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p-methylamino-L-alanine (BMAA), a neurotoxic nonprotein amino
acid produced by most cyanobacteria, has been proposed to be the
causative agent of devastating neurodegenerative diseases on the
island of Guam in the Pacific Ocean. Because cyanobacteria are
widespread globally, we hypothesized that BMAA might occur
and bioaccumulate in other ecosystems. Here we demonstrate,
based on a recently developed extraction and HPLC-MS/MS method
and long-term monitoring of BMAA in cyanobacterial populations
of a temperate aquatic ecosystem (Baltic Sea, 2007-2008), that
BMAA is biosynthesized by cyanobacterial genera dominating the
massive surface blooms of this water body. BMAA also was found
at higher concentrations in organisms of higher trophic levels that
directly or indirectly feed on cyanobacteria, such as zooplankton
and various vertebrates (fish) and invertebrates (mussels, oysters).
Pelagic and benthic fish species used for human consumption were
included. The highest BMAA levels were detected in the muscle and
brain of bottom-dwelling fishes. The discovery of regular biosyn-
thesis of the neurotoxin BMAA in a large temperate aquatic eco-
system combined with its possible transfer and bioaccumulation
within major food webs, some ending in human consumption, is
alarming and requires attention.

g-methylamino-L-alanine | Baltic Sea | cyanobacteria | liquid
chromatography/mass spectrometry | bioaccumulation

yanobacteria are ancient and cosmopolitan microorganisms

with a unique capacity to produce a rich arsenal of complex
organic compounds, including numerous bioactive metabolites.
Some are produced by polyketide/nonribosomal peptide syn-
thetase, whereas others are derived from aromatic amino acids
or ribosomally encoded cyclic peptides (1, 2). These include the
well-known cyanotoxins, classified according to their effects on
vertebrates as hepatotoxins or neurotoxins (3). Toxic effects
often are associated with natural, or antropogenically stimu-
lated, massive surface blooms of cyanobacteria of various limnic
or marine water bodies. Acute toxins are restricted to certain
cyanobacterial genera, such as nodularin by Nodularia, a bloom-
forming genus in the temperate Baltic Sea (3). In contrast, the
more recently discovered cyanobacterial toxin p-methylamino-
L-alanine (BMAA) has been proposed to have a long latency
period (4) and is synthesized by representatives from all five
cyanobacterial sections (5). Thus, BMAA might be spread
globally in terrestrial and aquatic ecosystems.

A potential link between this neurotoxic nonprotein amino acid
and neurodegenerative diseases was originally discovered on the
island of Guam in the Western Pacific Ocean. Here an excep-
tionally high incidence of amyotrophic lateral sclerosis (ALS), of
somewhat late onset with added extrapyramidal features and de-
mentia (ALS/PDC), was recorded in the late 1940s to early 1950s
(6, 7). ALS/PDC is a progressive neurological disorder with clin-
ical and neuropathological features resembling those of ALS,
Parkinson’s disease, and Alzheimer’s disease (8). High incidences
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of ALS/PDC have been documented in three populations in the
western Pacific Ocean: residents of the Japanese Kii Peninsula, the
Auyu people of Irian Jaya, and the Chamorro population of Guam
(9). When administered to primates at experimentally high dos-
ages, BMAA was shown to induce specific motor system damages
resembling that of ALS/PDC in humans (10). BMAA was later
shown to cause selective motor neuron loss in dissociated mixed
spinal cord cultures at concentrations ~30 pM (11), and also to
potentiate neuronal injury induced by other insults at concen-
trations as low as 10 pM (12). Hippocampal neurons are among
the most BMAA-sensitive neuronal populations in vitro (13). The
hypothesis that BMAA acts as a possible pathogenic factor in
human neurodegenerative disease is further supported by the
observation of high BMAA levels in relevant central nervous
system (CNS) areas in Alzheimer’s disease and ALS patients in
North America (14). In addition, BMAA has been recorded in
brain tissue of diseased individuals in the Chamorro population
suffering from neurodegeneration (15).

BMAA was originally proposed to be produced by a cycad (Cycas
micronesica), a ggmnospermous tree common to the subtropical/
tropical region of Guam, the seed flour of which is used for human
consumption (e.g., in tortillas). Later, whether BMAA was the
causative agent of the ALS/PDC in Guam was disputed, given that
the concentration of BMAA in the Chamorro diet was far lower
than that used in the primate experiments (16, 17). Subsequently,
however, the BMAA hypothesis was reconsidered, based on several
observations: (i) BMAA levels are 50-100 times higher in the
protein-bound form in flour made from cycad seeds compared with
the free-BMAA pool analyzed previously (4); (i) BMAA may
originate from a cyanobacterium (genus Nostoc), which inhabits the
roots of cycads and provides the tree with nitrogen via nitrogen
fixation (18); and (i) a more likely route for BMAA exposure in
the Chamorro population was via consumption of flying foxes, a bat
of the Pteropus genus. These animals feed on cycad seeds, which
causes a 10,000-fold increase in BMAA concentration in their tis-
sues compared with that produced by cyanobacteria in the cycad
roots (19). Thus, prerequisites are available not only for BMAA
causing neurodegeneration among Chamorros, but also for BMAA
being present in the environment outside Guam, because BMAA-
producing cyanobacteria may exist worldwide. This was further
substantiated by the finding that >90% of randomly selected cya-
nobacteria synthesize BMAA (5). Since then, attempts have been
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made to confirm the presence of BMAA in cultured and environ-
mental cyanobacterial samples using various analytical techniques;
however, inconclusive results (20-24), including detection of
BMAA in other biological matrices (25, 26), and analytical diffi-
culties have led to conflicting data. In addition, BMAA is a small,
highly hydrophilic molecule with no natural chromophore or
flourophore, which might be present in low quantities and be
“embedded” in organismal matrices of varying complexity (27, 28).
Another analytical issue involves the structural isomer of BMAA,
a-y-diaminobutyric acid (DAB), which might coelute with BMAA
during separation by HPLC and potentially cause a false-positive
result (24). Previous publications using different columns and
gradients have reported separation of BMAA and DAB, although
these data were based solely on nonselective fluorescent detection
(29). The first indisputable mass spectrometric data on daughter
ions distinguishing between BMAA and DAB were recently pub-
lished by Rosen et al. (24).

In an attempt to overcome these analytical pitfalls, we recently
introduced a sample workup scheme that includes solid-phase
extraction of BMAA, followed by precolumn derivatization with
AccQ-Tag and analysis by HPLC-MS/MS (30). Through this
approach, BMAA can be reproducibly extracted, identified from
a range of biological matrices with a limit of detection (LOD) as
low as 70 fmol, and efficiently separated from DAB in time
and space.

Introducing this method and selecting a cyanobacterial-dominated
ecosystem “outside” the tropical island of Guam as a model, we set
out to test the hypothesis that BMAA might be produced by natural
populations of cyanobacteria in a temperate climate, and that BMAA
might bioaccumulate in organisms at higher trophic levels, including
those used for human consumption. The Baltic Sea is a highly pro-
ductive brackish water ecosystem (31) that has provided services over
millennia to the huge surrounding population (nine countries
and ~90 million people in the catchment area; Fig. S1). The regularly
recurring cyanobacterial surface blooms of the Baltic Sea are domi-
nated by the nitrogen-fixing cyanobacterial genera Nodularia and
Aphanizomenon (32, 33). Through their photosynthetic and nitrogen-
fixing capacity, these genera serve as extremely important primary
producers and constitute a basis in the Baltic Sea food webs.

Previous analyses of cultured isolates of these two cyanobac-
teria found that they produce BMAA (5). Here we present data
that extend that finding significantly by including several natural
cyanobacterial populations over seasons, as well as organisms at
higher trophic levels dependent on these primary producers,
including representatives used for human consumption. The data
demonstrate that BMAA is produced by the widespread cyano-
bacteria in an aquatic temperate ecosystem, and that BMAA
occurs and is bioaccumulated at higher trophic levels, including
fish and mollusks used for human consumption. The occurrence
and bioaccumulation of BMAA in a temperate ecosystem out-
side Guam suggest that BMAA may be a globally widespread
toxin that represents a potential threat to human health.

Results

Figure 1 displays representative MS/MS spectra from the various
species examined, including a natural population of cyanobac-
teria, a mixture of zooplankton and Osmerus eperlanus. These
spectra show the singly-charged product ion (m/z 258.0) origi-
nating from the precursor ion, double-derivatized, singly-charged
BMAA (m/z 459.1). Thus, the ion 258.0 m/z is a diagnostic
fragment for BMAA. The BMAA peak elutes within the time
range 3.20-3.36 min, and this slight variation in retention times is
due to matrix effects (30). MS/MS spectra of all species analyzed
are presented in Fig. S2.

BMAA in Cyanobacteria and Zooplankton. Plankton tows were per-

formed in June through September 2007 and 2008 in surface
waters at coastal station B1 and open-water station BY31 in the
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Fig. 1. BMAA spectra of representative organisms analyzed. (A) Cyanobacteria
collected on July 15, 2008, containing a mixture of the bloom-forming cyano-
bacteria N. spumigena and Aphanizomenon spp. (B) Zooplankton collected on
July 11, 2008, containing a mixture of A. bifilosa and C. pengoi. (C) O. eperlanus
collected on October 10, 2008 (Fig. S1, location 2). (D) BMAA standard. Note the
chromatographic peaks belonging to the product ion (m/z 258.0) originating
from the precursor ion (459.1 m/z). The diagnostic fragment (258.0 m/z) is highly
specific for BMAA. The scales on the y-axes have been adjusted in such a manner
that the BMAA peak goes from the bottom to the top of each panel.

Baltic Sea (Fig. S1). The typical presence of mixed genera of
cyanobacteria and zooplankton was verified by light microscopy.
The cyanobacteria were separated from the zooplankton using
a “light trap” (34). The composition of the cyanobacterial sam-
ples differed among the various sampling dates. Aphanizomenon
spp. dominated early in the growth season (June—July) at station
B1, whereas Nodularia spp. increased progressively, and in Au-
gust approximately equal mixtures of Aphanizomenon spp. and
Nodularia spp. were apparent. In contrast, Nodularia spp. always
dominated at station BY31. The fluctuation in cyanobacterial
diversity was consistent throughout the two seasons.

First, BMAA levels in the cyanobacterial and zooplankton
fractions were measured by HPLC-MS/MS (Tables 1 and 2, Fig. 1,
and Fig. S2). The total BMAA levels (free and protein-associated)
were determined in all samples. BMAA levels were semiquantified
and expressed as pg BMAA/g dry weight. The results show that
BMAA was found in all cyanobacterial samples at both stations
and throughout the two seasons (Table 1), although variations in
BMAA levels were apparent between the stations and the sam-
pling dates, ranging from 0.001 to 0.015 pg BMAA/g dry weight.
The zooplankton-enriched fraction contained higher levels of
BMAA than the cyanobacterial samples. The BMAA levels in
zooplankton were 6-fold higher on average (Table 2).

BMAA in Vertebrates and Invertebrates. Next, BMAA was extracted
and determined using HPLC-MS/MS from selected Baltic Sea
vertebrates, including the fish genera Osmerus eperlanus (smelt),
Scophthalmus maximus (turbot), Triglopsis quadricornis (fourhorn
sculpin), Clupea harengus (herring), Coregonus lavaretus (com-
mon whitefish), and Sander lucioperca (pike-perch), inhabiting
various parts of the water body. The bottom-dwelling inverte-
brates Mytilus edulis (mussel) and Ostrea edulis (oyster) cultivated
for human consumption on the west coast of Sweden were in-
cluded as well. This water body lacks the massive cyanobacterial
blooms seen in the Baltic Sea. Levels of BMAA (free and protein-
associated) were expressed as pg/g dry weight (Tables 3 and 4).
Muscle and brain tissues from the fish species were analyzed
separately in triplicate. As shown in Table 3, BMAA was detected
in several fish samples. Although the BMAA levels varied even
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Table 1. Seasonal variations in BMAA levels in cyanobacteria
sampled in the Baltic Sea, 2007-2008

Date BMAA, pg/g dry weight
Coastal station B1

2007 June 13 0.013 + 0.005
June 27 0.003 + 0.0005
July 11 0.008 + 0.0013
July 26 0.0054 + 0.001
August 1 0.0023 + 0.0003
August 16 0.005 + 0.0002
August 24 0.008 + 0.0005
September 12 0.003 + 0.0009

2008 June 18 0.005 + 0.0001
June 26 0.004 + 0.0006
July 1 0.008 + 0.0004
July 8 0.010 + 0.001
July 15 0.007 + 0.0007
July 23 0.012 + 0.002
July 30 0.005 + 0.0004
August 6 0.001 + 0.0006
August 21 0.008 + 0.0014
August 30 0.015 + 0.001

September 3 0.005 + 0.0003
Open-water station BY31
2007 June 20

2008 August 1

0.0080 + 0.0008
0.0023 + 0.0001

BMAA levels in natural populations of cyanobacteria collected at two
stations in the Baltic Sea with different characteristics, coastal station B1
and open-water station BY31 (Fig. S1). BMAA levels are expressed as pg
BMAA/g dry weight + SE (n = 3).

within species, the technical triplicates within the same organism/
sample showed highly consistent BMAA levels. The standard
errors were calculated from the technical triplicates. In general,
the fishes living closer to the bottom of the Baltic Sea contained
higher levels of BMAA than the pelagic fishes, some of which
even lacked BMAA. Moreover, the brain tissue from O. eperlanus,
S. maximus, and T. quadricornis contained up to 82-fold higher
levels of BMAA than the corresponding muscle tissue. Particu-
larly high BMAA levels were found in the brain tissue of
S. maximus, ranging from 0.99 to 1.29 pg BMAA/g dry weight. The
situation was reversed in C. lavarentus, which contained high

Table 2. Seasonal variations in BMAA levels in zooplankton
sampled in the Baltic Sea, 2007-2008

Date BMAA, ng /g dry weight
Coastal station B1
2007 June 13 0.024 + 0.006
July 11 0.045 + 0.008
July 26 0.029 + 0.003
August 1 0.030 + 0.002
August 16 0.030 + 0.005
August 29 0.042 + 0.002
2008 June 18 0.087 + 0.005
July 1 0.076 + 0.0097
July 11 0.0037 + 0.0003
July 15 0.046 + 0.001
July 30 0.048 + 0.002
August 6 0.024 + 0.002
August 30 0.026 + 0.0012

The zooplankton occurred naturally intermixed with the cyanobacteria in
plankton tows and was collected at coastal station B1 (Fig. S1). BMAA levels
are expressed as pg BMAA/g dry weight + SE (n = 3).
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levels of BMAA in the muscle and lower levels in the brain (Table
3). C. harengus had low but similar BMAA levels in both tissue
samples. BMAA was not detected in any tissues in the two pelagic
species evaluated, S. lucioperca (Fig. S1, location 2) from the
Baltic Sea, and Salmo salar (salmon) from the North Atlantic
Ocean (Fig. S1, location 4). Surprisingly high levels of BMAA
were detected in the two invertebrates, M. edulis and O. edulis,
collected on the western coast of Sweden (Fig. S1, location 3).

Discussion

Using our recently developed extraction and HPLC-MS/MS
analysis method for robust BMAA identification (30), we were
able to demonstrate the presence and spread of the cyanobacte-
rial toxin BMAA outside the tropical terrestrial ecosystem of
Guam. This conclusion is based on the finding of reoccurring
biosynthesis of BMAA in a temperate aquatic ecosystem domi-
nated by large BMAA-producing bloom-forming cyanobacteria
collected at different time points during two consecutive growth
seasons (2007 and 2008). Because BMAA was found in the cya-
nobacterial samples examined, with no pronounced variations
linked to species composition and season, BMAA biosynthesis is
proposed to be a constitutive feature of these primary producers
of the Baltic Sea ecosystem. In addition, analyses of organisms at
higher trophic levels sharing the same ecosystem clearly showed
the spread of BMAA outside the cyanobacterial radiation. This
might suggest that BMAA is transferred from cyanobacteria via
zooplankton to organisms at higher trophic levels (fishes) inhab-
iting both pelagic and benthic water masses, thereby representing
different niches in a cyanobacterial based food web.

Based on dry weight, and in agreement with earlier studies (35,
36), BMAA levels in the cyanobacteria in the Baltic Sea were low
compared with those found in the terrestrial ecosystem of Guam.
Compared with the BMAA levels in the symbiotic cyanobacte-
rium (Nostoc) in the roots of cycads in the Guam ecosystem (19),
those of the Baltic Sea cyanobacteria are two orders of magni-
tude lower (0.001-0.3 pg BMAA/g dry weight). These highly
divergent BMAA levels might be explained by both biological
and methodological differences. First, Guam is a tropical ter-
restrial ecosystem, and the cyanobacteria examined are symbiotic
and well protected and fed with all of the nutrients required by
the host plant (C. micronesica). In contrast, the planktonic cya-
nobacteria in the temperate aquatic ecosystem of the Baltic Sea
belong to different genera, and they function as the primary
producers in this extremely nutrient-poor and more “open” en-
vironment. Moreover, our analyses are based on and quantified
using HPLC-MS/MS, whereas the BMAA data from Guam were
based primarily on fluorescence detection (HPLC-FD) analyses,
with nonselective detection and a potentially increased risk of
coeluting substances (30).

BMAA levels were higher in zooplankton, which feed mainly
on cyanobacteria (37), compared with the cyanobacteria. Even
higher BMAA levels were found in some of the fish species ex-
amined (up to 200-fold higher levels in some fish tissues), sug-
gesting a bioaccumulation of BMAA within this ecosystem. A
remarkable finding was the high BMAA levels in the bottom-
dwelling fish species S. maximus, T. quadricornis, and O. eperlanus
and in the water filter-feeding mollusks M. edulis and O. edulis.
The high BMAA levels in the bottom-feeding fish species might
originate from descending and BMAA-decomposing cyano-
bacterial populations on which zooplankton and smaller fish feed
(Fig. S3) (38). This might be the case for S. maximus, a common
sediment flatfish feeding on bottom-living fishes such as O. eper-
lanus and T. quadricornis and, to a lesser extent, on crustaceans
(39). O. eperlanus lives in coastal zones and moves to shallower
shore areas for reproduction. The larvae feed mainly on copepods,
other zooplankton, and phytoplankton (e.g., cyanobacteria, dia-
toms), whereas older O. eperlanus feed on shrimps and small
crustaceans (40). BMAA was also found at high levels in brain
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Table 3. BMAA levels in selected Baltic Sea vertebrates (fishes)

BMAA, pg/g dry weight

Muscle tissue (n = 3)

Brain tissue (n = 3)

Fish ni n2 n3 ni n2 n3

Osmerus eperlanus (smelt) 0.016 + 0.0009 0.016 + 0.0008 0.023 + 0.000/9 0.161 + 0.010 0.24 + 0.003 ND

Scophthalmus maximus (turbot) 0.011 + 0.0009 0.008 + 0.0003 ND 0.99 + 0.0009 0.047 + 0.0009 1.29 + 0.03

Triglopsis quadricornis ND ND ND 0.073 + 0.002 0.012 + 0.0023 0.124 + 0.005
(fourhorn sculpin)

Clupea harengus (herring) ND 0.010 + 0.001 ND ND 0.008 + 0.001 0.007 + 0.0008

Coregonus lavaretus 0.059 + 0.004 0.033 + 0.0006 ND 0.0019 + 7E° ND 0.002 + 8E~°
(common whitefish)

Sander lucioperca (pike-perch) ND ND ND ND ND ND

Salmo salar (Atlantic salmon) ND ND ND ND ND ND

Levels of BMAA in muscle and brain tissues are presented in selected fishes collected at location 2 in the Baltic Sea and location 4 in the Atlantic Ocean
(Salmo salar; salmon) (Fig. S1). BMAA levels are expressed as pg BMAA/g dry weight + SE. n1-n3 denote biological replicate samples. ND, not detectable.

tissue of T. quadricornis, a bottom-living fish that feeds mainly on
mollusks, insects, and larvae (41). An unexpected finding was the
lack of BMAA in fish species within the pelagic (bloom-forming)
zone, such as S. lucioperca. This also was the case in the pelagic
S. salar, collected in the North Atlantic. This clearly demonstrates
that BMAA is not found in all eukaryotic organisms at a given time
and suggests the action of regulatory mechanisms potentially re-
lated to the ecological niche, age, and lifestyle of the individual
eukaryotic organisms.

The role of BMAA in cyanobacteria, as is the role of any cya-
nobacterial toxin, is unknown, as is indeed the effects of BMAA on
any of the other organisms examined, for instance the implications
for fishes with high levels of this neurotoxin in their brains (e.g.,
S. maximus). Earlier analyses have suggested that BMAA occurs
primarily in a protein-bound/protein associated fraction in cya-
nobacteria, and that BMAA is released only after hydrolysis (4).
The protein-associated BMAA pool also has been suggested to
function as an endogenous neurotoxic “reservoir,” which is slowly
released during protein metabolism (4). Both free and protein-
associated BMAA also have been found in several tissue types,
including brain, muscle, skin, intestine, kidney, and fur, in flying
foxes (Pteropus mariannus and P. tonganus) (42). CNS uptake and
long-term and short-term neurotoxic effects of BMAA have been
demonstrated in rodents after perinatal administration (13, 43).
The mechanisms of entry to the CNS of BMAA remain unclear,
however. Even though it is water-soluble, BMAA might cross the
blood-brain barrier, at least under certain circumstances (44, 45);
other routes, such as the retrograde axonal transport system,
should be considered as well (46). Thus, studies on the biosyn-
thesis, distribution, turnover, and consequences of BMAA in
cyanobacteria, as well as in vertebrates sharing their environment,
are merited.

Another important question is to what extent the BMAA in
Baltic Sea organisms is a threat to humans living in the catch-
ment area. All of the fish species analyzed except T. quadricornis
are frequently caught for human consumption, and low but de-

tectable levels were found in the pelagic species C. harengus,
considered as a delicacy in Sweden (Table 3). Because the
highest BMAA levels were discovered in fish brains (Table 3),
which are not normally consumed, transfer of BMAA to the
human population might be restricted. Indeed, out of the six fish
genera examined, C. lavaretus (a common whitefish) was the only
that contained an appreciable BMAA level in its muscle tissue
(7-fold higher than that in cyanobacteria).

Unexpectedly, comparatively high BMAA levels were found in
mussels and oysters harvested on Sweden’s west coast (Table 4),
a fully marine ecosystem with potentially only a benthic “non-
blooming” cyanobacterial population. However, the filter-feeding
lifestyle of the mollusks exposes these organisms to large quan-
tities of phytoplankton, possibly including unicellular cyanobac-
teria as well. On average, a 5- to 6-cm mussel filters up to 8 L of
water per hour and digests all phytoplankton (cyanobacteria and
diatoms) <0.5 mm in size. The average size of cyanobacteria
is <25 pm (47). Given the rapidly increasing cultivation and hu-
man consumption of filter-feeding aquatic organisms on a global
scale, consumption might act as a route of entry of BMAA into
the human population.

The co-occurrence of BMAA and other cyanotoxins might
further increase the risk of motor neuron toxicity (12, 36).
Cyanotoxins, such as the well-studied hepatotoxins nodularin
and microcystin, also have been found at high concentrations in
mussels (M. edulis and M. balthica) and flounder (Platichthys
flesus) (48, 49). This suggests that cyanobacterial toxins might
follow the same routes of bioaccumulation through aquatic food
webs and stresses the need for additional research on the accu-
mulative effects of cyanobacterial toxins (50).

Taken together, the data presented here demonstrate the
widespread natural occurrence of the potential neurotoxin
BMAA in prokaryotic and eukaryotic organisms living in a tem-
perate aquatic ecosystem, that is, an ecosystem located outside
the tropical terrestrial ecosystem of Guam, where BMAA was
first discovered. Because this finding raises questions of great

Table 4. BMAA levels found in invertebrates (mollusks) on Sweden’s west coast

BMAA, pg/g dry weight

n1 n2 n3
Mytilus edulis (common mussel) 0.201 + 0.07 0.185 + 0.04 0.151 + 0.009
Ostrea edulis (common oyster) 0.140 + 0.006 0.022 + 0.003 0.006 + 0.0002

BMAA levels in invertebrates collected from the Kattegat Sea (west coast of Sweden; Fig. S1, location 3).
BMAA levels are expressed as pg BMAA/g dry weight + SE. BMAA levels in mussels and oysters are calculated

from technical replicates (n = 3). ND, not detectable.
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potential relevance to public health, it is now urgent to extend
the analyses for BMAA to additional ecologically and econom-
ically important eukaryotic organisms, such as fish and filter-
feeders, and to examine the extent to which BMAA is trans-
ferred and bioaccumulated through natural food webs. This need
is further emphasized by the increase in cyanobacterial blooms
(38, 51) caused by anthropogenic activities [e.g., eutrophication
(52)] and recent observations of increased incidence rates of
ALS in Sweden (53). The occurrence and transfer of BMAA
within a temperate ecosystem might also have far-reaching
implications for other aquatic ecosystems worldwide (limnic and
marine), and possibly explain the discovery of BMAA in the
brain tissue of Alzheimer’s patients in Canada (19) and ALS and
Alzheimer’s patients in the United States (14).

Material and Methods

Sample Collection. Populations of cyanobacteria and zooplankton were col-
lected in June through September 2007 and 2008 outside the island of Asko,
located in the southern archipelago of Stockholm, Sweden, at sample sta-
tion B1 (Fig. S1). Colonies of cyanobacteria and zooplankton were collected
from surface drift tows using a HydroBios net (0.5 diameter, 90-um mesh).
Collections were performed at noon on each sampling day. In addition,
samples of cyanobacteria from the open Baltic Sea were collected at station
BY31 using plankton nets (Fig. S1). The various fish species examined were
bought either directly from fishermen or at fish markets in Stockholm and
were caught at different sample points (Fig. S1, locations 2, 3, and 4). The
fish species from the Baltic Sea were selected to represent the pelagic or
benthic aquatic zone and important species in the food chain or used di-
rectly for human consumption. The mussels and oysters analyzed were
farmed for human consumption on the west coast of Sweden.

Sample Preparation. The cyanobacteria and zooplankton populations collected
were separated using a light trap (34). Each population of cyanobacteria and
zooplankton was filtered and placed in liquid nitrogen for further analysis.
The cyanobacteria were identified by light microscopy with an Olympus BX60.
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Muscle and brain tissue samples from the fish were dissected using scalpels
and frozen in liquid nitrogen until use. The soft bodies of the mussels and
oysters were removed from their shells and stored at —80 °C until use.

BMAA Extraction. BMAA extraction was performed according to the method
described by Eriksson et al. (27) with minor modifications. Cyanobacterial
samples were initially dissolved in 600 pL of 80% methanol (80/20 methanol/
water). Cell lysis was ensured through three freeze/thaw cycles of the cell
suspension in liquid nitrogen, followed by sonication (Bandelin Sonoplus HP
2070) in three cycles of 40 s at 70% intensity. To minimize protein degra-
dation, all samples were kept in an ice-water bath during sonication cycles.
Protein concentrations of the samples were determined using a BioRad RC/
DC Kit. Samples were subsequently hydrolyzed in 6 M HCl for 20 h at 110 °C.
Particulate matter was removed by ultrafiltration (Ultra-Free-MC; Millipore).
The 6 M HCl was then allowed to evaporate, and samples were reconstituted
in 20 mM HCl.

Before MS analysis, the samples were purified by solid-phase extraction
(ISOLUTE HCX-3, 100 mg; Biotage) using the cleanup procedure described by
Spacil et al. (30). First, 2.5 mg protein from each sample was passed through
the cartridge. The adsorbed material was stepwise eluted with 0.1% formic
acid/25% MeOH, followed by 2% NH,OH/MeOH. The eluted fractions were
allowed to evaporate, and the remaining pellet was subsequently recon-
stituted in 20 pL of 0.1% formic acid. All samples were derivatized with
AccQ-Tag (Waters) before analysis by HPLC-MS/MS.

HPLC/MS/MS Analysis. HPLC-MS/MS analyses of BMAA were performed using an
Applied Biosystems AP 2000TM LC/MS/MS analyzer consisting of a binary pump
(LC-10Advp), an autosampler (SIL-10Advp), and a benchtop triple quadrupole
mass analyzer (APl 2000). Settings were as reported by Spacil et al. (30).
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