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ABSTRACT

The widespread diatom Pseudo-nitzschia can produce domoic acid (DA). DA is a compound with well described
neurotoxic effects on vertebrates including humans known as amnesic shellfish poisoning (ASP) syndrome. It has
also been suggested to serve as an organic ligand that binds to iron and copper. By binding these trace elements,
DA may increase their solubility and bioavailability. In order to serve this function, DA has to be excreted and
reabsorbed by the cells. Only few records of dissolved domoic acid (dDA) concentrations in the ocean exist. To
accomplish quantification by ultra performance liquid chromatography (UPLC), samples have to be pre-concentrated and desalted using solid-phase extraction, a procedure commonly applied for dissolved organic matter.
Our major goals were to quantify dDA in a basin-wide assessment in the East Atlantic Ocean, to determine
extraction efficiencies for complexed and uncomplexed dDA, and to assess whether domoic acid is represented
by its molecular formula in direct-infusion high resolution mass spectrometry. Our results showed that dDA was
extracted almost quantitatively and occurred ubiquitously in the ocean surface but also in deeper (and older)
water, indicating surprisingly high stability in seawater. The maximum concentration measured was
173 pmol L−1 and the average molar dDA carbon yield was 7.7 ppm. Both carbon yield and dDA concentration
decreased with increasing water depth. Providing quantification of dDA in the water column, we seek to improve
our understanding of toxic bloom dynamics and the mechanistic understanding of DA production.

1. Introduction
Domoic acid (DA) is a non-essential amino acid occurring in the
ocean (Wright et al., 1989). It was first described in 1958 as a secondary
metabolite of the macroalga Chondria armata (Takemoto and Daigo,
1958) and later of other red algae species (Jiang et al., 2014). Almost
30 years after its discovery, DA regained attention when it was identified as the causative compound of a shellfish poisoning incident that
was prompted by the consumption of blue mussels (Mytilus edulis) in
Prince Edward Island, Canada, in 1987. Affected people showed
symptoms such as vomiting, diarrhoea, confusion, disorientation,
memory loss, coma and death (Quilliam and Wright, 1989; Wright
et al., 1989). Due to their neurological symptoms, intoxications caused
by seafood contaminated with DA were called amnesic shellfish poisoning (ASP) events (Quilliam and Wright, 1989). After analysing the
plankton community at the time of the ASP event, it was suggested that

the pennate diatom genus Pseudo-nitzschia pungens f. multiseries (later
renamed as Pseudo-nitzschia multiseries) was responsible for contaminating the shellfish with DA and was confirmed as a DA-producer
(Bates et al., 1998; Bates et al., 1989). In the following years, it became
evident that Pseudo-nitzschia species are cosmopolitans and that various
species of this genus are capable of DA production (Trainer et al.,
2012). If DA enters the food chain in high amounts, its trophic transfer
can harm wildlife. High DA levels often occur during Pseudo-nitzschia
blooms with high cell densities and DA production. Uptake of toxic
Pseudo-nitzschia can lead to an accumulation of elevated DA values in
higher trophic level organisms that can be found long after toxic blooms
(Lefebvre et al., 2002; Martin et al., 1990). The uptake of high levels of
DA via trophic transfer can cause severe neurological dysfunctions and
death in mammals (Scholin et al., 2000; Trainer et al., 2000; Wekell
et al., 1994).
Dissolved DA (dDA) is furthermore reported to influence other
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phytoplankton and the trophic food web (Van Meerssche and Pinckney,
2017; Bargu et al., 2006; Liu et al., 2007). Cardiac malformation increases in zebrafish embryos when subjected to 3.2 pmol L−1 dDA. At a
concentration of 32 pmol L−1 mortality increases and changes in the
cardiac development gene expression levels can be observed (Hong
et al., 2015). Liu et al. (2007) observed an accumulation of DA in king
sea scallops larvae. Growth and survival of the larvae decreased when
they were subjected to dDA at a concentration of 96,361 pmol L−1.
In Arctic waters DA-producing Pseudo-nitzschia are common elements of the food chain (Tammilehto et al., 2012). Along the Northeast
Atlantic more than ten different Pseudo-nitzschia species occur, especially in the Irish Sea, at the northwest coast of Spain and off the west
coast of Africa (Hasle, 2002; Trainer et al., 2012). Reports of DA-producing Pseudo-nitzschia also exist from the Southeast Atlantic at the
South African west coast (Pitcher et al., 2014) and the Southwest
Atlantic in Argentine coastal waters (Almandoz et al., 2007). Despite
the large body of knowledge about the toxicity of DA in mammals, little
is known about its ecological function. Even though it is known that DA
has an impact on the phytoplankton community and that its production
depends on the environmental conditions and the presence of predators
(Harðardottir et al., 2015), it is yet to be determined which function DA
fulfils for its producers (Prince et al., 2013). Very recently, it has been
shown that DA levels increased in Pseudo-nitzschia by exudates of predatory copepods (Tammilehto et al., 2015). Furthermore, escape response levels of copepods decrease under a toxic Pseudo-nitzschia diet
(Harðardottir et al., 2018). This strongly suggests that DA production
may be involved in an inducible defence mechanism of at least some
Pseudo-nitzschia species against grazing. Furthermore, nutrient availability can influence DA production e.g. under phosphate limiting
conditions (Lema et al., 2017). DA is capable of chelating iron and
copper and may thus participate in iron acquisition or copper detoxification (Rue and Bruland, 2001). Enhanced production of DA was
observable in iron fertilization experiments with clearly elevated DA
concentrations (Silver et al., 2010; Trick et al., 2010) and in laboratory
experiments with elevated DA concentrations under copper stress
(Maldonado et al., 2002). In addition, the presence of dDA might improve the acquisition of iron for the producing diatoms (Prince et al.,
2013). The observation that, in contrast to other eukaryotic phytoplankton, Pseudo-nitzschia species were frequently found in high-nutrient, low-chlorophyll (HNLC) areas of the world's oceans resulted in
the hypothesis that DA-production might be induced by limitation of
bio-available iron (Fe) and involved in iron utilization of Pseudo-nitzschia (Wells et al., 2005). Wells et al. (2005) found that under Fe limitation Pseudo-nitzschia actively released DA into the culture medium,
which is consistent with its hypothesized function as a compound involved in Fe uptake.
dDA is also part of the complex pool of marine DOM that plays an
important role in the interaction between the geosphere and biosphere
(Amon and Benner, 1996; Ludwig et al., 1996). Marine organic ligands
represent one group of these interacting molecules within bulk DOM, as
they have the capability of complexing trace metals (Ahsanullah and
Florence, 1984; Gledhill and van den Berg, 1994; Gordon et al., 2000;
Skrabal et al., 2000). Ligands can either help reduce toxic trace metals
such as copper (Ahsanullah and Florence, 1984) or mediate the transport of essential trace metals such as iron or zinc (Aristilde et al., 2012;
Gledhill and van den Berg, 1994). If DA is released by Pseudo-nitzschia
into the marine environment as Fe activator and given the global distribution of Pseudo-nitzschia, dDA should be part of dissolved organic
matter (DOM) at least in areas with frequent Pseudo-nitzschia proliferations. Marine DOM constitutes the largest proportion of organic
carbon in the ocean (Hansell et al., 2009). The photic zone, depending
on site and season, contains highest DOM concentrations, as it is released during primary production (Azam et al., 2011; Fischer et al.,
2000). Bulk DOM can be categorised into refractory, semi-labile and
labile DOM (Amon and Benner, 1996; Carlson and Ducklow, 1995).
Marine microorganisms metabolise labile and semi-labile DOM, which

is turned over more rapidly (Kirchman et al., 1991).
Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) enables assessing complex organic mixtures (Kujawinski et al.,
2002; Stenson et al., 2002) and, due to its high mass resolution and
accuracy, allows the assignment of molecular formulas and thus molecular elemental ratios (Koch et al., 2005; Stenson et al., 2003). In
combination with other approaches, such as bacterial activity monitoring, the transformation of specific molecular formulas in DOM
samples can be tracked with FT-ICR-MS (Kamjunke et al., 2017).
Solid-phase extraction is a common method for DOM extraction,
enrichment and desalting. Different sorbents were applied in the past,
including e.g. the silica based C18 (Aiken et al., 1979; Kim et al., 2003;
Louchouam et al., 2000) and the styrene divinyl benzene polymer (PPL,
Agilent; Dittmar et al., 2008; Li et al., 2017). dDA samples were desalted and concentrated with solid-phase extraction using magnetic
beads of CuFe2O4 nanospheres (Zhang et al., 2016), on C18 cartridges
(Wang et al., 2007) and a 2-(trifluoromethyl)acrylic acid resin (Piletska
et al., 2008). Desalting is necessary for subsequent quantification using
high-performance liquid chromatography coupled to electrospray
tandem mass spectrometry (HPLC-MS/MS) (Furey et al., 2001; Piletska
et al., 2008; Wang et al., 2007).
Although particulate DA has been frequently measured in marine
samples, only few studies covered dDA (Busse et al., 2006; Trainer
et al., 2009; Umhau et al., 2018). Previous dDA quantification in seawater was based on a derivatisation procedure and subsequent quantification via HPLC and fluorescence detection (Pocklington et al.,
1990). Enzyme-linked immunosorbent assay (ELISA) has also been
applied to quantify both particulate and dDA (Trainer et al., 2009;
Trainer et al., 2000). A method of sample preparation for dDA (0.45 μm
filter pore size) was described by Guannel et al. (2015). Another
method for the quantification of dDA in seawater combined filtration
and a C18 solid-phase extraction prior to LC-MS quantification (Pan
et al., 2001; Trainer et al., 2000; Wang et al., 2007). Few records of
marine dDA quantification exist for the North American West Coast and
the French coast of the southern North Sea (Delegrange et al., 2018;
Trainer et al., 2009, 2000), but none for the Atlantic Ocean.
So far, the quantification of marine dDA is restricted to smaller
regions. In this study, our goal was to (i) determine the extraction efficiency of dDA using PPL solid-phase extraction (ii) quantify the concentration of dDA with a highly sensitive chemical method in seawater
on a larger spatial scale in the East Atlantic Ocean, (iii) determine if the
molecular formula of DA in high resolution mass spectrometry can represent the substance without chromatographic separation, (iv) determine which proportion of the bulk marine DOC is derived from dDA
(carbon yield) and (v) assess the depth profile and stability of dDA.
2. Methods
2.1. Study area and sample processing
Samples were taken on a transect in the East Atlantic Ocean from
50°N to 70°S (for details see Koch and Kattner, 2012) Water samples
were collected during two cruises (ANTXXV/1 and 2 of RV Polarstern)
between November 2008 and January 2009. Surface samples (2 m
water depth) were taken with a towed fish sampler. Water samples from
other depths were collected using Niskin bottles attached to a rosette
sampler connected to a CTD. All water samples were filtered through
pre-combusted GF/F filters (Whatman, 0.7 μm nominal pore size;
combustion: 450 °C, 5 h), not exceeding a pressure of 200 mbar. For
DOC and nutrient analysis, aliquots were taken and stored at −20 °C in
pre-combusted glass ampoules.
Solid-phase extraction (SPE) was performed as described previously
(Flerus et al., 2012). In short, ~5 L of filtered water were acidified to
pH 2 (hydrochloric acid, Suprapur, Merck) and extracted using a precleaned styrene-divinylbenzene polymer cartridge (PPL, 1 g, Mega Bond
Elut, Varian). After extraction, cartridges were dried and eluted with
2
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water samples [dDA] (pmol L-1) was calculated as follows

5 mL of methanol (LiChrosolv, Merck), equivalent to an enrichment
factor of ~1000. Extracted samples were stored in pre-combusted glass
ampules at −20 °C to prevent esterification (Flerus et al., 2011).

[dDA] =

2.2. Assessment of domoic acid extraction yield

[dDA]extract
enrichment factor

MDA
(1)

0.91
-1

where [dDA]extract is the concentration of dDA (pg L ) in the extract,
MDA is the molar mass of DA (311.33 g mol−1), enrichment factor is the
factor by which a seawater sample was concentrated during SPE
(~1000) and 0.91 is the average DA extraction efficiency based on the
SPE method applied (see below).
DA carbon yield was calculated according to Eq. (2):

The extraction efficiency of dDA was determined for the uncomplexed and the complexed form (DA‑iron complex). Sodium
chloride (Fisher Chemical) was pre-combusted (500 °C for 6 h) to remove organic material and then dissolved in 500 mL ultrapure water
(Milli-Q, Merck) to a final concentration of 35 g L−1. This salt solution
was used as reference. For uncomplexed samples, pure DA
(Calbiochem, Merck Group) was added to obtain a final concentration
of 2 μg L−1 (6.4 nmol L−1). In an additional treatment, iron chloride
(Fisher Chemical) was added at a final iron concentration of
17.4 μg L−1 (64 nmol L−1) to obtain the complexed form of DA. Iron
reference samples contained only 17.4 μg L−1 (64 nmol L−1) iron
without DA. Prior to extraction, cartridges were conditioned with 6 mL
methanol, followed by 6 mL ultrapure water acidified to pH 2. All
treatments were acidified to pH 2 (hydrochloric acid; Suprapur, Merck)
and concentrated by SPE (200 mg PPL, Bond Elut, Agilent). The acidified samples were loaded onto the conditioned cartridges at a flow
rate ≤ 40 mL min−1. After loading, remaining salts were washed off the
cartridges with acidified ultrapure water. The cartridges were dried
under a nitrogen stream. Elution was performed with 1 mL methanol
(LiChrosolv, Merck). The exact volume of eluates was determined by
weighing. Each treatment preparation and extraction was performed in
triplicate.

Domoic acid carbon yield (ppm ) =

[dDA] 15
106
[DOC ]

(2)

where [DOC] and [dDA] are the DOC and dDA concentrations in original seawater, respectively, and 15 is the number of carbon atoms in a
DA molecule.
The limits of detection and quantification (LOD and LOQ, respectively) for seawater extracts were assessed via standard addition.
Different concentrations of DA were added to a sample in which no dDA
was detected. A total of 10 different DA concentrations (0.1, 0.25, 0.5,
1, 2.5, 5, 10, 50, 100, 1000 μg L−1) were measured 10 times.
Calculations of LOD and LOQ were based on the standard deviation of
response and the slope, based on a calibration curve. The limit of detection was defined as

LOD =

3.3
slope

(3)

where σ was the standard deviation of y-intercepts of the linear regression (concentrations 0, 0.1, 0.25, 0.5, 1, 2.5, 5 μg L−1) close to the
LOD and slope was the average slope of a calibration curve with all
measured concentrations (n = 10). Limit of quantification was calculated analogously using the following formula:

2.3. Data evaluation
Quantification of dissolved organic carbon (DOC) and its radiocarbon age as well as molecular characterization by Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR-MS) was performed
as described previously (Flerus et al., 2012; Ksionzek et al., 2016).

LOQ =

10
slope

(4)

Due to the matrix underlying the DA peak, other methods to evaluate LOD and LOQ such as using blank deviation or signal-to-noise were
inapplicable. Thus, a deep-water sample from the Southern Ocean
showing no quantifiable signal at the target mass transition having an
assumable very small concentration was picked for the determination of
LOQ and LOD. For the method used, LOD was 3 μg L−1 and LOQ was
8 μg L−1, equivalent to an LOD of ~10 pmol dDA L−1 and LOQ of
~26 pmol dDA L−1, considering the enrichment factor of ~1000 for
solid-phase extraction. The dataset of this study is available online on
the
PANGAEATM
database
(https://doi.pangaea.de/10.1594/
PANGAEA.896584).

2.4. Separation and quantification of dissolved domoic acid
Quantification of dDA was performed using ultra performance liquid chromatography (UPLC, ACQUITY, Waters) coupled to triple
quadrupole mass spectrometry (MS/MS, Xevo TQ-S, Waters).
Separation was performed on a BEH C18 column (2.1 × 50 mm, 1.7 μm,
ACQUITY, Waters) and a pre-column (BEH C18, 1.7 μm, VanGuard™,
Waters) at a column temperature of 35 °C. Mobile phase A consisted of
an aqueous formate buffer (40 mM, pH 5.8, ammonium formate, Riedelde Haën; formic acid, Merck), mobile phase B was acetonitrile
(LiChrosolv, Merck). Run time was 4.5 min at a flow rate of
0.6 mL min−1. A gradient was run for 3.8 min from 1 to 99% B followed
by an isocratic step for 0.2 min. In a linear gradient for 0.3 min eluents
were returned to initial conditions and the column was equilibrated for
0.2 min.
The samples were subsequently analysed by UPLC-MS/MS with
electrospray ionisation switching between positive and negative mode.
Positive ionisation was used to obtain high intensity signals for quantification, while negative ionisation served as quality control. Cone
voltage was 30 V for positive and − 30 V for negative ionisation, collision energy was 16 V for positive and 20 V for negative ionisation,
respectively. Mass transitions that were used for the detection of DA
were m/z 312 > 266 and 312 > 193 in positive mode and m/z
310 > 222 and m/z 310 > 160 in negative mode.
The dDA concentration was measured in the solid-phase extracts.
Due to the complex matrix, the mass concentration of dDA in one extract was determined using standard addition (added concentrations:
0.25, 1, 5 10, 15, 50, 100 μg L−1). dDA concentrations in the remaining
extracts were assessed via a one-point calibration. From the extract
concentration of dDA (pg L-1) its molar concentration in the original

2.5. Carbon-weighted relative summed peak intensity in FT-ICR-MS
To compare the DA carbon yield determined by MS/MS with relative peak intensities obtained by FT-ICR-MS, we calculated carbonweighted relative summed peak intensities (Cw.r.s.i) according to Eq.
(5):

Cw. r . s. i =

r . i.DA CDA
r . iall Call

(5)

where r.i. is the respective relative intensity of either DA or all formulae
in the sample and C is the respective number of carbon atoms.
2.6. Statistical analysis and sample distinction
All samples were assigned to two groups: the first group consisted of
samples from the epipelagic zone (≤200 m water depth); the second
group of all samples derived from deeper layers. The samples were
furthermore grouped into a northern and southern area at a
3
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longitudinal split at 12°S based on bio-optical provinces by Taylor et al.
(2011). The authors performed a pigment-based study and bio-optical
characterization during the same cruise. They defined bio-optical provinces based on phytoplankton community structure by their bio-optical features with cluster analysis of hyperspectral data and simultaneous pigment analysis. Linear regression models were used to test for
correlation between pairwise variables. Differences between group
averages were assessed by one-sided Wilcoxon rank sum tests and results were considered significant if the calculated probability was below
0.05.

original seawater.
Based on the linear regression and the high coefficient of determination we applied a one-point calibration to calculate the concentrations of all other samples. For our calculation of dDA concentrations in
the water column, we accounted for the standard recovery of the uncomplexed molecule (91%) assuming that the equilibrium in the ocean
shifts towards uncomplexed dDA. With this quantification strategy,
dDA was detected (LOD = 10 pmol L−1) in 81% of all samples analysed
(n = 216).
3.2. Mass and structure: is domoic acid represented by its molecular
formula in high resolution mass spectrometry without chromatographic
separation?

3. Results
3.1. Extraction and quantification of dissolved domoic acid

Direct infusion FT-ICR-MS-spectra of the DOM extracts on average
yielded 2718 ± 803 different molecular formulas (excl. isotopologues;
Fig. 3a). In negative electrospray ionisation, the m/z value of
310.13765 represented the singly charged molecular mass of the neutral formula C15H21NO6 that is also the molecular formula of DA
(Fig. 3a). The DA standard used for quantification showed the same
peak.
The molecular formula C15H21NO6 was detected in the DA standard
and in all samples measured by FT-ICR-MS (n = 204; Fig. 3a) and its
respective relative peak magnitude contributed between 0.023 and
0.051% of the summed peak magnitude in each spectrum. However,
there was no correlation of the carbon-weighted relative summed peak
intensity of the formula and the DA carbon yield (Fig. 3b).
DA has a molecular ratio of hydrogen to carbon (H/C = 1.4) and
oxygen to carbon (O/C = 0.4) that is close to the average ratio of all
calculated molecular formulas in a PPL-extracted marine DOM sample
(average H/C ratio: 1.25, average O/C ratio: 0.49; Fig. 3c). A data base
query in the open database PubChem (National Center for Biotechnology Information) was carried out to explore other potential
known structures for the formula C15H21NO6 and its respective molecular mass. The search (as of December 2017) yielded 1193 known
chemical structures for the molecular formula of DA.

The extraction efficiency of uncomplexed dDA using PPL cartridges
in saline water was 91 ± 3% (n = 3) and significantly higher
(p < 0.05) compared to Fe(III)-spiked dDA treatments (78 ± 3%).
Only the uncomplexed form of dDA was quantified in the extracts.
The retention time for DA in the UPLC method used was
0.60 ± 0.01 min (n = 43; Fig. 2a). Different mass transitions were recorded simultaneously. Of the four mass transitions that were measured
for pure DA, mass transitions in positive ionisation mode resulted in
larger peak areas compared to negative ionisation. Mass transition
m/z 312 > 266 in positive mode yielded highest peak areas compared
to all other transitions. Channel m/z 312 > 193 in positive mode was
used as a qualitative check for DA, as were the negative mode mass
transitions m/z 310 > 222 and 310 > 160.
Mass transition peak areas used for quantification showed a significant linear correlation (p < 0.05) with increasing dDA concentration both in water and in dDA-spiked extracts with high coefficients of
determination (0.99). Although the base line of the quantification trace
showed high noise due to the underlying complex organic matrix, the
respective DA peaks were reliably distinguished by manual integration.
Furthermore, a standard addition experiment confirmed that methanol
extracts spiked with dDA showed a higher response and also a linear ion
enhancement compared to dDA in aqueous solution with the same
concentrations (Fig. 1).
Since dDA quantification was challenged by a strong background
matrix, we performed a standard addition for the sample with the largest DA peak area (station 1043 at 2 m water depth, Fig. 2a). The
procedure yielded a linear regression curve (Fig. 2b) with a high
coefficient of determination (R2 = 0.99) and small standard errors for
y-intercept (4%) and slope (5%, n = 10). Considering the extraction
efficiency of 91%, the concentration of dDA was 173 pmol L−1 in

3.3. Distribution of dissolved domoic acid in the Eastern Atlantic
The distribution of dDA in the water column differed along the
study area. Our highest concentration measured was 173 pmol L−1 in
surface water close to the equator (Fig. 4a). The overall average concentration of dDA was 32 pmol L−1. In general, dDA concentrations
were highest at the surface and decreased exponentially with increasing
depth (Fig. 4b). Significantly higher dDA concentrations were found in

Peak area

3e+05

2e+05

Water
Extract

1e+05

R2 = 0.99

0e+00
0

250

500

750

1000

Domoic acid concentration [µg L−1]
Fig. 1. Linear regression of dDA concentration and the peak area of mass transition m/z 312 > 266 in positive mode as measured for aqueous DA standards and
spiked methanol extracts. Grey crosses represent water samples, black dots spiked extracts. For both linear regressions, R2 was 0.99.
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Fig. 2. dDA quantification using standard addition experiments. a) UPLC extracted ion chromatogram in positive mode (m/z 312 > 266) of a seawater extract
containing dDA (shaded grey). b) Standard addition: the regression line drawn was calculated by least squares linear regression. Extrapolated xintercept = 167 nmol L−1, y-intercept = 21024, slope = 1.31, R2 = 0.99.

dDA compared to the unspiked dDA treatment. Several competing effects contribute to this change in the recovery: (i) the high ionic
strength of the medium, (ii) the impact of sample acidification prior to
extraction, and (iii) the stability constant of the Fe-DA complex. Since
both treatments were acidified before extraction and the amount of iron
chloride added was small compared to the ionic strength of the artificial
seawater medium (3.3 ppm change), it is likely that the decrease in
recovery was primarily due to the complexation of iron with DA. The
extraction was performed at pH 2, where dDA occurs as a zwitterion
and thus nominally neutral (Walter et al., 1992), which is an important
precondition for a successful extraction using a moderately nonpolar
solid phase. DA metal complex formation is favoured when DA is deprotonated (Fisher et al., 2006). Due to the acidic environment prior to
extraction, DA is protonated and thus, the equilibrium shifts to the
uncomplexed form of DA. DA is a tricarboxylate amino acid and
structurally resembles some terrestrial phytosiderophores, which form
tridentate complexes (Rue and Bruland, 2001). Compared to the neutral
protonated form of DA, the ionic complex has a higher polarity, which
can explain the decrease in extractability. In the spiking experiment,
the amount of Fe(III) added (final concentration in water: 64 nmol L−1)
exceeded the dDA concentration (6.4 nmol L−1) by a factor of ten,
suggesting a high proportion of complexed dDA molecules. Although
the decrease of extraction efficiency by 13% for the complexed dDA was
significant, the loss was lower than expected, most likely due to a
competitive reaction between complexation with iron and protonation
as a result of sample acidification.

the epipelagic zone compared to other water depths below 200 m where
concentrations never exceeded 37 pmol L−1. We observed significantly
higher dDA concentrations in the northern East Atlantic (North of 12°S)
compared to the southern section (p < 0.05; Fig. 4a).
The average molar contribution of dDA-derived carbon to total DOC
(DA carbon yield) was 7.7 ppm and showed the same depth distribution
as the dDA concentration: the maximum value was 35 ppm coinciding
with the highest dDA concentration (Fig. 4). Similar to dDA concentration, DA carbon yield was significantly higher in the euphotic
zone compared to deeper water (p < 0.05) and significantly higher in
the northern compared to the southern section (p < 0.05) (Fig. 4c).
High surface concentrations were observed at the French coast, the
northern African coast and in open waters close to the equator.
We carried out multiple linear regressions of dDA concentration
with a range of environmental variables that were available from the
Eastern Atlantic cruise (Flerus et al., 2012; Lechtenfeld et al., 2014;
Taylor et al., 2011). However, no significant correlation with oceanographic parameters or nutrient, amino acid, pigment or iron and copper
concentrations could be found.
4. Discussion
4.1. Extraction of dissolved domoic acid from seawater
An efficient dDA extraction is important, because it allows assessing
the contribution of dDA to bulk marine DOM that is frequently extracted by the same method (Dittmar et al., 2008; Li et al., 2017). The
average recovery of dDA in artificial seawater was reproducible, almost
quantitative (91 ± 3%), and clearly exceeded the extraction efficiency
of bulk marine DOC (42%; Flerus et al., 2012; Li et al., 2017). Such high
dDA recovery is in agreement with results obtained by Wang et al.
(2007) who investigated the extractability of dDA in seawater using
C18 SPE cartridges and also found a recovery of > 90%. The authors
emphasised that DA is highly hydrophilic and that acidification, leading
to protonation of carboxyl groups, is essential to achieve good retention
on C18 cartridges. Compared to C18, PPL is capable to retain more
hydrophilic components, which qualifies PPL for the extraction of dDA
as part of the bulk marine DOM.
Differences in the extraction efficiency of complexed and uncomplexed dDA were revealed by the addition of iron chloride to dDA
in artificial seawater, which led to a 13% drop in extraction recovery of

4.2. Quantification of dissolved domoic acid
The mass transition m/z 312 > 266 in positive mode was chosen
for quantification, since it yielded highest peak areas, which is in
agreement with previous LC-MS/MS DA quantifications (Scholin et al.,
2000; Wang et al., 2007). Since the existing FT-ICR-MS spectra were
acquired using negative ionisation (Lechtenfeld et al., 2014), we also
applied negative mode mass transitions for quantification and confirmed the presence of dDA in the samples.
We observed high noise in the base line of the quantification trace.
Ciminiello et al. (2005) tested a method for the quantification of DA in
extracts of tissue. They observed ion suppression for positive and slight
ion enhancement for negative ionisation. Comparing calibration curves
of DA standards in water and in spiked extracts for the positive mass
5
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Fig. 3. a) FT-ICR mass spectrum of the DOM extract containing the highest concentration of dDA. The red rectangle encases the m/z ratios, in which the DA molecular
formula can be found (enlarged in right panel). The arrow marks the peak representing the molecular formula, which matches DA. b) Molar carbon yield of DA
plotted against relative peak magnitude of the formula representing DA, R2 = 0.15. c) Van Krevelen plot of the same sample: the molecular ratios of oxygen to carbon
(O/C) and hydrogen to carbon (H/C) of the molecular formulas calculated from m/z ratios of the sample were plotted. Colours represent relative summed, median
projected intensities of the molecules. The location of DA's molecular formula is marked with a black circle. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

transition revealed that our quantification was subject to a matrix effect. Ciminiello et al. (2005) suggested to use matrix matched standards
for quantification to counteract the matrix effects. Thus, we applied a
standard addition to quantify the samples. Based on the linear regression and the high coefficient of determination (R2 = 0.99), we applied a
one-point calibration to calculate the concentration of the other samples.
Using the standard recovery of 91% to calculate dDA concentrations
assumes that the equilibrium in the ocean shifts towards uncomplexed
dDA. This is supported by the finding that DA is a weak ligand for iron
and copper (Wells et al., 2005) and that its concentration in the Eastern
Atlantic (max. 173 pmol L−1 in this study) is well below the concentration of free dissolved iron (Klunder et al., 2011).

We detected dDA in 81% of our samples implying that the molecule
was ubiquitously produced and relatively persistent. It has been previously shown that DA is mainly produced by the marine diatom
Pseudo-nitzschia spp. (Bates et al., 1998; Bates et al., 1989), many species of which are cosmopolitans (Casteleyn et al., 2008; Hasle et al.,
1996) and capable of producing DA (Hasle, 2002). However, the production of DA is not only dependent on species but on growth conditions and environmental factors (Bates et al., 1998).
Although most of the DA remains in the cell, it is also released into
the surrounding seawater, for example under copper stress (Maldonado
et al., 2002; Wang et al., 2007). Few previous studies have measured
dDA in seawater, most of which were performed along the West Coast
of North America (Trainer et al., 2009; Trick et al., 2018; Umhau et al.,
6
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Fig. 4. dDA concentration in the East Atlantic Ocean (RV Polarstern cruises ANTXXV/I and II, 2008/2009): a) Surface concentrations (pmol L−1; represented by
colour code); larger black dot: highest dDA concentration in the dataset, dashed line: separation of samples into two groups, North and South of 12°S. b) dDA
concentration versus water depth and c) molar proportion of carbon contributed by dDA to total DOC (DA carbon yield) versus depth. Northern samples are
represented as yellow triangles and southern samples as blue squares. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

2018) or focused on method development (Busse et al., 2006; Guannel
et al., 2015; Pocklington et al., 1990).
In the recent past, different methods have been used to quantify
dDA in seawater. Wang et al. (2007) quantified dDA by LC-MS with an
LOD of 96 pmol L−1, while Trainer et al. (2009) and Guannel et al.
(2015) used a direct competitive ELISA for quantification. The LOD for
the two methods was 22 pmol L−1 (Trainer et al., 2009) and
32 pmol L−1 (Guannel et al., 2015) compared to an LOD of 10 pmol DA
L−1 in our study. Most field studies quantified dDA using ELISA
(Delegrange et al., 2018; Trainer et al., 2009; Trick et al., 2018)
whereas LC-MS has only been used sporadically for quantification
(Trainer et al., 2000; Umhau et al., 2018). The UPLC-MS/MS method
developed here allowed fast quantification and a comprehensive spatial
assessment of dDA.
Particulate DA (amount of DA in the filter residue for a defined
volume of seawater) can reach quite high levels: During a massive
coast-wide Pseudo-nitzschia bloom at the North American West Coast
high particulate DA values up to 64,241 pmol L−1 were found (McCabe
et al., 2016). Smith et al. (2018) also reported up to 86,817 pmol L−1
particulate DA during Pseudo-nitzschia blooms at the Californian coast.
Guannel et al. (2015) measured a maximum of 592 pmol L−1 particulate DA in the South Atlantic Ocean during austral spring 2007, exceeding our maximum dDA concentration by a factor of three. Based on
the results of Guannel et al. (2015), it was to be expected that the
concentrations of dDA measured in this study were well below the value
of the particulate phase. Wang et al. (2007) found that the dDA concentration in the medium surrounding the cell was approximately 11%
of the intracellular DA levels. In a time series study in the southern
North Sea, dDA contributed around 83% of the total measured DA
(Delegrange et al., 2018). During a toxic bloom of Pseudo-nitzschia, dDA
should thus be released into the surrounding water in amounts well

quantifiable by the method used in this study.
DA has been suggested to improve trace metal acquisition for its
producers (Rue and Bruland, 2001; Prince et al., 2013; Maldonado
et al., 2002). Due to its widespread spatial distribution, dDA does not
only have the potential to change available trace metal concentrations
for Pseudo-nitzschia, but for other protists as well. A negative effect of
dDA on the growth of the diatom Skeletonema marinoi likely connected
to iron availability could be observed in an experiment (Prince et al.,
2013). The release of dDA might also decrease cupric ion concentrations and thereby enhance the growth of co-occuring Eutreptiella spp. in
the field (Trick et al., 2018). Additionally, growth inhibition of other
phytoplankton with dDA was previously observed at high salinities
(Van Meerssche and Pinckney, 2017). Furthermore, dDA can also affect
higher trophic level organisms: the survival and growth of king sea
scallops larvae has been shown to decrease under dDA exposure of
96,361 pmol L−1 (Liu et al., 2007) and increasing dDA levels can supress krill grazing rates (Bargu et al., 2006). In zebrafish embryos, dDA
was shown to disrupt normal cardiac development from concentrations
of 3.2 pmol L−1 dDA and embryo mortality rates increased when subjected to dDA concentrations of 32 pmol L−1 (Hong et al., 2015). Thus,
our method of quantifying dDA could serve as useful tool to detect such
low concentrations that can already affect the surrounding organisms.
4.3. Mass and structure: is domoic acid represented by its molecular
formula in high resolution mass spectrometry without chromatographic
separation?
The molecular formula of DA is C15H21NO6, represented by the
deprotonated molecular ion of 310.13765 m/z. This mass was detected
in the negative ionisation FT-ICR mass spectra of each sample with an
average relative magnitude of 0.033% of the summed peak magnitudes.
7
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DA carries three carboxyl groups and a secondary amine group facilitating ionisation in positive and negative electrospray mode
(Ciminiello et al., 2005). Ionisation in general has a large impact on
selectivity and oxygenated molecules tend to ionise better in negative
mode (Hertkorn et al., 2013; Hertkorn et al., 2008).
Since dDA was almost quantitatively extracted by SPE, it is worthwhile to compare its molecular size, elemental composition, and relative peak magnitude of its mass signal to the peak-magnitude
weighted average values of the entire pool of molecular formulas in
each DOM sample. Compared to the average m/z ratio of bulk DOM
(417 Da) (Flerus et al., 2012), the molecular weight of DA was comparatively small, whereas its molecular ratio (H/C = 1.4 and O/
C = 0.4) was close to the average ratio of all calculated molecular
formulas (average H/C ratio: 1.25, average O/C ratio: 0.49), which
makes DA a generic molecule for marine DOM.
The average composition of marine DOM in our study was
C19.0H23.8N0.6O9.4. Based on an average surface bulk DOC concentration
of 64 μmol L−1, an average of 19 carbon atoms per molecule and 2438
molecular formulas calculated per surface sample, the average DOM
compound could contribute a maximum of 1382 pmol L−1 at the surface. For dDA, the calculated maximum concentration was
173 pmol L−1. This average maximum concentration can be considered
as a conservative upper limit because it does not consider structural
isomers (isobars). However, our dDA concentration only differs by a
factor of ten from the maximum value for a naturally occurring single
marine DOM compound.
Comparing dDA carbon yield with the respective carbon weighted
summed peak intensities should show if the contribution of dDA could
explain the magnitude of the signal of the molecular formula
C15H21NO6 and if this could be estimated by its carbon yield. Therefore
it is worthwhile to explore if the relative peak intensities of the DA mass
signal (310.13765 m/z) correlate with the dDA carbon yield (Fig. 3a).
The lack of correlation demonstrated that the structural diversity that is
projected on the molecular ion 310.13765 m/z was high and concealed
the quantitative contribution of dDA.
Although dDA was almost quantitatively extracted, the peak magnitude of its respective formula is dominated by one or many structural
isomers with the same molecular formula that are present in higher
concentration and/or ionise more efficiently (Cheng et al., 1995).
Structural isomers that can contribute to the DA mass peak signal were
not covered by our selective DA quantification method (Hertkorn et al.,
2013). However, a query in the PubChem database yielded 1193 known
chemical structures for the molecular formula C15H21NO6. Most of
these compounds are unlikely to occur in marine environments and
only some are thus likely to account for the imbalance between DA
concentration and peak magnitude. However, the database result demonstrates the potentially high chemical diversity that has an important influence on the relative peak magnitudes and therefore prevents quantitative conclusions about molecular compounds in direct
infusion analyses of marine DOM using high-resolution mass spectrometry. This is especially true for larger molecules, since the number of
structural isomers increases with molecular mass.

2012 and varied distinctively between months. In November 2012, dDA
concentrations of around 160 pmol L−1 were recorded (Delegrange
et al., 2018). The dDA concentrations for the same area in the same
month of 2008 measured in our study were around 80 pmol L−1, which
is likely due to interannual variability. At least one clade of the species
Pseudo-nitzschia pungens and the species Pseudo-nitzschia multiseries have
been reported to be cosmopolitan (Casteleyn et al., 2008; Hasle, 2002).
Both species have been found in the equatorial West Atlantic (Hasle,
2002; Trainer et al., 2012). Pseudo-nitzschia pungens has been reported
to be capable of expressing DA in small levels (e.g. Bates et al., 1998;
Rhodes et al., 1996; Trainer et al., 1998), whereas Pseudo-nitzschia
multiseries is known as toxic species (e.g. Bates et al., 1998; Bates et al.,
1989; Fryxell et al., 1990; Subba Rao et al., 1988) and could potentially
contribute to high dDA concentrations observed close to the equator.
Average dDA concentrations south of 12°S were 33% lower compared to the northern locations. For the southern part of the transect,
highest dDA concentrations occurred at the tip of South Africa, where
the existence of toxic species and a large richness of Pseudo-nitzschia
species in the northern Benguela upwelling zone has been reported
(Hasle, 2002; Trainer et al., 2012). This zone is prone to toxigenic
Pseudo-nitzschia blooms that can impact offshore organisms (Guannel
et al., 2015). Taking into consideration that 11% to 88% of the total DA
can be released as dDA in the medium surrounding Pseudo-nitzschia
(Wang et al., 2007; Pan et al., 2001; Umhau et al., 2018), the maximum
dDA concentrations measured in this study could stem from particulate
DA levels similar to those detected in toxic blooms (Scholin et al., 2000;
Trainer et al., 2000). Despite high chlorophyll concentrations in the
Southern Ocean, we found relatively low concentrations of dDA
(Fig. 4a). Different areas of the Southern Ocean show great variability
in plankton diversity (Almandoz et al., 2008; Hasle, 2002; Trainer et al.,
2012). Several Pseudo-nitzschia species have been reported to contribute
to local diatom communities (Almandoz et al., 2008; Hegseth and Von
Quillfeldt, 2002), however, only P. turgidula showed low toxicity
(Rhodes et al., 2013). Potential sources of dDA in the Southern Ocean
are thus scarce, which matches low dDA concentrations determined in
our study.
Although our cruise took place in austral summer and chlorophyll
was high at some stations, there was no correlation between chlorophyll and dDA concentration (R2 = 0.007). Taylor et al. (2011)
quantified mean values of marine phytoplankton chlorophyll concentrations during the first part of the same cruise via remote sensing.
They found two phytoplankton blooms at ~22°N and ~15°N and also
analysed the phytoplankton composition. Stations with the highest
diatom yield were outside of these blooms (Taylor et al., 2011) and our
surface dDa concentrations at diatom-dominated stations were relatively low (between 50 and 100 pmol L−1). This can be explained by the
fact that Pseudo-nitzschia species were likely not dominant within the
blooms (Taylor et al., 2011) and that cells with low DA levels excrete
less dDA than highly toxic cells (Wang et al., 2007). Furthermore,
blooms of Pseudo-nitzschia do not necessarily have to be associated with
high DA concentrations (Smith et al., 1990). It is also possible that the
occurrence of toxigenic Pseudo-nitzschia cells and dDA concentration
are time-decoupled.

4.4. Spatial distribution of dissolved domoic acid in the Eastern Atlantic

4.5. Depth profiles and stability of dissolved domoic acid

On average, we observed higher dDA concentrations in the northern
part of our sampling transect. High surface concentrations occurred
along the French coast, the northern African coast and in open waters
close to the equator. Probable sources of dDA are blooms of toxigenic
Pseudo-nitzschia species. Hasle (2002) and Trainer et al. (2012) summarised the global occurrence of toxic Pseudo-nitzschia species and
listed reports of different toxic species along the East Atlantic towards
South Africa. Several species were observed in the English Channel, the
coast of Spain and the North West African coast, where also comparatively high dDA concentrations occurred at the surface (Fig. 4a). North
of the English Channel, dDA concentrations were recorded for the year

dDA concentrations were significantly higher in the epipelagic zone
in comparison to water depths below 200 m, which is in accordance
with the observation of high concentrations of dDA off the North
American West coast (Trainer et al., 2009; Trick et al., 2018). dDA
concentrations were generally decreasing with increasing depth, which
is likely related to the production by Pseudo-nitzschia at the sea surface
and the deep chlorophyll maximum, microbial removal and mixing
with deep water below the photic zone (Malviya et al., 2016).
The molar proportion of carbon contributed by dDA to total DOC
(DA carbon yield) was decreasing similar to the dDA concentration
8
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profile (Fig. 4b,c). Bulk DOC concentrations decrease with increasing
depth, with the proportion of refractory DOC increasing with depth
(Carlson and Ducklow, 1995). The decrease of DA carbon yield with
increasing depth implies that dDA is degraded faster than DOC
(Fig. 4c). A potential sink for dDA at the surface is photo-oxidation.
Both DOM and Fe(III) accelerate DA photo oxidation, while the presence of phosphate can slow it down (Fisher et al., 2006). Although
dDA is degraded within a few days of sunlight exposure (Bouillon et al.,
2006), it is only affected within approximately the upper two meters,
thus limiting photo-oxidation as dDA sink (Bouillon et al., 2008).
Considering that DA carbon yield decreased with depth in the same
pattern as dDA concentration, it is not likely that photodegradation was
an important dDA sink in our study.
We also found dDA in deeper water at lower concentrations, likely
due to vertical flux (Scharek et al., 1999) and subsequent release of dDA
from phytoplankton cells e.g. by sloppy feeding (Møller et al., 2003).
Furthermore, DA is rapidly transported downward by vertical particle
flux in coastal waters and many cells that are transported downward
stay intact (Sekula-Wood et al., 2009). Particulate DA decreases with
increasing depth (Sekula-Wood et al., 2009). This could be explained
with degradation but also leaching of dDA, resulting in the pattern we
observed in our study (Fig. 4b). Recently, Umhau et al. (2018) measured both particulate and dDA in sediment traps at different depths.
Both DA pools were almost equal and both were decreasing with depth
while their ratio remained unchanged, confirming dDA as important
contributor to total DA levels in the ocean. Overall, the widespread
occurrence of dDA even in deep Atlantic water suggests that dDA is
relatively resistant to degradation. Previous studies have shown that
nitrogen, phosphorus and sulfur containing DOM compounds tend to
degrade faster due to selective microbial removal (Hopkinson et al.,
2002; Hopkinson and Vallino, 2005; Koch et al., 2014; Ksionzek et al.,
2016). Since DA is carbon rich and contains only one nitrogen atom but
no phosphorus or sulfur, it should be less attractive for microbial consumption. This is in accordance with the previous finding that only few
bacterial strains related to shellfish tissue were capable of degrading DA
(Stewart et al., 1998).
We found dDA in up to 5000 m water depth. dDA accumulation in
the surface and export flux require a relatively high stability of DA.
Although the toxin can be degraded and is removed from the water
column faster than average DOC, a transport downwards in intact
Pseudo-nitzschia cells and accumulation in higher trophic levels could
still serve as a preservation process for DA (Sekula-Wood et al., 2009;
Costa et al., 2005). The DOC in our study showed, in accordance with
previous other studies, a high radiocarbon age (Lechtenfeld et al.,
2014), implying that substances at depth are relatively resistant to
degradation. Carbon derived from dDA contributed to this DOC and
might even be stabilized within the complex DOM matrix.

organisms. Generally, dDA quantification could serve as a useful additional tool to monitor the occurrence of DA apart from the quantification in phytoplankton or the contaminated tissue. The widespread occurrence of dDA, also in deep Atlantic Ocean waters, suggests that DA is
relatively resistant to degradation.
Quantification of dDA in the water column, as a consequence of
enhanced intracellular DA production, supports our future understanding of toxic bloom dynamics, the role of dDA for its producers and
assists the development of approaches to chemically characterize
marine DOM.
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