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A B S T R A C T

Cyanobacterial blooms are increasingly common in aquatic environments, raising concerns about the health 
impacts associated with the toxins they produce. One of these toxins is β-methylamino-L-alanine (BMAA), a 
neurotoxin linked to neurodegenerative diseases. Monitoring BMAA levels in the environment is challenging due 
to trace concentrations and complex matrices, and new approaches are needed for assessing exposure risk. In this 
laboratory study, Australian freshwater mussels, Velesunio ambiguus, were exposed to a BMAA-producing 
cyanobacterium, Microcystis aeruginosa, to assess its accumulation of the toxin over time. A sample prepara
tion and analysis method was developed to allow accurate quantification of BMAA in the mussels at concen
trations as low as 0.4 ng/g. Mussels exposed to M. aeruginosa accumulated BMAA, with concentrations increasing 
over the exposure period. Rapid depuration occurred after exposure to the cyanobacterium ended, with con
centrations of BMAA quickly returning to pre-exposure levels. These results demonstrate the potential for mussels 
to be used as bioindicators in the field for monitoring BMAA levels over time, where rapid depuration is unlikely.

1. Introduction

Cyanobacteria are ubiquitous photosynthetic microorganisms that, 
whilst present in some of the most inhabitable extremes on Earth, are 
most commonly found in aquatic environments (Díez et al., 2014). 
Rapid proliferation events can occur when water conditions are 
favourable for cyanobacteria growth, leading to large-scale cyano
bacterial blooms. These conditions have occurred more often in recent 
years, mainly due to anthropogenic influences such as eutrophication 
and climate change (O’Neil et al., 2012). Cyanobacterial blooms can be 
harmful for many reasons, impacting both physical and chemical water 
quality. One of the main concerns are the health risks associated with the 
toxins that cyanobacteria can produce (Huisman et al., 2018). These 
toxins, collectively known as cyanotoxins, include hepatotoxic cyclic 
peptides (e.g. microcystins), neurotoxic amino acids (e.g. β-methyl
amino-L-alanine (BMAA)) and alkaloids (e.g. anatoxins and saxitoxins), 
and endotoxic lipopolysaccharides.

β-Methylamino-L-alanine (BMAA) is a non-protein amino acid 
thought to be primarily produced by cyanobacteria, as well as some 
species of diatoms and dinoflagellates (Cox et al., 2005; Jiang et al., 

2014a; Jiang et al., 2014b). BMAA is linked to high incidences of global 
neurodegenerative disease (Caller et al., 2018). Although the acute 
neurotoxic effects of BMAA have been extensively observed both in vivo 
and in vitro (Karamyan et al., 2008; Chan et al., 2012; Main et al., 2016; 
Potjewyd et al., 2017), the exact mechanism contributing to neuro
degeneration remains unclear. Chronic exposure to BMAA is believed to 
contribute to neurodegeneration (Caller et al., 2018), but validating this 
hypothesis through experimental modelling has proven challenging. 
BMAA is frequently found alongside its structural isomers 2,4-diamino
butyric acid (2,4-DAB) and N-(2-aminoethyl)glycine (AEG), both of 
which display their own neurotoxicity (Schneider et al., 2020; Main 
et al., 2018a; Metcalf et al., 2015). AEG’s toxicity remains contentious, 
with conflicting reports in the literature (Schneider et al., 2020; Main 
et al., 2018a). Populations residing near water bodies prone to cyano
bacterial blooms face heightened risks of BMAA exposure. Exposure can 
be through direct contact with contaminated water, inhalation of 
aerosols, or consuming contaminated food (Cox et al., 2005; Jonasson 
et al., 2010; Li et al., 2024; Lance et al., 2018; Scott et al., 2018; Banack 
et al., 2015; Metcalf et al., 2023). Exposure through food sources is 
exacerbated by BMAA’s ability to bioaccumulate, creating higher 
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concentrations in food sources such as seafood (Lance et al., 2018; Brand 
et al., 2010; Regueiro et al., 2017; Dunlop et al., 2019).

Determining levels of BMAA exposure can be challenging. This re
sults from a combination of difficulties with analytical methods, low 
concentrations, and complex sample matrices (Bishop et al., 2020). 
Many of the studies analysing BMAA in the environment focus on cya
nobacterial samples (Bishop et al., 2020; Esterhuizen-Londt et al., 
2011a; Yan et al., 2017). This approach is problematic, as cyanobacterial 
levels may not reflect levels of human exposure to BMAA. Detection of 
BMAA in environmental cyanobacteria samples is also varied, with some 
studies failing to detect BMAA despite analysing large sample sizes 
(Monteiro et al., 2017; Wang et al., 2023), while others report its pres
ence in multiple samples (Violi et al., 2019; Faassen et al., 2009; 
Esterhuizen-Londt et al., 2011b; Błaszczyk et al., 2021). This inconsis
tency between detections is common even within a genus or species and 
has led to difficulties in developing an understanding of the role BMAA 
plays in the environment, as well as the conditions that are required for 
its production. Analysis of cyanobacteria samples also requires a high 
biomass for detection and is only representative of the time point at 
which the sample was collected. Cyanobacterial cell numbers can 
change rapidly due to movement by wind or currents (Wang et al., 2016; 
Wu et al., 2013; Chen et al., 2023), and concentrations of BMAA in 
cyanobacteria can quickly change across a bloom event (Peters et al., 
2022). Both of these could lead to over- or under-estimation of BMAA 
exposure and risk when a single sampling period is used, influencing the 
reliability of limited spatial sampling designs.

Studies of BMAA concentrations in environmental waters have had 
limited success. Pre-concentration is needed to increase the levels of 
BMAA in water to detectable amounts, but most studies still have 
insufficient sensitivity to detect the toxin. Two papers have successfully 
detected BMAA in natural, unspiked water, with a majority of detections 
being less than 2 ng/L (Vo et al., 2019; Cao et al., 2019). In other studies, 
the reported limits of detection for BMAA in water range between 10 and 
5000 ng/L (Yan et al., 2017; Roy-et al., 2015; Faassen et al., 2013; Abbes 
et al., 2022), meaning these other methods would not have been sensi
tive enough to be able to detect BMAA in the majority of positive water 
samples (Yan et al., 2017; Vo et al., 2019; Cao et al., 2019; Roy-et al., 
2015; Faassen et al., 2013; Abbes et al., 2022). Robust and sensitive 
water monitoring for BMAA is important as water presents a probable 
route of toxicity. However, water analysis is still limited to providing 
information at a single time point that was sampled.

Bioindicators offer a solution to analysing trace concentrations of 
toxins or pollutants in water as they can bioaccumulate the target ana
lytes into higher concentrations, and may offer insights into concen
tration levels over extended periods of time. Bivalves, such as mussels, 
have been used extensively in marine and freshwater environments as 
bioindicators of environmental pollution, including heavy metals, 
persistent organic pollutants, and microplastics (Li et al., 2021; Qu et al., 
2018; Viarengo et al., 1991; Azizi et al., 2018; Carro et al., 2014; Far
rington et al., 1983). They make particularly effective bioindicators due 
to their filter-feeding behaviour, sedentary lifestyle, long lifespan, wide 
distribution and bioaccumulation potential (Viarengo et al., 1991). 
Some BMAA analyses have focussed on aquatic animals which have 
accumulated BMAA, often within the context of assessing the risk of 
exposure through food consumption (Lance et al., 2018; Regueiro et al., 
2017; Sandhu et al., 2024; Jiang et al., 2014c). While these studies 
provide valuable insights, they typically offer limited temporal infor
mation and lack controlled exposure durations. BMAA has been identi
fied in filter-feeding bivalves such as mussels and oysters, which 
consume phytoplankton including cyanobacteria (Lance et al., 2018; 
Jiang et al., 2014c; Réveillon et al., 2014). BMAA concentrations in 
mussels has been a focus of some recent studies due to concerns 
regarding direct human consumption (Regueiro et al., 2017), bio
accumulation potential into livestock through use in feed (Kim and 
Rydberg, 2020), and as potentially useful bioindicators for BMAA levels 
in aquatic environments (Lepoutre et al., 2020a; Lepoutre et al., 2020b; 

Downing et al., 2014; Baptista et al., 2015). Utilising mussels as bio
indicators for BMAA analysis presents an alternative to the complica
tions of both water and phytoplankton analysis, whilst providing 
information over larger periods of time, potentially enabling more 
effective monitoring of chronic exposure.

Laboratory experiments have demonstrated the uptake of dissolved 
BMAA in mussels (Lepoutre et al., 2020a; Lepoutre et al., 2020b; 
Downing et al., 2014), but have required a relatively high concentration 
of ≥5 μg/L, which is much higher than levels detected in natural water 
samples. One study also observed some BMAA uptake in marine mussels 
fed cyanobacteria, but had limited data points and failed to show a clear 
trend (Baptista et al., 2015). These studies provide some pretext for 
using mussels as bioindicators of BMAA in the environment. The use of 
mussels to analyse microcystins (MCs) and other cyanotoxins in labo
ratory settings and in the environment suggests this approach may be 
useful (Amorim et al., 1999; Pires et al., 2004; Camacho-Muñoz et al., 
2021; Vasconcelos, 1995; Saker et al., 2004).

Unfortunately, the most common mussels used in bioaccumulation 
studies, including those used for cyanotoxins, are unsuitable for use in 
Australia. One of the more commonly used species, D. polymorpha, is an 
invasive species in many parts of the world, and Australia has a partic
ularly sensitive environment. Therefore, selecting a native species, such 
as Velesunio ambiguus, is essential for establishing mussels as environ
mental bioindicators in Australia. V. ambiguus has a widespread distri
bution across much of eastern Australia and is characterised by its 
hardiness and limited mobility, suggesting its potential suitability for 
bioaccumulation studies. Here we aimed to analyse the uptake and 
elimination of BMAA in V. ambiguus mussels exposed to toxin-producing 
cyanobacterium, Microcystis aeruginosa, and to develop new sample 
preparation methods to increase sensitivity and enable BMAA detection 
in the complex sample matrix. This was done to assess the viability of 
mussels as a bioindicator of cyanotoxin levels over time.

2. Methods & materials

2.1. Reagents and materials

L-BMAA hydrochloride (BMAA HCl, ≥97%) and microcystin RR-YR- 
LR mix (5 μg/mL in methanol) standards for LC-MS/MS analysis were 
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). L-2,4-dia
minobutyric acid dihydrochloride (2,4-DAB 2HCl, ≥95%) and N-(2- 
aminoethyl)-glycine (AEG, ≥97%) standards were purchased from 
Toronto Research Chemicals Inc. (North York, ON, Canada). The inter
nal standards were BMAA D3 (d3BMAA, ≥98%) from Eurofins Tech
nology (Dandenong South, Vic, Australia), D-2,4-diaminobutyric- 
2,3,3,4,4-d5 acid dihydrochloride (d5DAB 2HCl, ≥66%) from CDN 
Isotopes (Pointe-Claire, QC, Canada), and nodularin from Sigma-Aldrich 
(Castle Hill, NSW, Australia). The d5DAB internal standard had multiple 
deuteration states, and d3 was found to be the most abundant. Methanol 
and acetonitrile were both LiChrosolv® hypergrade for LC-MS, and 
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Analytical 
reagent grade sodium hydroxide, hydrochloric acid, trichlorocaetic acid, 
1-propanol, propyl-chloroformate, 3-methylpyridine, chloroform and 
2,2,4-trimethylpentane (isooctane) were purchased from Sigma-Aldrich 
(Castle Hill, NSW, Australia). HPLC grade ethyl acetate and ammonium 
hydroxide were also purchased from Sigma-Aldrich (Castle Hill, NSW, 
Australia). Solid phase extraction cartridges were Oasis MCX, 3 cc 60 
mg, from Waters (Rydalmere, NSW, Australia)

2.2. Mussel acclimation

Individual V. ambiguus were purchased from Australian Aquatic 
Biological (Karuah, NSW, Australia) and acclimated in the laboratory 
until experimental procedures began. Upon arrival, mussels were placed 
in a 100 L tank and covered in “copper-free” water overnight. The 
following day mussels were distributed into aerated tanks with 1 L 
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water/mussel. During this acclimation period, mussels were fed 3.5 ×
106 chlorella/mussel/day. Chlorella was supplemented with 40% algae 
hikari (ground to 100 μm) when algal suspension was unavailable at 2 
mg/mussel/day. Water temperatures were kept at 20 ± 1 ◦C, a pH of 7.5 
± 0.1, and dissolved oxygen at 8.0 ± 0.5 mg/L.

2.3. Exposure and depuration

A total of 70 mussels (63 ± 5 mm) were used for the exposure 
experiment. At the beginning of the experiment, the mussels were 
transferred to 5 separate tanks, each holding 14 mussels and 14L of 
copper-free water. During the exposure period, mussels were fed 2 ×
107 cells/mussel/day of Microcystis aeruginosa MASH01-AO5 at a fre
quency of twice a week (Fig. 1). This cyanobacterium was chosen for the 
exposure experiment as it had previously been found to produce BMAA 
(Violi et al., 2019; Main et al., 2018b; Downing et al., 2011), and it was 
quantified with the same methods as described for the mussel tissue. The 
free fraction of the cyanobacterium had a concentration of 0.65 ng 
BMAA/g, while the insoluble protein fraction had no detectable BMAA. 
15 mussels were transferred to a control tank that was fed chlorella as 
described in the acclimation throughout the experiment. After the 
exposure period of 56 days, mussels were left to depurate for 56 days. At 
the beginning of depuration, mussels were moved to fresh, clean tanks. 
For the duration of the experiment, half water changes were completed 
at every sampling period, or once every 2 weeks, whichever was sooner, 
with water volume adjusted to maintain 1 L water/mussel.

2.4. Sampling

Samples were collected on days 0, 3, 7, 14, 21, 28, 42 and 56 during 
the exposure period, and on days 59, 63, 70, 77, 88, 112 during the 
depuration period (Fig. 1). At each of the sampling points, one mussel 
was randomly selected from each of the five exposure tanks. Sacrificed 
samples were shucked, weighed and sliced before being freezing at 
− 80 ◦C. Samples were freeze-dried, weighed to obtain dry weights and 
homogenised by mortar and pestle. Samples were then stored at − 80 ◦C 
until prepared for analysis.

2.5. Cell lysis and protein precipitation

Approximately 50 mg of dry mussel tissue was weighed into a 2 mL 
Eppendorf tube, along with 1 mL of 10% trichloroacetic acid (TCA) and 
20 μL of an internal standard (IS) mix containing 500 ng/mL of d5DAB 
and d3BMAA. Samples underwent probe sonication (Qsonica Newtown, 

CT, USA) twice for 1.5 min at 50% intensity and were kept on ice in 
between. The samples were left at 4 ◦C for 4 h to enable protein pre
cipitation before being centrifuged at 3000×g for 20 min. The resulting 
supernatant was transferred into a 2 mL Eppendorf tube. The remaining 
pellet was transferred to a glass shell vial by two additional 200 μL 
washes of 10% TCA. Both additional washes were combined with the 
original supernatant and labelled as the “soluble fraction”. The soluble 
fraction was freeze dried overnight at − 80 ◦C, 0.1 mbar before being 
reconstituted in 400 μL 20 mM HCl and transferred to 0.2 μm membrane 
spin filter tubes (Ultrafree-MC LG Centrifugal 0.2 μL PTFE Membrane 
Filter).

2.6. Protein hydrolysis

Shell vials containing the protein pellets were transferred to hydro
lysis vials containing 1 mL 6M HCl. The sealed hydrolysis vials were 
purged under vacuum and replaced with nitrogen 3 times. They were 
left in an oven at 110 ◦C for 16 h to undergo hydrolysis by HCl vapour. 
After 16 h, the vials were briefly left to cool, and the pressure was 
released. The hydrolysed pellets were then transferred to 0.2 μm mem
brane spin filter tubes (Ultrafree-MC LG Centrifugal 0.2 μL PTFE Mem
brane Filter) by reconstituting with 380 μL 20 mM HCL and 20 μL IS mix. 
The spin filter tubes from both this insoluble protein fraction as well as 
the soluble fraction were then centrifuged at 8000×g for 1 h. Extracts 
were either stored at − 20 ◦C or proceeded directly to the next stage.

2.7. Extraction

Sample clean-up was completed using Waters MCX SPE cartridges (3 
cc, 60 mg). Cartridges were conditioned with 1 mL 10% NH4OH in 
MeOH followed by 2 mL MeOH. Equilibration was by 1 mL 10 mM HCL 
and 200 μL of sample was loaded with an additional 800 μL 10 mM HCl. 
The loaded cartridges were washed first with 1 mL 10 mM HCl, followed 
by 2 mL MeOH. Cartridges loaded with the protein fraction samples 
underwent an additional 1.5 mL wash with 2% NH4OH to remove the 
additional interferences found in this matrix, but this step was not 
needed for the free fraction. All cartridges were dried under vacuum 
before elution in 2 mL 10% NH4OH. The samples were dried under a 
gentle nitrogen stream before being reconstituted in 100 μL of 20 mM 
HCl, ready for derivatisation.

2.8. Derivatisation

All samples and standards were derivatised using propyl- 

Fig. 1. Feeding and sampling timeline and experimental flow chart for the exposure and depuration periods.
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chloroformate. This was done by the addition of 100 μL of 20% 3-meth
ylpyridine in 1-propanol, followed by the addition of 50 μL of propyl- 
chloroformate/chloroform/isooctane (18%/72%/10%). The mixture 
was vortexed thoroughly to ensure full derivatisation. 100 μL of ethyl 
acetate was then added, and the solution was vortexed again and left for 
a minute for the layers to separate. The top layer was transferred to an 
LC vial insert and an additional 100 μL of ethyl acetate was added to the 
sample for a second wash. After vortexing, the top layer was combined 
with the first extract. The combined extracts were dried down under a 
gentle stream of nitrogen and were finally reconstituted 100 μL of the 
starting mobile phase solvent, which consisted of 50% MeOH in water.

2.9. Analysis by LC-MS/MS

Standards were made ranging from 0.025 to 1000 ng/mL of both 
BMAA and DAB, and with a final concentration of 25 ng/mL of d3BMAA 
and d5DAB. All dilutions used 20 mM HCl. Standards were derivatised 
prior to LC-MS/MS using the same protocol as the samples.

The LC-MS/MS method was optimised on a Shimadzu Nexera UC 
UHPLC system coupled to a Shimadzu LCMS-8060 triple quadrupole 
mass spectrometer (Rydalmere, NSW, Australia). Chromatographic 
separation was achieved using an Agilent Zorbax Eclipse Plus RRHD 
column (2.1 × 50 mm, 1.8 μm) equipped with a 5 mm guard column 
containing the same stationary phase. The column temperature was 
maintained at 40 ◦C and flow rate was set to 0.8 mL/min. The starting 
mobile phase consisted of 50% ultrapure water with 0.1% formic acid 
(A) and 50% methanol with 0.1% formic acid (B). The starting mobile 
phase composition was maintained for the first 5 min, after which time 
all target analytes had eluted and the mobile phase was increased to 90% 
B until 7 min to wash the column. The mobile phase then returned to the 
initial conditions to equilibrate before the next injection for 1.5 min. 
Each sample underwent duplicate 10 μL injections.

The MS/MS was run in positive mode, with optimised parameters 
including an interface voltage of 3 kV and interface temperature set at 
300 ◦C. The desolvation temperature was maintained at 526 ◦C, with the 
desolvation line temperature at 250 ◦C. Nebulising gas flow was set to 
2.90 L/min, with heating gas at a flow rate of 10.00 L/min. A heat block 
temperature of 400 ◦C was employed, along with a drying gas flow rate 
of 10.00 L/min. Multiple reaction monitoring (MRM) mode was used 
with specific ion transitions and collision energies detailed in Table 1. 
Data analysis was performed using Shimadzu’s Lab Solutions. The 
sample preparation and instrument methods were validated by assessing 
linearity, instrument and sample detection limits (LODs), accuracy, and 
precision.

2.10. Microcystin extraction and analysis

For the analysis of MCs in mussel tissue, an additional 50 mg of each 
sample was weighed out into 2 mL Eppendorf tubes. 990 μL of 75% 

MeOH was added to each sample, along with 10 μL of 1 μg/mL of 
nodularin as an internal standard. The samples were briefly vortexed 
and left in a sonicator bath for 30 min. Samples then underwent probe 
sonication at 50% intensity for 1 min, before being filtered (Ultrafree- 
MC LG Centrifugal 0.2 μL PTFE Membrane Filter) and transferred to 
vials for LC-MS/MS analysis. Microcystin standards included MC-RR, 
MC-YR and MC-LR, and were made in a range of 0.1 ng/mL and 500 
ng/mL, and had a final concentration of 10 ng/mL of nodularin. All 
dilutions were done in 75% MeOH in water.

Analysis took place using modified method from Pravadali-Cekic 
et al. (2023) with the same LC-MS/MS system described for the BMAA 
analysis. Separation was completed using an Agilent Zorbax Eclipse Plus 
RRHD column (2.1 × 100 mm, 1.8 μm), with a column temperature of 
18 ◦C and a flow rate of 0.65 mL/min. The starting mobile phase was 
70% A (ultrapure water + 0.1% formic acid) and 30% B (acetonitrile +
0.1% formic acid), increasing to 32.5% B over 4 min. The mobile phase 
was held for 0.5 min at 32.5% B before increasing to 90% B for 1.5 min. 
The system then returned to starting conditions to equilibrate for 2 min 
before the next injection. 5 μL was injected of each sample in duplicate.

2.11. Statistical analysis

Statistical analyses were completed using Microsoft excel and Py
thon. Mussels with undetectable analyte levels were considered to have 
a concentration of 0 for statistical analyses. Grubbs tests were used to 
exclude any outliers. Student’s t-tests were used to assess difference in 
data sets.

3. Results & discussion

A highly sensitive and accurate sample preparation method for the 
analysis of BMAA was developed (Table 2), which enabled the detection 
of BMAA in mussel tissue at concentrations as low as 0.4 ng/g. This is 
over 2500x more sensitive than recent methods employed for similar 
sample matrices (Lepoutre et al., 2020a; Lepoutre et al., 2020b) which 
have limits of detection in the μg/g range. This is also the first method to 
use non-commercial propyl-chloroformate derivatisation. The limits of 
detection in samples vary, with the soluble fraction being 20 times lower 
than the hydrolysed TCA insoluble fraction. An additional wash during 
SPE was required for the insoluble protein fraction to help remove some 
of the interferences present in this fraction. However, detection limits 
were still impacted by the more complex sample matrix. This can be seen 
in the chromatograms in Fig. 2, where the intensity of the peak corre
sponding to BMAA has a lower intensity in the spiked sample matrix 
than in the standard mix. This decrease is not replicated in the 2,4-DAB 
peak, as all soluble fractions of the mussel samples had high levels of 2, 
4-DAB present and we were therefore unable to utilise a blank matrix for 
2,4-DAB. Instead, this peak corresponds to the combined response from 
the naturally occurring and spiked 2,4-DAB in the sample. The impact of 

Table 1 
MRM parameters for 2,4-DAB and BMAA.

Precursor Ion (m/z) Product ion (m/z) Collision energy (eV)

2,4-DAB 333.2 231.1 − 15
187.1 − 19
99.1+ − 11

D5 2,4-DABa 336.2 276.2 − 10
190.2 − 20
234.2+ − 15

BMAA 333.2 187.1 − 20
159.2 − 18
73.2+ − 14

D3 BMAAa 336.2 190.1 − 20
162.1 − 18
76.1+ − 14

a Denotes internal standards. + denotes the ion transition used for 
quantification.

Table 2 
Method validation results. % recovery and % accuracy are calculated from 5 ng/ 
mL standards that underwent SPE. Recovery is from comparing peak areas of the 
MRM used for quantification. Accuracy is normalised using the respective in
ternal standard. Repeatability is the peak area %RSD of 7 repeat injections of a 
10 μg/L standard across a single run.

BMAA DAB

RETENTION TIME (MIN) 4.08 ± 0.04 2.75 ± 0.02
LINEARITY >0.999 >0.99
LINEAR RANGE (NG/ML) 0.025–500 0.1–500
METHOD LOD (NG/ML) 0.025 0.1
SAMPLE LOD SOLUBLE (NG/ML) 0.05 0.5
SAMPLE LOD INSOLUBLE (NG/ML) 1 1
% RECOVERY 22% 38%
% ACCURACY 105 ± 5% 103 ± 2%
REPEATABILITY 2.3% 3.8%
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the matrix is further exemplified by spiked recoveries where only peak 
areas were compared, showing percentage recoveries from 22 to 38% 
(Table 2). A high level of accuracy was achieved by normalising to the 
appropriate internal standard regardless of any loss during sample 
preparation or suppression from the sample matrix. The difference be
tween the two fractions also contributed to the choice to keep the 
fractions separate, rather than analysing total BMAA, as the small 
amounts that were detected in the free fraction would not have been 
detectable when in the full sample matrix.

Mussel samples from across all time points had detectable levels of 
BMAA in the soluble fraction, with concentrations ranging between 1.36 
ng/mussel and 7.34 ng/mussel, including on day 0 which was prior to 
exposure. There was a significant difference between the start and end of 
the exposure period (t-test, p < 0.05) and a positive linear correlation 
between BMAA concentration and length of exposure was observed (r2 

= 0.77, Fig. 3). Following the exposure period, BMAA concentrations 
rapidly returned to pre-exposure levels but complete elimination did not 
occur, with mussels sampled on the final day of depuration still having 
detectable levels of BMAA. This suggests that the full elimination of 
BMAA from the mussels would require a much longer period, or that 
BMAA does not get fully removed from the system. The incomplete 

removal of BMAA could explain the presence of BMAA in the controls, as 
there is no significant difference between the day 0 control samples and 
any of the samples from the depuration period. This suggests exposure 
could have occurred prior to obtaining the mussels. This is consistent 
with some other mussel accumulation studies which assessed uptake of 
free BMAA dissolved in the water, where they also found detectable 
levels of BMAA in the control mussels (Lepoutre et al., 2020a; Lepoutre 
et al., 2020b). However, these studies did not observe the rapid and 
non-linear drop in BMAA concentration that was seen in our study, with 
one showing a half-life of between 10 and 20 days for mussels exposed to 
dissolved BMAA, depending on the mussel species and concentration of 
BMAA used for exposure (Lepoutre et al., 2020b). Whilst the rapid 
depuration of BMAA could be a limitation of in situ use, the immediate 
removal of all sources of BMAA from the system would not be replicated 
in environmental settings.

The current study did not detect BMAA in the insoluble protein 
fraction. However, it is possible that BMAA accumulated in this fraction, 
but at levels below the limit of detection. Previous studies investigating 
mussel uptake of dissolved BMAA in water detected BMAA in this 
fraction, but at notably lower concentrations than the soluble free 
fraction (Lepoutre et al., 2020a; Lepoutre et al., 2020b). These studies 
also used concentrations of BMAA higher than have been detected in 
water, resulting in overall higher concentrations than observed in our 
findings. The similar uptake patterns observed here and those using 
dissolved BMAA suggest that mussels may uptake cyanobacterial BMAA 
in a manner similar to freely available BMAA in the water column. This 
could be beneficial for using mussels as bioindicators of total BMAA 
exposure, as it is likely for both forms to be present in environmental 
conditions. However, it contradicts the suggestion that the primary 
mode of BMAA uptake was through direct diffusion rather than through 
the digestive tract (Lepoutre et al., 2020a).

The maximum concentration of BMAA in V. ambiguus occurred on 
day 42 of exposure, the second-to-last sampling point in the exposure 
period. Despite the expectation that the highest concentration would 
occur at the final sampling point due to the longest exposure, statistical 
analysis (t-test, p < 0.05) showed no significant difference between the 
two points. Any observable variance can, therefore, be attributed to 
biological variability rather than the extent of exposure. As the cyano
bacterium used for this exposure experiment, M. aeruginosa, also pro
duces MCs, this was used to further validate the observed trend of BMAA 

Fig. 2. Representative chromatograms of 2,4-DAB and BMAA using the 
respective quantification MRM for each analyte. The blue line (above) is a 
chromatogram of a standard containing 5 ng/mL of 2,4-DAB and BMAA. The 
red line (below) is of a representative soluble fraction of a mussel sample spiked 
with 5 ng/mL of 2,4-DAB and BMAA. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 3. Concentration of BMAA in mussels over the duration of the experiment. 
Dots denote the mean concentration and error bars are standard error. Red is 
the exposure period and blue is the depuration period, with the grey dashed line 
showing the end of the exposure period. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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concentrations (Supplementary Fig. 1). A similar pattern was observed 
for the MC-LR concentration, with the highest concentration being 
present in the second last sampling point of the exposure period (Fig. 4). 
As this change is consistent amongst the different cyanotoxins, it is likely 
that the mussels sampled on this date were more active than those taken 
on the 56th day. An alternative explanation has been proposed in earlier 
works looking at accumulation and depuration dynamics of MC-LR in 
zebra mussels, which similarly saw a drop in MC-LR concentration to
wards the end of an exposure period (Pires et al., 2004). This was sug
gested to be a result of mechanisms that enabled the mussels to reduce 
exposure to cyanotoxins (Pires et al., 2004). Whilst the decrease in 
concentration occurred earlier than seen in this study, the concentra
tions of MC-LR were much higher, peaking at 16.3 μg/g, which could 
have caused an earlier response to reduce further exposure. Therefore, 
the observed decrease in both BMAA and MC-LR between the 42nd and 
56th day may be due to reduced feeding, potentially to prevent the 
accumulation of high MC-LR concentrations. The species of mussel used 
in this study, V. ambiguus, are floodplain mussels that are able to remain 
inactive or dormant for significant periods of time (Rogers et al., 2010). 
Dormancy and adaptability to different conditions could affect the 
consistency of mussel filtration rates and lead to variation in exposure 
between individual mussels. This could be an impact factor for the 
interindividual differences observed across each time point, and similar 
variation levels have been seen in previous V. ambiguus metal bio
accumulation studies (Jones et al., 1979; Kibria et al., 2023).

The quick but incomplete depuration of BMAA was also mirrored by 
MC-LR concentrations, with MC-LR dropping by over 70% within 3 days 
of depuration. This is similar to what has been seen in previous studies 
looking at MC accumulation in mussels (Pires et al., 2004; Camacho-
Muñoz et al., 2021; Vasconcelos, 1995; Chen et al., 2007) but the present 
work is the first study to look at MC levels in V. ambiguus. One notable 
difference observed between the two classes of cyanotoxin is that MC-LR 
was not detectable in V. ambiguus prior to exposure, whilst BMAA was 
present in 3 out of 5 of the mussels at the start of the study. This could be 
from limited prior exposure, or a result of more efficient removal 
mechanisms.

The predictable pattern of uptake of both BMAA and MC-LR by 
V. ambiguus makes this species a suitable bioindicator for both cyano
toxins, making it a potentially useful tool for monitoring in Australian 
freshwater environments. Using these mussels in regular monitoring 

practices could have substantial benefits, providing additional temporal 
information over traditional monitoring practices. This could include 
being used as a warning system, showing information from a bloom 
event that could have otherwise been missed or looking at exposure risk 
over longer periods of time. The results also suggest that other mussel 
species globally could serve as effective bioindicators for cyanotoxins, 
potentially enhancing monitoring practices in various freshwater and 
marine environments worldwide. This could facilitate the incorporation 
of cyanotoxin monitoring into already established programs as well as 
utilising bioindicators in new monitoring strategies.

The presence of 2,4-DAB in both soluble and insoluble fractions, with 
concentrations much higher than BMAA (Supplementary Table 1), 
presents a limitation for the use of V. ambiguus as a bioindicator of total 
cyanotoxin levels. The lack of correlation between 2,4-DAB concentra
tion and exposure suggests that its origin is not solely from cyanobac
teria, especially as the concentrations were much higher than the 
M. aeruginosa that was used for the exposure experiment. Unlike BMAA, 
2,4-DAB is not limited to being produced by phytoplankton, and instead 
can be produced by bacteria, resulting in 2,4-DAB being more wide
spread. The incompatibility of V. ambiguus for 2,4-DAB monitoring 
shows the importance of assessing suitability for individual cyanotoxins, 
and places further emphasis on the need for highly selective instru
mental methods to ensure confident differentiation between the two 
isomers. AEG was also monitored prevent misidentification of BMAA 
(Supplementary Fig. 2). However, neither of the internal standards 
provided acceptable accuracy for this isomer so AEG was not quantified.

The rapid depuration of both BMAA and MC-LR observed in this 
study also present a limitation for using V. ambiguus as a bioindicator of 
cyanotoxins. The quick decline in toxin levels could lead to an under
estimation of cyanotoxin exposure if sampling occurs after the peak of 
the bloom has passed. However, the experimental conditions of com
plete starvation during the depuration period do not replicate environ
mental conditions. Cyanobacterial blooms typically decline gradually, 
and residual cyanobacteria, along with toxins released into the water 
during lysis, may persist after the bloom has peaked (Romo et al., 2013). 
Additionally, studies on toxins produced by marine phytoplankton and 
taken up by mussels showed a phase-lag, with peak toxin concentrations 
occurring in mussels approximately two months after the peak in 
phytoplankton, further indicating a delay in toxin clearance (Kim et al., 
2023). The more gradual decline that would be seen in the environment 
may mitigate the rapid decline in toxin levels seen in this controlled 
laboratory experiment. The findings of this study still suggest that 
well-timed and frequent sampling is necessary during bloom events to 
ensure toxin levels are assessed accurately. While V. ambiguus demon
strates its suitability as a bioindicator for short-term monitoring of 
cyanotoxins, limitations could arise when attempting to monitor toxin 
levels over longer periods, where there would be more variability of 
cyanobacteria biomass. The rapid depuration period also allows for 
accurate identification of the end of a risk event, provided sampling is 
conducted regularly.

Future works should expand to assessing other cyanotoxins to assess 
the viability of V. ambiguus or other mussels as bioindicators for more 
comprehensive cyanotoxin monitoring, and look at deployment into 
environmental waterways prone to cyanobacterial blooms to assess 
optimal sampling periods and to better understand the dynamics of 
cyanotoxin uptake and depuration in environmental settings. Addi
tionally, further studies are needed to investigate the uptake and dep
uration dynamics with cyanobacteria containing higher concentrations 
of BMAA, as well as BMAA present in the insoluble protein fraction. 
Either of these could result in detectable concentrations of BMAA being 
present in the insoluble hydrolysed fraction of the mussels, which would 
enable assessing the suitability of this fraction for biomonitoring 
purposes.

Fig. 4. Concentration of MC-LR in mussels over the duration of the experiment. 
Dots denote the mean concentration and error bars are standard error. Red is 
the exposure period and blue is the depuration period, with the grey dashed line 
showing the end of the exposure period. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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4. Conclusions

This study demonstrates that V. Ambiguus mussels have the potential 
to be used as bioindicators of BMAA concentrations in aquatic envi
ronments. BMAA levels increased in the mussels fed BMAA-containing 
cyanobacterium over the course of the exposure period and returned 
to pre-exposure levels during the depuration period. A similar trend was 
seen for MC-LR, making these mussels potentially useful bioindicators of 
multiple cyanotoxins. A highly sensitive method for detecting BMAA in 
low concentrations in mussel tissue was also developed. The rapid 
depuration of BMAA must be considered if these mussels are used in 
monitoring programs, as sampling plans must be considered so as not to 
miss a risk event. Future work should consider uptake and depuration 
dynamics in environmental settings and explore a broader range of 
cyanotoxins.
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Amorim, Á., Vasconcelos, V.t., 1999. Dynamics of microcystins in the mussel Mytilus 
galloprovincialis. Toxicon 37 (7), 1041–1052.

Azizi, G., et al., 2018. The use of Mytilus spp. mussels as bioindicators of heavy metal 
pollution in the coastal environment. A review. J. Mater. Environ. Sci. 9 (4), 
1170–1181.

Banack, S.A., et al., 2015. Detection of cyanotoxins, β-N-methylamino-L-alanine and 
microcystins, from a lake surrounded by cases of amyotrophic lateral sclerosis. 
Toxins 7 (2), 322–336.

Baptista, M.S., et al., 2015. Assessment of the non-protein amino acid BMAA in 
Mediterranean mussel Mytilus galloprovincialis after feeding with estuarine 
cyanobacteria. Environ. Sci. Pollut. Control Ser. 22, 12501–12510.

Bishop, S.L., Murch, S.J., 2020. A systematic review of analytical methods for the 
detection and quantification of β-N-methylamino-L-alanine (BMAA). Analyst 145 
(1), 13–28.

Błaszczyk, A., et al., 2021. Presence of ß-N-methylamino-L-alanine in cyanobacteria and 
aquatic organisms from waters of Northern Poland; BMAA toxicity studies. Toxicon 
194, 90–97.

Brand, L.E., et al., 2010. Cyanobacterial blooms and the occurrence of the neurotoxin, 
beta-N-methylamino-l-alanine (BMAA), in South Florida aquatic food webs. Harmful 
Algae 9 (6), 620–635.

Caller, T., Henegan, P., Stommel, E., 2018. The potential role of BMAA in 
neurodegeneration. Neurotox. Res. 33, 222–226.
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