A.A.; Nash, R.J. Non-protein amino acids: A review of the biosynthesis and taxonomic significance. Nat. Prod.
Comm. 2008, 3, 93–110. [CrossRef]

97. Tymm, F.J.M.; Bishop, S.L.; Murch, S.J. A single laboratory validation for the analysis of underivatized β-N-methylamino-L-alanine
(BMAA). Neurotox. Res. 2019, 39, 49–71. [CrossRef] [PubMed]

98. Glover, W.B.; Baker, T.C.; Murch, S.J.; Brown, P.N. Determination of β-N-methylamino-L-alanine, N-(2-aminoethyl)glycine and
2,4-diaminobutyric acid in food products containing cyanobacteria by ultra-performance liquid chromatography and tandem
mass spectrometry: Single laboratory validation. J. AOAC Int. 2015, 98, 1559–1565. [CrossRef]

99. Banack, S.A. Second laboratory validation of β-N-methylamino-L-alanine, N-(2-aminoethyl)glycine and 2,4-diaminobutyric
acid by ultra-performance liquid chromatography and tandem mass spectrometry. Neurotox. Res. 2020, 39, 107–116. [CrossRef]
[PubMed]

100. Spacil, Z.; Eriksson, J.; Rydberg, S.; Rasmussen, U.; Ilag, L.L.; Bergman, B. Analytical protocol for identification of BMAA and
DAB in biological samples. Analyst 2010, 135, 127–132. [CrossRef]

101. Jiang, L.; Eriksson, J.; Lage, S.; Jonasson, S.; Shams, S.; Mehine, M.; Ilag, L.L.; Rasmussen, U. Diatoms: A novel source for the
neurotoxin BMAA in aquatic environments. PLoS ONE 2014, 9, e84578. [CrossRef]

102. Lage, S.; Costa, P.R.; Moita, T.; Eriksson, J.; Rasmussen, U.; Rydberg, S.J. BMAA in shellfish from two Portuguese transitional
water bodies suggests the marine dinoflagellate Gymnodinium catenatum as a potential BMAA source. Aquat. Toxicol. 2014, 152,
131–138. [CrossRef]

https://doi.org/10.1002/rcm.4243
https://doi.org/10.1016/j.chroma.2019.03.066
https://doi.org/10.2174/187152011794941163
https://www.ncbi.nlm.nih.gov/pubmed/21269254
https://doi.org/10.1016/j.ecoenv.2023.114645
https://doi.org/10.1016/j.scitotenv.2021.152504
https://www.ncbi.nlm.nih.gov/pubmed/34971691
https://doi.org/10.1039/C9AN01252D
https://www.ncbi.nlm.nih.gov/pubmed/31742261
https://www.ncbi.nlm.nih.gov/pubmed/2768381
https://doi.org/10.1007/s00726-017-2445-y
https://doi.org/10.1039/C8AY02287A
https://doi.org/10.1016/S0031-9422(00)86018-5
https://doi.org/10.1016/S0031-9422(00)86667-4
https://doi.org/10.1002/cbdv.200900225
https://doi.org/10.1111/j.1742-4658.2008.06517.x
https://doi.org/10.1073/pnas.0914706107
https://doi.org/10.1016/j.neuropharm.2015.12.013
https://www.ncbi.nlm.nih.gov/pubmed/26707656
https://doi.org/10.1177/1934578X0800300117
https://doi.org/10.1007/s12640-019-00137-4
https://www.ncbi.nlm.nih.gov/pubmed/31823228
https://doi.org/10.5740/jaoacint.15-084
https://doi.org/10.1007/s12640-020-00208-x
https://www.ncbi.nlm.nih.gov/pubmed/32462275
https://doi.org/10.1039/B921048B
https://doi.org/10.1371/journal.pone.0084578
https://doi.org/10.1016/j.aquatox.2014.03.029


Toxins 2023, 15, 639 15 of 15

103. Réveillon, D.; Séchet, V.; Hess, P.; Amzil, Z. Production of BMAA and DAB by diatoms (Phaeodactylum tricornutum, Chaetoceros
sp., Chaetoceros calcitrans and, Thalassiosira pseudonana) and bacteria isolated from a diatom culture. Harmful Algae 2016,
58, 45–50. [CrossRef] [PubMed]

104. Violi, J.P.; Facey, J.A.; Mitrovic, S.M.; Colville, A.; Rodgers, K.J. Production of β-methylamino-L-alanine (BMAA) and its isomers
by freshwater diatoms. Toxins 2019, 11, 512. [CrossRef] [PubMed]

105. Metcalf, J.S.; Banack, S.A.; Wessel, R.A.; Lester, M.; Pim, J.G.; Cassani, J.R.; Cox, P.A. Toxin analysis of freshwater cyanobacterial
and marine harmful algal blooms on the west coast of florida and implications for estuarine environments. Neurotox. Res. 2021,
39, 27–35. [CrossRef] [PubMed]

106. Li, A.; Yan, Y.; Qiu, J.; Yan, G.; Zhao, P.; Li, M.; Ji, Y.; Wang, G.; Meng, F.; Li, Y.; et al. Putative biosynthesis mechanism of
the neurotoxin β-N-methylamino-L-alanine in marine diatoms based on a transcriptomics approach. J. Hazard. Mater. 2023,
441, 129953. [CrossRef]

107. Schneider, T.; Simpson, C.; Desai, P.; Tucker, M.; Lobner, D. Neurotoxicity of isomers of the environmental toxin L-BMAA. Toxicon
2020, 184, 175–179. [CrossRef]

108. Ward, T.J.; Ward, K.D. Chiral separations: Fundamental review. Anal. Chem. 2010, 82, 4712–4722. [CrossRef] [PubMed]
109. Visser, W.F.; Verhoeven-Duif, N.M.; Ophoff, R.; Bakker, S.; Klomp, L.W.; Berger, R.; de Koning, T.J. A sensitive and simple

ultra-high-performance-liquid chromatography-tandem mass spectrometric method for the quantification of D-amino acids in
body fluids. J. Chromatogr. A 2011, 1218, 7130–7136. [CrossRef]

110. Cox, P.A.; Banack, S.A.; Murch, S.J. Biomagnification of cyanobacterial neurotoxins and neurodegenerative disease among the
Chamorro people of Guam. Proc. Natl. Acad. Sci. USA 2003, 100, 13380–13383. [CrossRef]

111. 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.
Diverse taxa of cyanobacteria produce β-N-methylamino-L-alanine, a neurotoxic amino acid. Proc. Natl. Acad. Sci. USA 2005, 102,
5074–5078. [CrossRef]

112. Nunn, P.B.; Codd, G.A. Environmental distribution of the neurotoxin L-BMAA in Paenibacillus species. Toxicol. Res. 2019, 8,
781–783. [CrossRef]

113. Downing, S.; Banack, S.A.; Metcalf, J.S.; Cox, P.A.; Downing, T.G. Nitrogen starvation of cyanobacteria results in the production
of β-N-methylamino-L-alanine. Toxicon 2011, 58, 187–194. [CrossRef] [PubMed]

114. Raven, J.A.; Gobler, C.J.; Hansen, P.J. Dynamic CO2 and pH levels in coastal, estuarine, and inland waters: Theoretical and
observed effects on harmful algal blooms. Harmful Algae 2020, 91, 101594. [CrossRef] [PubMed]

115. Cox, P.A.; Davis, D.A.; Mash, D.C.; Metcalf, J.S.; Banack, S.A. Dietary exposure to an environmental toxin triggers neurofibrillary
tangles and amyloid deposits in the brain. Proc. Biol. Sci. 2016, 283, 20152397. [CrossRef]

116. Davis, D.A.; Cox, P.A.; Banack, S.A.; Lecusay, P.D.; Garamszegi, S.P.; Hagan, M.J.; Powell, J.T.; Metcalf, J.S.; Palmour, R.M.;
Beierschmitt, A.; et al. L-serine reduces spinal cord pathology in a vervet model of preclinical ALS/MND. J. Neuropath. Exp.
Neurol. 2020, 79, 393–406. [CrossRef] [PubMed]

117. Metcalf, J.S.; Banack, S.A.; Kotut, K.; Krienitz, L.; Codd, G.A. Amino acid neurotoxins in feathers of the Lesser Flamingo,
Phoeniconaias minor. Chemosphere 2013, 90, 835–839. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.hal.2016.07.008
https://www.ncbi.nlm.nih.gov/pubmed/28073457
https://doi.org/10.3390/toxins11090512
https://www.ncbi.nlm.nih.gov/pubmed/31480725
https://doi.org/10.1007/s12640-020-00248-3
https://www.ncbi.nlm.nih.gov/pubmed/32683648
https://doi.org/10.1016/j.jhazmat.2022.129953
https://doi.org/10.1016/j.toxicon.2020.06.014
https://doi.org/10.1021/ac1010926
https://www.ncbi.nlm.nih.gov/pubmed/20496871
https://doi.org/10.1016/j.chroma.2011.07.087
https://doi.org/10.1073/pnas.2235808100
https://doi.org/10.1073/pnas.0501526102
https://doi.org/10.1039/c9tx00203k
https://doi.org/10.1016/j.toxicon.2011.05.017
https://www.ncbi.nlm.nih.gov/pubmed/21704054
https://doi.org/10.1016/j.hal.2019.03.012
https://www.ncbi.nlm.nih.gov/pubmed/32057340
https://doi.org/10.1098/rspb.2015.2397
https://doi.org/10.1093/jnen/nlaa002
https://www.ncbi.nlm.nih.gov/pubmed/32077471
https://doi.org/10.1016/j.chemosphere.2012.09.094

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Source of Biological and Chemical Materials 
	Extraction and Purification of Neurotoxic Amino Acids 
	Analysis of AQC-Derivatized BMAA via UPLC-MS/MS 
	Analysis and Partial Validation of (S)-NIFE Derivatized Standards and Cyanobacterial Samples 

	References

