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ABSTRACT 

 Research has found a potential link between the non-proteinogenic amino acid  

b-methylamino-L-alanine (BMAA) and neurodegenerative diseases.  First identified on the 

island of Guam with a rare form of amyotrophic lateral sclerosis (ALS) commonly called “Guam 

disease”, the source of BMAA was identified to be cyanobacteria.  Due primarily to 

eutrophication, cyanobacteria can form large “algal blooms” within water bodies.  A major 

concern during cyanobacterial blooms is the production of high concentrations of cyanotoxins 

such as BMAA.  Cyanotoxin biosynthesis is dependent on the presence of specific genes as well 

as environmental regulating factors.  Numerous techniques are capable of analyzing 

cyanobacteria and cyanotoxins which include: microscopy, pigment spectroscopy, polymerase 

chain reaction, microarrays, enzyme-linked immunosorbent assays, and liquid chromatography.  

Liquid chromatography is the primary technique used to analyze BMAA, however, there has 

been controversy regarding its detection within nervous tissue samples. 

 While BMAAs role in neurodegeneration is unclear, dietary intake has been 

demonstrated to produce both b-amyloid plaques and tau tangles within Vervet monkeys, 

hallmarks of both Alzheimer’s disease and Guam disease.  Two of the dominant hypothesized 

mechanisms of BMAA neurotoxicity are glutamate excitotoxicity, by which BMAA functions as 

a glutamate agonist causing endoplasmic reticulum stress and initiates a cascade leading to tau 

hyperphosphorylation, and protein incorporation, by which BMAA enters neurons and becomes 

mis-incorporated within proteins, leading to misfolding and aggregation.  As a result of this 

research, alanine supplements have entered clinical trials for both Alzheimer’s disease and ALS 

to compete with BMAA in protein incorporation.  Suggestions for future research include: 

reducing eutrophication, identifying BMAA related genes in cyanobacteria, improving BMAA 

detection, and increasing knowledge of BMAA related neurodegenerative mechanisms. 
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INTRODUCTION 

The purpose of this project is two-fold: to provide an overview of research concerning the 

ecology of cyanobacteria and cyanotoxins, specifically b-methylamino-L-alanine (BMAA), and 

to discuss this BMAA’s potential role as an environmental factor in neurodegenerative diseases. 

Research performed as early as 2003 found a potential link between the non-

proteinogenic (not naturally used in protein production) amino acid BMAA and “Guam disease”, 

a form of amyotrophic lateral sclerosis (ALS), termed amyotrophic lateral sclerosis 

/parkinsonism-dementia complex (ALS-PDC), occurring predominantly on the pacific island of 

Guam (Cox, Banack & Murch, 2003).  BMAA was found in the brains of individuals with ALS-

PDC, a neurodegenerative disease that resembles ALS as well as Alzheimer’s and Parkinson’s 

disease (Cox, et al., 2003).  The source of BMAA on Guam was identified to be cyanobacteria 

(photosynthetic bacteria) that form a symbiotic relationship with Cycad Trees.  The BMAA toxin 

allegedly traveled up food chains until consumed by the Guam population (Cox, et al., 2003).  

More recent research has supported the hypothesis that BMAA can act as an environmental 

factor in neurodegenerative diseases.  Dose dependent correlations between BMAA 

concentration in the brain and the presence of tau neurofibrillary tangles (NFTs) and b-amyloid 

deposits, hallmarks of Alzheimer’s disease, were discovered in Vervet monkey trials (Cox, 

Davis, Mash, Metcalf, & Banack, 2016).  As the causal factors of neurodegenerative diseases, 

such as Alzheimer’s disease, Parkinson’s disease, and ALS, are poorly understood, these 

discoveries provide a potential causative factor and provide a new target for therapeutic and 

preventative treatments. 

While initial research concerning this topic occurred on the island of Guam, the topic is 

also pertinent to northern Ohio.  This is due to the recent increased occurrence of cyanobacterial 

blooms within Lake Erie, a major fresh water source and fishery.  Many genera of cyanobacteria 
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common in these Lake Erie blooms, such as Microcystis, are able to produce BMAA 

(Sanseverino, Conduto, Loos, & Lettieri, 2017).  Beyond BMAA’s hypothesized role in 

neurodegeneration, this project will also provide background information concerning the ecology 

of cyanobacteria, cyanotoxins, algal blooms, analytical techniques used to identify cyanobacteria 

and cyanotoxins, as well as the chemical structure and biosynthesis of BMAA.   

LITERATURE REVIEW 

Cyanobacteria 

 The primary known source of BMAA production are cyanobacteria, prokaryotic 

photosynthetic organisms (Cox, et al., 2003).  Cyanobacteria, also referred to as blue-green 

bacteria or blue-green algae, are common in fresh and marine aquatic habitats and throughout 

numerous terrestrial habitats due to their higher tolerance for desiccation (Büdel, 2011).  The 

range of terrestrial cyanobacteria habitat includes extreme regions such as polar and warm 

deserts, as well as alpine, tropical, savanna and more temperate regions (Büdel, 2011).  Thus, 

species of cyanobacteria can be found throughout the globe.  Additionally, they can exist as free-

living organisms, within biofilms (a slimy film of numerous micro-organisms bound to some 

surface), or in a symbiotic relationship with another organism, an example being lichens (a 

symbiotic relationship between fungi and cyanobacteria) (Büdel, 2011). 

 Cyanobacteria are also the only known prokaryotes capable of oxygenic photosynthesis 

(Knoll & Falkowski, 2007).  As such, they are important oxygen producers, particularly in 

aquatic environments.  Additionally, it is theorized that the rise of modern eukaryotic oxygenic 

photosynthetic organisms began as a symbiotic relationship between cyanobacteria and other 

cells (Knoll & Falkowski, 2007).  Within this process, known as endosymbiosis, cyanobacteria 

are engulfed by other prokaryotic organisms.  However, instead of digesting the cyanobacteria, a 

symbiotic relationship is formed, providing a safe environment for the cyanobacteria and a 
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consistent food source for the larger organism via photosynthesis.  This process is believed to 

have later given rise to larger eukaryotic photosynthetic organisms such as plants and true algae, 

with the cyanobacteria being precursors to modern chloroplasts (the photosynthetic organelle 

within eukaryotic photosynthetic organisms) (Knoll & Falkowski, 2007).  This process is 

summarized in figure 1 below. 

 
Figure 1. The process of endosymbiosis 
Source: https://learn.genetics.utah.edu/content/cells/organelles/ 
  

Aside from the production of oxygen and their evolutionary role in endosymbiosis, 

cyanobacteria are trophically categorized as primary producers due to their carbon-fixation of 

glucose via photosynthesis.  This means they can serve as the bottom of food chains and food 

webs within ecosystems.  One consumer of cyanobacteria within aquatic environments are 

zooplankton (Kaczkowski, Wojtal-Frankiewicz, Gągała, Mankiewicz-Boczek, Jaskulska, 
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Frankiewicz, Izydorczyk, Jurczak, & Godlewska, 2017).  Zooplankton, small aquatic animals, 

are filter feeders (essentially filtering food out of the water).  Zooplankton typically feed on 

phytoplankton and serve as an important link in the aquatic food chain between photosynthetic 

phytoplankton and fish (Kaczkowski et al., 2017).  Due to the non-selective nature of filter 

feeding, zooplankton filter and feed on cyanobacteria in addition to eukaryotic algae 

(Kaczkowski et al., 2017).   While the consumption of cyanobacteria may seem beneficial for 

zooplankton, cyanobacteria are not an ideal food source for zooplankton for several reasons.  

Cyanobacterial morphology (shape) and size can disrupt the filter feeding process (Kaczkowski 

et al., 2017).  Additionally, the lack of sterols (a type of fat) and polyunsaturated fatty acids 

make cyanobacteria a relatively poor nutrient source (Kaczkowski et al., 2017).  Also, the 

production of various cyanotoxins by certain species and strains of cyanobacteria, make them 

poor food source (Kaczkowski et al., 2017). The concentrations of cyanotoxins are typically 

most abundant during harmful algal blooms (HABs). 

Harmful Algal Blooms 

A HAB is the overgrowth of algal species within a body of water.  While commonly 

referred to as “algal blooms”, HABs can be composed of either cyanobacterial growth (cHAB) 

or of eukaryotic “true algae” (such as the algae Cladophora glomerate) (Watson, Miller, 

Arhonditsis, Boyer, Carmichael, Charlton & Wilhelm, 2016).  HABs can occur in both salt 

water, an example being the “red tides” in the Gulf of Mexico, and freshwater, such as the 

blooms common throughout the Great Lakes (Harmful Algal Blooms., n.d.).  The major concern 

of cHABs are the production of the cyanotoxins, which harm aquatic animals and can 

contaminate drinking water.  Additionally, cyanotoxins can undergo biomagnification, the 

accumulated and increased strength of toxins as they move up the food chain (Cox, et al., 2003).  

Thus, the toxins can be passed up the aquatic food chains and eventually to humans if 
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contaminated fish are consumed.  Other deleterious effects of cHABs include: hypoxia (the lack 

of oxygen) due to increased break down of biomass, and socioeconomical impacts such as the 

decline of fishing and the fowling of beaches and shorelines (Watson et al., 2016).   

Primary factors contributing to the development of HABs are eutrophication, over 

enrichment of water with nutrients, and increased water temperature (Watson et al., 2016).  The 

two most important eutrophication nutrients in cHAB modulation are phosphorus (P) and 

nitrogen (N) (Watson et al., 2016).  Additionally, effects of changing regional climate and 

weather patterns, such as nutrient rich runoff due to increased rainfall, increased air and water 

temperatures, and increased ice-free seasons can promote cHABs (Watson et al., 2016).  While 

nitrogen level can impact which species bloom and the toxicity of cyanobacteria blooms, 

phosphorus levels correlate with the growth and size of cHABs (Watson et al., 2016).  Thus, if 

cHABs are to be reduced, one option is reducing the total phosphorus (TP) levels within bodies 

of water.  Specifically, within Lake Erie and the Great Lakes, point-sources of phosphorus 

pollution, such as from industries, have decreased in recent years due to increased EPA 

regulation (Watson et al., 2016).  However, nonpoint-sources, such as from agricultural runoff 

are poorly regulated and greatly impact cHABs (Watson et al., 2016).   

Cyanotoxins 

  Cyanotoxins are the toxins produced by some species of cyanobacteria and are typically 

released by cell lysis at the time of death (Cyanobacteria/Cyanotoxins, 2018). However, certain 

toxins, such as Cylindrospermopsin, can be secreted through membrane pores (Sanseverino, 

António, Loos & Lettieri, 2017).  The specific genus, species, and strain of cyanobacteria can 

determine if a cyanotoxin is produced and which type is produced (Westrick & Szlag, 2018).  

Additionally, cHABs are dynamic and the cyanotoxin production can vary temporally and 

spatially within the bloom, and a nontoxic cyanobacteria bloom can quickly become a toxic 
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cHAB (Westrick & Szlag, 2018).  Toxicologic categories of cyanotoxins produced include: 

hepatotoxins, cytotoxins, neurotoxins, and dermatoxins (Sanseverino et al., 2017).   

In humans, hepatotoxins and cytotoxins both effect the liver, neurotoxins effect the 

nervous system, and dermatoxins irritate skin (Sanseverino et al., 2017).  The major hepatotoxins 

produced by cyanobacteria include microcystins and nodularin (Sanseverino et al., 2017). Both 

of these toxins produce symptoms of diarrhea, vomiting, weakness, liver inflammation, liver 

hemorrhage, pneumonia, and dermatitis (Sanseverino et al., 2017).  The main cytotoxin is 

cylindrospermopsin and symptoms include Gastroenteritis (digestive tract irritation and 

inflammation), liver inflammation, liver hemorrhage, pneumonia, and dermatitis (Sanseverino et 

al., 2017).   

Cyanobacterial neurotoxins include anatoxins, saxitoxins, and BMAA.  Anatoxin 

symptoms include muscle twitching, burning, numbness, drowsiness, salivation, and respiratory 

paralysis leading to death (Sanseverino et al., 2017).  Saxitoxin symptoms include muscle 

twitching, burning, numbness, drowsiness, headache, vertigo, and respiratory paralysis leading to 

death (Sanseverino et al., 2017).  BMAA has no clinical symptoms, other than the possible 

connection with neurodegenerative diseases (Sanseverino et al., 2017).  Dermatoxins include 

lipopolysaccharides, Lyngbyatoxins, and Aplysiatoxins (Sanseverino et al., 2017).  

Lipopolysaccharide (covalent attached lipids and polysaccharides) toxins cause skin irritation, 

eye irritation, headache, allergy, asthma, and fever (Sanseverino et al., 2017).  Lyngbyatoxins 

promote skin and eye irritation and respiratory issues (Sanseverino et al., 2017).  Finally, 

Aplysiatoxin toxins cause skin irritation and asthma (Sanseverino et al., 2017).  A summery of 

the toxin categories, specific cyanotoxins, genera of cyanobacteria producing each toxin, the 

primary organ effected within humans, and symptoms, is provided in table 1 below. 

 



CYANOBACTERIA, b-METHYLAMINO-L-ALANINE, AND NEURODEGENERATION 9 

Table 1: Toxins produced by cyanobacteria: their effects and primary targets  
Source: http://publications.jrc.ec.europa.eu/repository/bitstream/JRC101253/lbna27905enn.pdf 

Toxin 
classification 

Toxins Most genera 
producing toxins 

Main organ 
affected 

Effects 

Hepatotoxins  
 

Microcystins  
 

Microcystis, 
Anabaena, 
Anabaenopsis, 
Aphanizomenon, 
Planktothrix, 
Oscillatoria, 
Phormidium  

Liver  
 

Diarrhea, 
vomiting, 
weakness liver 
inflammation, 
liver hemorrhage, 
pneumonia, 
dermatitis 

Nodularin  
 

Nodularin, Nostoc  
 

Liver  
 

Diarrhea, 
vomiting, 
weakness liver 
inflammation, 
liver hemorrhage, 
pneumonia, 
dermatitis  

Cytotoxins  
 

Cylindrospermopsin  
 

Cylindrospermopsis, 
Anabaena, 
Aphanizomenon, 
Raphidiopsis, 
Oscillatoria, 
Lyngbya, Umezakia 

Liver  
 

Gastroenteritis, 
liver 
inflammation, 
liver hemorrhage, 
pneumonia, 
dermatitis 

Neurotoxins  
 

Anatoxins  
 

Anabaena, 
Aphanizomenon, 
Planktothrix, 
Cylindrospermopsis, 
Oscillatoria 

Nervous system  
 

Muscle twitching, 
burning, 
numbness, 
drowsiness, 
salivation, 
respiratory 
paralysis leading 
to death  

Saxitoxins  
 

Anabaena, 
Aphanizomenon, 
Cylindrospermopsis 
Lyngbya, 
Planktothrix, 
Rhaphidiopsis 

Nervous system  
 

Muscle twitching, 
burning, 
numbness, 
drowsiness, 
headache, vertigo, 
respiratory 
paralysis leading 
to death 

BMAA Nostoc, Microcystis, 
Anabaena, 
Aphanizomenon, 
Nodularia 

Nervous system No specific 
clinical symptoms, 
ALS/PDC with 
long-term 
consistent 
exposure 

Dermatoxins Lipopolysaccharides  
 

Synechococcus, 
Microcystis 
Anacystis, 
Oscillatoria 
Schizothrix, 
Anabaena 

Skin  
 

Skin irritation, eye 
irritation, 
headache, allergy, 
asthma, fever 

Lyngbyatoxins Lyngbya Skin Skin and eye 
irritation, 
respiratory 
problems 

Aplysiatoxin Lyngbya, 
Schizothrix, 
Oscillatoria  

Skin Skin irritation, 
asthma 

 

On a molecular level, cyanotoxins are only produced by specific genera, species, and 

strains of cyanobacteria carrying specific genes for each toxin (i.e. the mcy gene for microcystin 
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or nda gene for nodularian) and when environmental factors activate gene expression (Pearson, 

Neilan, Dittmann, D’Agostino, Mazmouz, & Ongley, 2016) (Sanseverino et al., 2017).  This 

means that just becomes a cyanobacterium contains a toxin producing gene, it does not 

necessarily express said gene unless other regulating factors are present.   For example, 

microcystin and nodularin gene expression are upregulated due to high light levels, and iron and 

nitrogen limitation (Pearson et al., 2017).  However, no BMAA genes have been identified as of 

yet (Nunn & Codd, 2017).  Environmental regulatory factors for BMAA are uncertain, however, 

it has been suggested that nitrogen starvation me increase biosynthesis (Downing, Banack, 

Metcalf, Cox & Downing T., 2011). 

Analytical Techniques 

 There are numerous scientific techniques available for the analysis of cyanobacteria and 

cyanotoxins.  The most suitable technique depends on the purpose of the specific research being 

performed, the type of cyanobacteria or cyanotoxin, and the sample type being studied.  

Microscopy may be suitable for analysis of cyanobacteria within a water sample.  Knowledge of 

taxonomy and cell counting during microscope analysis can be used to determine density and 

specie makeup of HABs (Sanseverino et al., 2017).  Downsides to this technique are that it is 

relatively inaccurate and cannot reliably be used to determine toxicity as cyanotoxin production 

varies based on the strain genetics and environmental regulating factors discussed previously 

(Sanseverino et al., 2017) (Pearson et al., 2017).  Basic water quality analysis to record nutrient 

levels, pH, dissolved oxygen, salinity, and water temperature may also be beneficial in predicting 

HABs (Sanseverino et al., 2017). 

 Pigment spectrophotometry of chlorophyll and other photosynthetic pigments is another 

method that may be used to determine cyanobacterial abundance during a HAB (Sanseverino et 

al., 2017).  This method records the absorbance of specific wavelengths of light to determine the 
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abundance of pigments.  Downsides to this technique are that it is difficult to distinguish between 

various species of cyanobacteria and other phytoplankton (Sanseverino et al., 2017).  

Additionally, this method is also unable to distinguish between toxin producing and non-toxin 

producing cyanobacteria. 

 Several molecular techniques have been utilized in the screening of HABs and provide 

the advantage of being able to distinguish between toxic and non-toxic strains by examining the 

presence or absence of toxin producing genes and their expression.  Such techniques include 

polymerase-chain reaction (PCR) and microarrays.  PCR functions by amplifying specific 

regions of DNA which can then be visualized on an agarose gel.  Nucleotide primers (short 

sequences that act as a starting point for DNA synthesis) are engineered to target a specific gene 

within the genome and the gene is replicated repeatedly by polymerases.  In the case of 

cyanobacteria, the 16S ribosomal RNA gene is typically amplified first to confirm the presence 

of prokaryotes (as only prokaryotes have this gene, which is a component of the 30S ribosomal 

subunit) (Sanseverino et al., 2017).  The genes for specific cyanotoxins can then be targeted to 

determine if the sample is toxin producing (Sanseverino et al., 2017).  For example, primers 

could be made to identify the microcystin gene cluster (mcy) and PCR could be used to identify 

the presence of cyanobacteria capable of producing microcystin (Sanseverino et al., 2017). 

 DNA microarrays are a molecular technique that allow screening of gene expression for a 

wide range of genes simultaneously.  A chip is coated with DNA sequences for numerous genes 

at specific locations on the chip.  RNA within the sample is then retrotranscribed back into 

complimentary DNA and applied to the chip.  By analyzing the chip (using fluorescent markers 

and lasers) the relative expression of specific genes within the sample can be identified.  In 

screening for toxin-producing cyanobacteria, microarrays are advantageous because they can 

screen for numerous toxin producing genes simultaneously, allowing for high throughput 
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analysis of microbial communities (Sanseverino et al., 2017).  While these molecular methods 

(both PCR and microarrays) are extremely useful in screening for cyanotoxins with known gene 

clusters, such as microcystin or nodularin, they are unable to identify BMAA producing 

cyanobacteria as no BMAA gene cluster has been identified (Nunn & Codd, 2017). 

 A common biochemical analytical technique for the identification of cyanotoxin is the 

enzyme-linked immunosorbent assay (ELISA).  Unlike previously discussed techniques, ELISAs 

directly target cyanotoxin molecules.  ELISAs utilize enzyme-bound antibodies specific for an 

antigen, in this case a specific cyanotoxin.  To perform an ELISA, antibodies specific for the 

desired cyanotoxin are applied to microtiter wells.  The experimental sample is then applied to 

the antibody-coated microtiter wells, washing away excess.  This will bind the target cyanotoxin 

to the primary antibodies in the wells.  Secondary enzyme-linked antibodies are then applied, 

which also bind the cyanotoxin present in the wells.  The excess is removed and the substrate for 

the antibody-bound enzyme is applied, which is cleaved by the enzyme to produce a color.  The 

intensity of the color is correlated with the quantity of cyanotoxin initially bound to the wells.  

Thus, this method can be used to quantitatively analyze cyanotoxins and ELISAs can detect 

cyanotoxins in concentrations as low as 0.1 µg/L (Sanseverino et al., 2017).  Additionally, 

ELISAs have been designed and utilized to identify BMAA samples (Sanseverino et al., 2017).  

An ELISA procedure can be visualized in figure 2 below. 

 
Figure 2. Diagram of the ELISA technique 
Source: Sanseverino et al., 2017 
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 The most common chemical based analytical method for cyanotoxins is liquid 

chromatography (LC).  In LC the sample is placed in a solvent known as the “mobile phase”, 

which is passed through a cylindrical chamber containing the “stationary phase” (Yang, Li, 

Huang, Tang & Gao, 2015).  The stationary phase is composed of extremely small particles 

which interact with the sample as it passes through the chamber (Yang et al., 2015).  Due to 

varying interactions between the samples and stationary phase (which vary based on chemical 

make-up), such as hydrophobic interactions, dipole-dipole interactions, ionic interactions and 

size, different chemicals will pass through the chamber at different rates (Yang et al., 2015).  

This separates the components of the sample which are quantified by a detector (Yang et al., 

2015).  In normal LC, the mobile phase is typically hydrophobic while the stationary phase is 

hydrophilic.  This process is shown in figure 3 below. 

 

 
Figure 3. Separation of a sample by LC 
Source: https://www.researchgate.net/figure/Fig-2-Schematic-illustration-of-high-performance-
liquid-chromatography-HPLC-for_fig2_276363502 
 

 There are numerous variations of this technique, which can improve accuracy for various 

chemicals being analyzed.  Common examples include: ultra-high-performance liquid 

chromatography (UHPLC), reverse phase liquid chromatography (RP-LC), liquid 
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chromatography coupled to mass spectroscopy (LC-MS), and hydrophilic interaction liquid 

chromatography (HILIC).  UHPLC utilizes higher pressure than typical LC and uses smaller 

particles within the stationary phase for better separation efficiency (Sanseverino et al., 2017).  

RP-LC is similar to typical LC but reverses the phase solubilities, making the stationary phase 

hydrophobic and the mobile phase hydrophilic (Sanseverino et al., 2017).  LC-MS couples LC 

with mass spectroscopy (MS).  In MS, chemicals are ionized and then separated based on their 

specific mass/charge ratio (Sanseverino et al., 2017).  Due to its extremely high selectivity and 

sensitivity, LC-MS is one of the most common techniques in the analysis of cyanotoxins 

(Sanseverino et al., 2017).  HILIC is very similar to standard LC but uses a RP-LC type mobile 

phase, so that both the mobile and stationary phases are hydrophilic (Buszewski & Noga, 2011).  

This method is favorable for polar samples as the sample will be able to easily dissolve in the 

hydrophilic mobile phase (Buszewski & Noga, 2011).  As BMAA is a polar chemical, HILIC has 

been demonstrated to best separate it (Sanseverino et al., 2017).  HILIC may also be coupled 

with MS to improve separation limit (Buszewski & Noga, 2011).  The lowest demonstrated 

detection limit for BMAA using this technique was 2 pg within the chromatography column 

(Sanseverino et al., 2017). 

b-Methylamino-L-Alanine 

 The cyanotoxin b-methylamino-L-alanine (L-BMAA or BMAA), the focus of this 

review, is a non-proteogenic diamino acid (National Center for Biotechnology Information., 

n.d.).  As such, it is not one of the 20 amino acids coded for in the genetic code or typically 

incorporated into proteins within humans.  The “L” refers to the chirality of the amino acid, with 

“L” being the typical form of amino acids in living systems.  Additionally, the amino acid can 

exist either free-floating within the cytosol of cyanobacterial cells, or it can become incorporated 

into protein.  L-BMAA is a derivative of the common proteogenic amino acid L-alanine in which 
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a hydrogen on the b-carbon is replaced by a methylamino group.  The chemical structure of L-

BMAA and its similarity to L-alanine can be visualized in figure 4 below. 

 
Figure 4. Two-dimensional structure of L-Alanine (left) and L-BMAA (right) 
Source: National Center for Biotechnology Information., n.d. 
 
 BMAA production has been identified within Nostoc, Microcystis, Anabaena, 

Aphanizomenon, and Nodularia genera of cyanobacteria (Sanseverino et al., 2017).  However, 

some research has shown diatoms (single-cellular eukaryotic algae) may also be capable of 

BMAA production (Jiang et al., 2014).  Little research has been performed regarding the 

genetics involved in cyanobacterial biosynthesis of BMAA and no specific genes involved have 

been found (Nunn & Codd, 2017).  Additionally, the biosynthetic pathway for BMAA 

production in cyanobacteria is currently unknown (Nunn & Codd, 2017).  A possible 

biosynthetic pathway for the production of BMAA has been proposed, however, it has not been 

experimentally confirmed within cyanobacteria (Aráoz, Molgó & Marsac, 2010) (Pearson et al., 

2017).   

Within this hypothetic pathway for the production of BMAA, ammonia (NH3) is 

transferred to a b-substituted alanine via a cysteine synthase-like enzyme (Aráoz et al., 2010).  b-

substituted alanine is a form of the proteinogenic amino acid alanine in which one of the 

hydrogen atoms attached to the b-carbon (the carbon furthest from the carboxyl group) has been 

substituted for a different group (potential substituents are listed below).  Additionally, the 
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cysteine synthase-like enzyme is the enzyme responsible for catalyzing this reaction and has a 

similar function to an enzyme involved in the production of cysteine (another amino acid).  A 

methyl transferase enzyme then methylates the NH3 group to produce BMAA (Aráoz et al., 

2010).  This is the process of substituting one of the NH3 hydrogens with a methyl group (CH3).  

This process is shown in figure 5 below.  Within this diagram, the initial substituent of b-

substituted alanine can either be a phosphoserine, cysteine, O-acetylserine or cyanioalanine 

group, while the source of the methyl group in the final step is S-adenosyl-L-methionine (Aráoz 

et al., 2010). 

 
Figure 5. The proposed pathway for BMAA synthesis within cyanobacteria 
Key: X: phosphoserine, cysteine, O-acetylserine or cyanioalanine. 
Ad-S+: S-adenosyl-L-methionine 
Source: Aráoz et al., 2010 
  

The purpose of BMAA within cyanobacteria is also unclear and little research has been 

performed on the subject.  However, evidence suggests that BMAA may play some role in 

nitrogen metabolism (Pearson et al., 2016).  In a study performed using Microcystis aeruginosa 

PCC 7806 and labeled nitrogen (15N), nitrogen starvation resulted in an elevated level of free-

cytosolic BMAA (Downing, Banack, Metcalf, Cox & Downing T., 2011).  However, upon 

addition of fixed nitrogen (NH3 or NO2), a decrease of free-floating BMAA without a 

corresponding increase in protein associated BMAA resulted (Downing et al., 2011). These 

results suggest that either BMAA is a byproduct of catabolism in order to increase nitrogen 

levels or that BMAA serves as some cellular response to nitrogen starvation (Downing et al., 
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2011).  However, a second experiment that applied BMAA to a strain of Nostoc sp. found that 

BMAA reduced nitrogen fixation activity, thus decreasing fixed nitrogen levels (Berntzon et al., 

2013).  This is consistent with the first experiment in that it demonstrates BMAA serves a role in 

nitrogen metabolism.  However, it appears contradictory that BMAA would both serve a 

functional role during nitrogen starvation (as in the first experiment), while simultaneously 

inhibiting nitrogen fixing (as in the second experiment). 

Neurotoxic Effects 

 2003 research identified a link between dietary BMAA consumption among the 

population of Guam and the incidence of ALS-PDC (Cox, et al., 2003).  BMAA was produced 

by cyanobacteria in a symbiotic relationship with cycad trees, accumulated in the cycad seeds, 

which were eaten by flying foxes (bats) (Cox, et al., 2003).   The flying foxes were then 

consumed by the Guam population who commonly developed ALS-PDC (Cox, et al., 2003).  

Due to the similarity between ALS-PDC and other neurodegenerative diseases, it was speculated 

that BMAA may serve as an environmental factor in neurodegenerative diseases such as ALS, 

Alzheimer’s Disease, and Parkinson’s Disease (Cox, et al., 2003).  Additionally, BMAA was 

found in several brains of individuals who had died from Alzheimer’s disease in Canada while 

no BMAA could be found in control brains (Cox, et al., 2003).  This suggested that BMAA may 

bioaccumulate through food chains distant from Guam (and lacking cycad trees) and contribute 

to neurodegeneration (Cox, et al., 2003).  A later study in the United States again found BMAA 

by HPLC-MS in post-mortem brains confirmed to have Alzheimer’s Disease or ALS (Pablo et 

al., 2009).  Within this study, non-neurodegenerative control brains lacked BMAA (Pablo et al., 

2009).  Furthermore, a dose dependent relationship between dietary supplements of BMAA and 

expression of b-amyloid plaques and tau neurofibrillary tangles (NFTs) was identified in Vervet 

monkeys (Cox, Davis, Mash, Metcalf, & Banack, 2016).  While hallmarks of Alzheimer’s 
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disease, these structures are also present in ALS-PDC and were found in similar densities as in 

ALS-PDC (Cox et al., 2016).  However, despite these findings, other research has been unable to 

detect BMAA within brains affected by Alzheimer’s using ultra-high-performance LC-MS 

(Meneely, Chevallier, Graham, Greer, Green, & Elliott).  This calls into question the accuracy of 

detection techniques and may also suggest BMAA is not always involved with Alzheimer’s 

disease. 

Despite this potential correlation between BMAA and neurodegeneration, both the 

causation of neurodegenerative diseases and the potential role of BMAA in neurodegenerative 

diseases, is poorly understood.  However, hypotheses have been developed which attempt to 

explain the neurotoxic effects of BMAA and its potential role in neurodegeneration.  Two of the 

predominate BMAA neurotoxic hypotheses are glutamate excitotoxicity and protein 

incorporation (Delcourt, Claudepierre, Maignien, Arnich, & Mattei, 2018). 

Glutamate excitotoxicity. Glutamate excitotoxicity is the excessive stimulation of 

neurons by glutamate, eventually leading to apoptosis (programed cell death) (Delcourt et al., 

2018).  Glutamate is a common neurotransmitter which neurons use to transfer signals between 

neuronal synapses.  Typically, glutamate binding to postsynaptic receptors allow positive ions to 

flow into the neuron which induce another action potential.  Within the BMAA excitotoxicity 

hypothesis, BMAA interacts with bicarbonate ions (HCO3-) to form a molecule structurally 

similar to glutamate (Delcourt et al., 2018).  This molecule then acts as a glutamate agonist, 

excessively binding to glutamate receptors in the postsynaptic neuron (Delcourt et al., 2018). 

This excessive binding to glutamate receptors (iGluR and mGluR) causes an excessive 

intracellular level of calcium ions (Ca2+) which stresses the endoplasmic reticulum, leading to 

apoptosis (caused by caspase enzymes in mitochondria) (Delcourt et al., 2018).   
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Additionally, the binding of the glutamate agonist to mGluR (which is typically involved 

in activating intracellular metabolic cascades) has been shown to activate a Src kinase which is 

responsible for the phosphorylation of the enzyme protein phosphatase 2A (PP2A), which 

inactivates PP2A (Delcourt et al., 2018).  One of the functions of PP2A is the removal of 

phosphates from tau protein, thus resulting in hyperphosphorylated tau (Delcourt et al., 2018).  

Tau is a microtubule associated protein (MAP) responsible for stabilizing microtubules.  In 

becoming hyperphosphorylated, tau proteins aggregate within cells, forming neurofibrillary 

tangles (NFTs), a hallmark of Alzheimer’s disease.  The process of excitotoxicity and parallel tau 

hyperphosphorylation are shown on the right half of figure 6 on the next page. 

Protein incorporation. While BMAA is not considered a proteinogenic amino acid, 

because it is not normally used in protein synthesis, it has been demonstrated that BMAA can 

incorporate into protein (Delcourt et al., 2018).  BMAA is able to enter neurons through Xc- 

transporters (which typically pump cysteine amino acids into the neuron and glutamate out).  

Once in the cell, BMAA may be mis-incorporated into protein leading to aggregation (Delcourt 

et al., 2018).   In vitro, it has been demonstrated that BMAA can replace cysteine or alanine 

residues in protein synthesis, however, this has not been repeatable in vivo (Glover, Murch, & 

Mash, 2014) (Delcourt et al., 2018).  Due to this finding, alanine supplements have entered stage 

one of clinical trials for both Alzheimer’s and ALS.  Additionally, while protein misfolding and 

aggregation are signs of Alzheimer’s disease (b-amyloid plaques and NFTs), Parkinson’s disease 

(lewy bodies), and ALS (SOD1 peptides and TDP-43), there is currently no evidence that 

BMAA mis-incorporation directly influences these aggregations (Cavaleri, 2015) (Delcourt et 

al., 2018).  The process of BMAA entry through Xc- transporters and subsequent protein 

incorporation is shown in the left half of figure 6 below. 
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Figure 6. Diagram showing hypothetic processes of BMAA induce excitotoxicity, NFT 
formation, and protein misfolding and aggregation 
Source: Delcourt et al., 2018 

CONCLUSIONS 

 The mechanisms causing neurodegenerative diseases are extremely complex, leading to 

our relatively poor understanding of them.  Additionally, the role of environmental factors is 

often overlooked.  While the role BMAA may play in neurodegenerative diseases is still unclear, 

this research has generated a new search for causative agents, therapeutic targets and treatments.  

Alanine supplements are one potential treatment that stemmed from this research and are 

currently in clinical trials for both Alzheimer’s disease and ALS.  This topic is especially 

relevant to northern Ohio and the area surrounding Lake Erie due to the increased frequency of 
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HABs and the presence of species capable of producing BMAA.  This project attempted to 

provide a wide overview of BMAA and other cyanotoxins from discussion of cyanobacteria, 

prevalence in algal blooms, biomagnification, detection by analytical techniques, to its 

hypothesized mechanisms of neurodegeneration. 

 By examining this entire pathway from cyanotoxin production to neurodegeneration, a 

need for additional research becomes apparent in several distinct areas.  The ecological issue of 

HABs need to be addressed as they are a major source of BMAA and other cyanotoxins that 

pollute drinking water and aquatic habitat.  Improved methods to reduce nutrient runoff and 

pollution, resulting in reduced eutrophication may help in this area.  Additionally, further 

research could be performed on the genetics and biosynthesis of BMAA in cyanobacteria as this 

subject is inadequately understood and may provide insight into reducing BMAA production by 

cyanobacteria.  While analytical techniques exist to detect BMAA, namely LC-MS, this has 

historically proven difficult and has led to controversy in the literature in regard to detecting 

BMAA in brain samples.  Thus, improvement and standardization of BMAA detection methods 

should be developed.  Finally, while a correlation between BMAA and neurodegeneration has 

been demonstrated numerous times in the literature, the mechanisms are relatively poorly 

understood, making the development of potential treatment difficult.   
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