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aLaboratory of Marine Toxins, Physiology and Biophysics Programme, Institute of Biomedical Sciences, Faculty of Medicine, University of
Chile, Santiago, Chile; bFaculty of Technology, Universidad de Santiago, Santiago, Chile; cCEPEDEQ, Faculty of Chemical and Pharmaceutical
Sciences, Universidad de Chile, Santiago, Chile

ABSTRACT
Lipophilic marine toxins (LMTs) are made up of multiple groups of toxic analogues, which are
characterised by different levels of cellular and toxic action. The most prevalent groups in the
southern Pacific zone are: a) okadaic acid group (OA-group) which consists of okadaic acid (OA) and
dinophysistoxin-1 (DTX-1); and, b) pectenotoxin-2 (PTX2) group which consists of pectenotoxin-2
(PTX-2). The main objective of our study was to examine in vitro biotransformation of OA-group
and PTX-group in the tissues of two endemic species of bivalves from southern Chile; blue mussels
(Mytilus chilensis) and clams (Ameghinomya antiqua). The biotransformation processes of both
groups were only detected in the digestive glands of both species using LC-MS/MS. The most
frequently detected analogues were acyl derivatives (≈2.0 ± 0.1 μg ml−1) for OA-group and PTX-2SA
(≈1.4 ± 0.1 μg ml−1) for PTX-group, with a higher percentage of biotransformation for OA-group
(p < .001). In addition, simultaneous incubations of the different analogues (OA/PTX-2; DTX-1/PTX-2
and OA/DTX-1/PTX-2) did not show any interaction between the biotransformation processes.
These results show that the toxicological variability of endemic species leads to biotransformation
of the profile of toxins, so that these new analogues may affect people’s health.
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Introduction

Marine biotoxins are categorised into different
groups, which are characterised by different chemi-
cal structures. Okadaic acid group (OA-group) and
pectenotoxin-group (PTX-group) are two of the
groups that make up the so-called lipophilic marine
toxins (LMTs) (Botana et al. 2017). Both groups
have been identified worldwide in dinoflagellates of
the genus Dinophysis and Prorocentrum (Wang
et al. 2015; Park et al. 2019; Wu et al. 2019). The
most prevalent analogues making up the OA-group
are okadaic acid (OA), dinophysistoxin-1 (DTX-1)
and dinophysistoxin-2 (DTX-2) (Contreras and
García 2019). This group is characterised by produ-
cing diarrhoetic shellfish poisoning (DSP), when
shellfish contaminated with OA-group toxins are
consumed (Swan et al. 2018). DSP is characterised
by producing symptoms such as nausea, vomiting
and diarrhoea, which disappear completely within
a few days (3–5 days) in an otherwise healthy
person (Blanco 2018). This group has been

classified as a potent tumour promoter (Fujiki
et al. 2018).

Pectenotoxin group (PTX-group) is composed
of polyethers with lactone groups, among which
pectenotoxin-2 (PTX-2) is noted (EFSA 2009).
The toxic action of the PTX-2 analogue has been
associated with the disruption of the actin cytos-
keleton, which has also been determined as
a hepatotoxic analogue using intraperitoneal
administration (219 μg kg−1). However, toxic
symptoms in humans have not been documented
from this group of toxins (Uchida et al. 2018;
Alarcan et al. 2019).

Both groups of toxins have been identified
worldwide in countries such as Spain, Portugal,
Argentina, Australia, Chile and Japan (Blanco
et al. 2018; García et al. 2018). The regulatory
limit for DSP toxins (OA, DTXs and PTXs com-
bined) is 160 μg kg−1 expressed as OA equivalents
using LC-MS/MS to identify and classify toxic ana-
logues (EFSA 2008; FAO/WHO 2016).

CONTACT Carlos García cgarcia@med.uchile.cl Laboratory of Marine Toxins Faculty of Medicine Universidad de Chile, Casilla 8380000, Correo 7,
Santiago, Chile

FOOD ADDITIVES & CONTAMINANTS: PART A
2020, VOL. 37, NO. 7, 1216–1228
https://doi.org/10.1080/19440049.2020.1750710

© 2020 Taylor & Francis Group, LLC

http://orcid.org/0000-0001-7594-2156
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19440049.2020.1750710&domain=pdf&date_stamp=2020-07-01


Once the toxins are assimilated by shellfish, the
toxic analogues produced by dinoflagellates which
are chemically modified through oxidation, reduc-
tion and acylation reactions (Rossignoli et al. 2011).
Thus, analogues associated with PTX-group such as
pectenotoxin-1 (PTX-1), pectenotoxin-6 (PTX-6)
and pectenotoxin-2sa (PTX-2sa) have been identi-
fied, while for the OA-group, the outcome of acyla-
tion reactions with fatty acids of varying lengths
(C-14 – C22) may produce new toxic analogues,
such as dinophysistoxin-3 (DTX-3) (Contreras and
García 2019; Wu et al. 2019).

In Chile, in 1990, the OA-group was first detected
using mouse bioassays, and in 2009 PTX-group was
identified using LC-MS/MS. Both toxin groups show
a variable prevalence along the coast of Chile (Krock
et al. 2009; Díaz et al. 2016; García et al. 2018). The
current health regulation in Chile establishes that
toxins associated with DSP must be detected using
the mouse bioassay (MBA) (ISP 2012; García et al.
2018). In recent years, Chile has been exposed to
environmental variables that could relate the pro-
cesses of algal bloom expansion associated with OA-
group and PTX-group to the Regions of Los Lagos
and Biobío. This has led the health authorities to
develop a Health Programme for Bivalve Molluscs
(Spanish acronym, PSMB) for products to be
exported, and a health control programme for pro-
ducts to be domestically consumed, which is per-
formed using the mouse bioassay (MBA)
(Sernapesca 2014; Contreras and García 2019).

The chronic effects on people have not been
unequivocally determined in either group, but poi-
soning symptoms associated with a tumour promo-
ter such as OA-group may be a risk factor in
populations with high incidence of digestive dis-
eases, which could explain the high rates of gastric
cancer in southern Chile (García et al. 2016; Fujiki
et al. 2018; Jiménez-Cárcamo et al. 2020).

This study shows the biotransformation kinetics
of OA-group and PTX-group toxins in visceral
(hepatopancreas) and non-visceral (mantle and
foot) tissues of two endemic species of high com-
mercial value in south of Chile, Mytilus chilensis
(hard rock) and Ameghinomya antiqua (sand bot-
tom). Therefore, the dynamics of biotransformation
that these species can exert on the toxic analogues
associated with toxins produced by the most preva-
lent dinoflagellates in Chile can be determined.

Materials and methods

Materials

Certified reference materials containing DTX-1
(CRM-DTX-1), OA (CRM-OA-c) and pectenotox-
ins (CRM-PTX-2) were obtained from the
National Research Council of Canada. Extraction
and incubation reagents were purchased from
Sigma-Aldrich. LC-grade solvents were purchased
from Merck (MERCK, Darmstadt, Germany).
Ultrapure water was obtained by elution through
an ion exchange cartridge (NANOpure® Infinity,
Barnstead, Thermo Fisher Scientific Inc.). Live
non-toxic bivalves Mytilus chilensis and
Ameghinomya antiqua were collected from the
Islas Huichas, Region of Aysén (Regional
Ministerial Secretary Health Authorisation No.
916 and 1238) and transported to the laboratory
at 4ºC to then be processed, according to the
safety and bioethics protocol CBA 0862 FMUCH
by the Universidad de Chile.

Preparation of the microsomal fractions from
bivalves

The fresh specimen of Mytilus chilensis and
Ameghinomya antiqua were dissected into four
tissues of adductor muscle, foot, digestive gland,
and mantle. Then, 30 g were homogenised with
30 ml of a buffer containing 50 mM Hepes-KOH
(pH 7.6), 5.0 mM MgCl2, 10 mM KCl, 5.0 mM
sodium EDTA, 5.0 mM EGTA and protease inhi-
bitor cocktail at 4ºC. The crude suspension was
successively centrifuged at 11,000 rpm for 15 min
and the resulting supernatant was centrifuged at
40,000 rpm for 1 h at 4ºC. The final centrifugation
of microsomal fractions was resuspended in buffer
50 mM (Hepes-KOH, pH 7.6), 20 mM NaCl,
5.0 mM MgCl2, 10% glycerol (v/v) and then stored
at −80 °C until use. The protein concentration of
these fractions were determined with protein assay
(Bradford) (García et al. 2010; Konoki et al. 2013).

Vitro transformation

4.0 μg of OA/DTX-1 or 2.1 μg of PTX-2, 1.0 mM
MgCl2 and 10 mM of ATP were incubated with
1.0 mg of the microsomal fraction obtained from
the shellfish tissues. ATP was used as a co-factor
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for the esterification reaction between OA-group
toxins and fatty acids (Rossignoli et al. 2011;
Konoki et al. 2013). Each evaluation was pre-
incubated for 3 minutes at 37º C. Then, the reac-
tion was started with the addition of 5.5 μM
NADPH, which provides the necessary electrons
for cytochrome activation and catalyses the oxida-
tion reactions (García et al. 2010). The reaction of
each incubation was stopped with the addition of
10 μl of 90% methanol (v/v). Subsequently, each
tube was centrifuged at 11,000 rpm for 15 minutes,
and then analysed using LC-MS/MS (García et al.
2010; Contreras and García 2019).

LC-MS/MS analyses of lipophilic toxins

The LC system for measurements of OA- and PTX-
group toxinswas performedwith anAgilent 1200 LC
model coupled ion trap mass spectrometer (Esquire
4000 ESI-IT, Bruker Daltonik GmbH). The HPLC
column was a Purospher STAR C-18, 50 × 2.1 mm,
3 μm particle sizes (Hibar HR Purospher STAR,
Merck KGaA, Germany). The eluent flow consisted
of an isocratic phase of 40% v/v mobile phase
A (100% water with 2 mM ammonium formate/
50 mM formic acid) and 60% v/v mobile phase
B (95% acetonitrile with 2 mM ammonium for-
mate/50 mM formic acid). Electron ionisation mass
spectrometry was performed at 4000 V, assisted by
nitrogen as the nebulisation gas, at a temperature of
300°C, 30 psi pressure and a 10 L min−1 flux.
Chromatograms and mass spectra were obtained
according to the following protocol: for OA, a time
of 6 min; MRM, m/z 803 with the transitions: m/z
803→255,m/z 803→563 andm/z 803→741; DTX-1,
a time of 15 min; 817 negative polarity with the
transitions: m/z 817→255 and m/z 817→563; and
for PTX-2, a time of 7–9.3 min; MRM, m/z 877
positive polarity with the transition: m/z 877→824
(EURLMB 2015; Contreras and García 2019). The

LOD and LOQ for each analogue were: OA, 0.9 and
3.8; DTX-1, 0.8 and 3.5; PTX-2, 0.15 and 0.7 micro-
grams per kilogram of whole tissue (Zamorano et al.
2013). All the discarded material after the toxin
extraction was properly stored, sealed, labelled in
safety bags and picked up by the Biosafety
Department of the Faculty of Medicine of the
University of Chile.

Statistical analysis

Results were expressed as mean ± SEM (n = 5).
Regression analyses were performed to obtain
standard curves. Differences among groups were
analysed using the one-way analysis of variance
(ANOVA) test followed by the Bonferroni test.
A significance level of p < 0.05 was used in all
the assessments.

Results and discussion

Determination of the toxin percentage of recovery

Concentrations of 4.0 μg ml−1 of OA/DTX-1 and
2.1 μg ml−1 PTX-2 were incubated in each of the
visceral (digestive glands) and non-visceral (foot
and mantle) tissues of Mytilus chilensis and
Ameghinomya antiqua to determine the percen-
tage recovery. In Mytilus chilensis, the recovery
averaged ≈ 94.6% in all tissues for OA and DTX-
1 and ≈ 95.3% for PTX-2. Furthermore, in
Ameghinomya antiqua, the recovery was ≈ 96.1
% for OA, DTX-1 and ≈ 98.1 % for PTX-2
(Table 1).

Variability of OA-group incubated in Mytilus
chilensis and Ameghinomya antiqua tissues

Two species of bivalves, Mytilus chilensis (rock
strata) and Ameghinomya antiqua (sand bottom),
were used to determine the biotransformation of

Table 1. Percentage recovery of Okadaic acid (OA), dinophysistoxin-1 (DTX-1) and Pectenotoxin-2 (PTX-2) from matrices of Mytilus
chilensis and Ameghinomya antiqua (n = 5).

Mytilus chilensis Ameghinomya antiqua

Toxins Certified values Measured values Recovery (%) Measured values Recovery (%)

Okadaic acid OA µg ml−1 4.00 ± 0.50 3.83 ± 0.41 95.7 3.87 ± 0.50 96.8
Dinophysistoxin-1 DTX-1 µg ml−1 4.00 ± 0.10 3.74 ± 0.21 93.5 3.81 ± 0.12 95.3
Pectenotoxin-2 PTX-2 µg ml−1 2.11 ± 0.30 2.01 ± 0.11 95.3 2.07 ± 0.30 98.1
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toxins of the OA-group (OA and DTX-1) in visc-
eral (digestive glands) and non-visceral (foot and
mantle) tissues during 180 min of incubation. An
initial concentration of 4.0 μg ml−1 of OA and
DTX-1 was used. The reactions were evaluated
chromatographically for 180 min as well as the
peak areas of OA, DTX-1, and products derived
from the biotransformation (acyl derivatives)
(Figure 1(a,b)).

The data obtained in the incubations of OA and
DTX-1 in visceral and non-visceral tissues of Mytilus
chilensis, showed that the biotransformation of incu-
bated analogues (OA andDTX-1) did not take place in
non-visceral tissues (Figure 2(a,b)), maintaining the
percentage of recovery set up for each analogue
(≈96%). However, the incubation performed on visc-
eral tissues showed that OA and DTX-1 initiated an
alteration in the toxic profile between 90 and 150 min
for OA (≈ 25%, p < 0.05) and for DTX-1 (≈ 37%)
(Figure 2(a,b)). Therefore, a more significant change
towardsDTX-1 (p< 0.001)was observed (Figure 2(b)).

In the time points of decreased concentration of
the initial toxins (OA/DTX-1), new analogues
(acyl derivatives) associated with biotransforma-
tion were identified (Figure 2(c,d)). The most fre-
quently detected acyl derivative in the incubation
was 7-O-palmytoil-OA, with a mass spectrum
of m/z 1041, and ionic fragments in mass spectra
such as m/z 254.9, m/z 430.9 and m/z 797.3
(Figure 3(d)), and the main biotransformed ana-
logue was OA (p < 0.001) (Figure 2(d)).

In addition, analogues associated with bio-
transformation processes were also detected only
in the digestive glands of Ameghinomya antiqua
(Figure 4(a,b)). The biotransformation process did
not show any preference for OA or DTX-1 in the
tissue. The biotransformed analyte was detected
between 90 and 180 min of the incubation and
its representation was ≈ 35% in the toxin profile 1
(p < 0.001) (Figure 4(c,d)).

In Figure 3(c-d), spectra of MS/MS (negative
polarity) are shown to identify acyl derivatives of

Figure 1. Results of LC-MS/MS analysis. (a) Chromatogram of okadaic acid (OA), inset: Mass spectrum and main fragments under
negative mode; (b) dinophysistoxin-1(DTX-1), inset: Mass spectrum and main fragments under negative mode; and (c) pectenotoxin-
2 (PTX-2), inset: Mass spectrum and main fragments under positive mode.
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Figure 2. Variability of concentrations of (a) Okadaic acid (OA) and (b) dinophysistoxin-1 (DTX-1) and time course of Okadaic acid (c)
and dinophysistoxin-1 (d) toxin metabolism during a 180 min reaction in tissues of Mytilus chilensis in foot (triangles), mantle
(circles) and digestive glands (diamonds). The graph shows average toxin concentrations ± standard deviations (n = 5, SEM ± SD).

Figure 3. Mass spectrum results from full-scan monitoring of (a) 7-O-palmitoyl-dinophysistoxin-1 (7-O-acyl-DTX-1), (b) pectenotoxin-
2 (PTX-2) and (c) pectenotoxin-2-secoacid (PTX-2sa).

1220 J. OYANEDER-TERRAZAS ET AL.



OA and DTX-1 obtained during in vitro incuba-
tion in the tissues of Mytilus chilensis and
Ameghinomya antiqua. The analysis of analogues
has identified a characteristic acylation in R-C7

-O-acyl with fatty acids coming from the mol-
luscs. A peak of greater intensity with a mass
spectrum of m/z 1056, corresponding to
7-O-palmitoyl-DTX-1 (Figure 3(c)). The detec-
tion of ionic fragments in mass spectra such
as m/z 402.0, m/z 725.0 and m/z 799.0 has con-
firmed the identification of DTX-1 (Figure 3(c)).
Each fragment detected by LC-MS/MS was con-
firmed with the analysis of the standard solu-
tions of OA and DTX-1.

OA-group is the most prevalent group of toxins
in the south of Chile and blooms associated with
Dinophysis acuta are detected in the austral fjords
every year, reaching cell densities between 20 and
≈200 cell ml−1 (García et al. 2018). Contreras and
García (2019) determined that the most prevalent
analogues produced by Dinophysis acuta are OA
and DTX-1 in a 3:7 ratio with a content toxin ≈18
pg OA equivalent cell−1.

García et al. (2005), identified a shellfish poison-
ing incident associated with the OA-group due to
consumption ofMytilus chilensis for the first time in
Chile. In that event, the analogue DTX-3 derived
from DTX-1 was detected as the responsible analo-
gue for the poisoning. The identification of DTX-3
determined that biotransformation processes of ana-
logues of the OA-group were involved and that they
also produced shellfish poisoning symptoms in
longer times (> 10 h) if compared to the more
characteristic analogues of the OA-group toxins
(OA and DTX-1), so shellfish poisoning symptoms
are first associated with toxins produced by entero-
pathogens (García et al. 2005). That event evidenced
that the determination of toxicities using the MBA is
a risk to public health, since the analogues derived
from biotransformation processes are not detected
during the test procedure (>24 h) (Kameneva et al.
2015). Thus, when biotransformed analogues are
consumed in acute doses, they can be hydrolysed
into the initial toxic forms of OA-group toxins
(DTX-3 → DTX-1) during the digestion process
(EFSA 2008; Blanco 2018).

Figure 4. Variability of concentrations of (a) Okadaic acid (OA) and (b) dinophysistoxin-1 (DTX-1) and time course of Okadaic acid (c)
and dinophysistoxin-1 (d) toxin metabolism during a 180 min reaction in tissues of Ameghinomya antiqua in foot (triangles), mantle
(circles) and digestive glands (diamonds). The graph shows average toxin concentrations ± standard deviations (n = 5, SEM ± SD).
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OA-group is characterised by causing specific
levels of inhibition on PP2A, which is directly
correlated with the toxic effects it can produce in
people. Hence, the importance of determining
toxic profiles including those produced by bio-
transformation processes (acyl-derivatives) in dif-
ferent shellfish species (FAO/WHO 2016).

Variability of PTX-group incubated in tissues of
Mytilus chilensis and Ameghinomya antiqua

The incubation of PTX-2 in visceral and non-visceral
tissues of Mytilus chilensis and Ameghinomya anti-
qua showed variability in their concentrations and in
the toxic profile only in visceral tissues (digestive
glands) from120min after the start of the incubation
(p < 0.01), reaching a maximum point at 180 min
(p < 0.001) (Figure 5).

The biotransformation process was more speci-
fic in Mytilus chilensis with a maximum point of
38% with respect to the control sample
(p < 0.001), if compared to Ameghinomya antiqua
(≈2.1 μg ml−1, 180 min, p < 0.01). The only ana-
logue detected as a biotransformation product via
enzymatic catalysis was pectenotoxin-2 seco-acid
(PTX-2sa) (Figure 3(b)) (Suzuki et al. 2001a,
2001b).

Spectra of LC-MS/MS in negative polarity for
the detection of pectenotoxin-2-seco acid (PTX-
2sa) formed during the incubation of toxins in
the tissues of Mytilus chilensis and Ameghinomya
antiqua are shown. The mass spectrum corre-
sponding to the PTX-2sa + NH4

+ ion is shown
in Figure 3(b). The fragmentation pattern
observed is similar to that of PTX-2, and it cor-
responded to the ions detected in the elimination
of water molecules, such as m/z 841 [MNH4 + -
NH4OH-H2O] + and m/z 823 [MNH4 + -NH4

OH-2H2O] + and m/z 805 [MNH4 + -NH4

OH-3H2O] + as well as to secondary ions at m/
z 551, 457 and 439 corresponding to PTX-2sa
(Figure 3(a,b)).

In Chile, PTX-2 is the most prevalent toxin
associated with Dinophysis acuminata since the
occurrence of HABs (Blanco et al. 2007a; Alves-
de-Souza et al. 2014). The toxic variability of this
analogue takes place through an oxidative reaction
producing PTX-2sa, and this process may involve
an interconversion to a thermodynamically more

stable analogue, such as 7-epi-PTX-2sa (Vale and
Sampayo 2002; García et al. 2016; Mackenzie
2019).

The low levels of biotransformation detected
(≤LoD) in the non-visceral tissues of both species
demonstrates that the identification of PTX-2sa is
more closely associated with stages of toxin dis-
tribution, this is to say, the stages following the
assimilation process of dinoflagellates involved in
HABs. In addition, the difference in the level of
biotransformation shown in Ameghinomya anti-
qua is based on the habitat of the species; as it is
a soft bottom dwelling species (not a stratified

Figure 5. Variability of concentrations of pectenotoxin-2 (PTX-
2) in Mytilus chilensis (a) and Ameghinomya antiqua (b) during
a 180 min reaction in tissues of foot (triangles), mantle (circles)
and digestive glands (diamonds) and control tissue. The graph
shows average toxin concentrations ± standard deviations
(n = 5, SEM ± SD).
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bottom dwelling species), it is capable of filtrating
and accumulating dinoflagellates and toxins from
detritus, faeces and toxins from other species,
which may imply a more efficient biotransforma-
tion capacity of toxins (Farrell et al. 2012; García
et al. 2012). Likewise, as Mytilus chilensis shows
greater interaction in the stratum of the water
column, it is directly involved in the dynamics of
the HABs, directly assimilating the toxins pro-
duced by toxic dinoflagellates (Krapivka et al.
2007; Zamorano et al. 2013)

Interaction of toxic groups in simultaneous
incubation processes

On the coast of Chile, OA- and PTX-group toxins
are produced by different species of dinoflagel-
lates. Therefore, the assimilation of both toxin
groups by filter-feeding bivalves necessarily
involves the simultaneity of bloom processes in
relation to the production of OA- and PTX-
group toxins (Zamorano et al. 2013; Alves-de-
Souza et al. 2014).

Incubations in the digestive glands at different
rates of OA- and PTX-group toxins were per-
formed simultaneously (OA+PTX-2; DTX-1
+ PTX-2; OA+DTX-1+ PTX-2) at concentrations
of 4.0 μg ml−1 of OA/DTX-1 and 2.1 μg ml−1 PTX-
2 (Figure 6). The reactions assessed in both species

showed significant differences in biotransforma-
tion kinetics for each group (Figure 6(a-e)),
where derivatives of the OA-group were the
most frequently detected analogues; mainly DTX-
1 (p < .001), in Mytilus chilensis (Figure 6(b-c))
and Ameghinomya antiqua (Figure 6(e-f)). PTX-2
maintained toxic variability in all simultaneous
incubation processes with toxins of the OA-
group in both species, in which the oxidation of
PTX-2 was not evidenced as a preferred reaction
pathway (p < 0.05) (Figure 6(a-c)). Acyl-
derivatives from PTX2sa (C-16-PTX2sa) were
not detected in any of the tissues assessed.

Similar toxic processes has been detected in
different species of bivalves in endemic species of
southern Chile, which are characterised by differ-
ent levels of nutrient assimilation. This is corre-
lated with the levels of toxicity detected in
different species (Zamorano et al. 2013).
Biotransformation processes for analogues from
different groups take place in parallel: acylation
and oxidation pathways of OA-group and PTX-
group, respectively (Blanco et al. 2007b, 2018).
The tendency of the biological system by the acy-
lation pathway of OA-group is directly related to
the level of action of these toxins on the inhibition
of complexes such as PP2A (IC50 for OA: 2.27 nM;
DTX-1: 1.72 nM; DTX-2: 3.77 nM, Abal et al.
2017), so the acylation allows the inhibition ability

Figure 6. Variability in the concentration ratio in Mytilus chilensis of (a) OA/PTX-2, (b) DTX-1-PTX-2, (c) OA/DTX-1/PTX-2; and
Ameghinomya antiqua of (d) OA/PTX-2, (e) DTX-1-PTX-2, (f) OA/DTX-1/PTX-2 during a 180 min reaction. The graph shows average
toxin concentrations ± standard deviations (n = 5, SEM ± SD).
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of PP2A to decrease by ~ 500 times (Furumochi
et al. 2016; García et al. 2018), thus favouring
a defence pathway against toxic analogues, such
as OA and DTX-1 (Svensson and Förlin 2004).

Furthermore, the level of action and lipophili-
city of PTX-2 makes the distribution percentage
low, which is concomitant with a low biotransfor-
mation pathway carried out by the oxidative path-
way (Lindegarth et al. 2009). Even though this
process involves decreased toxicity of the species,
this variability has a very low proportionality.

The main fatty acid detected in bivalves was
palmitic acid (≈50%, C16:0), which has been
defined as the most prevalent acid in filter-
feeding species, such as Mytilus chilensis and
Ameghinomya antiqua, if compared to other satu-
rated fatty acids detected in this species (15%,
C-14, C-18 and C22) (Contreras and García
2019). This demonstrates that despite the avail-
ability of compounds that can favour biotransfor-
mation processes, the involved pathways also
depend on biotic-abiotic factors which allow for
the maintenance of the appropriate physiological
parameters of the species, transforming this path-
way into species-specific processes.

Determination of the environmental risk
associated with the toxicities of OA- and
PTX-groups

Dinophysis sp. has been associated worldwide
with the production of both groups of toxins
(OA-group and PTX-group), this is the reason
that the toxicities detected in shellfish are
expressed in micrograms OA equivalents per
kilogram of tissue (EFSA 2008; Farabegoli et al.
2018; Vilariño et al. 2018). However, along the
coast of Chile (8,000 km), it has been reported
that the species Dinophysis acuminata only pro-
duces PTX-2 (Krock et al. 2009; Alves-de-Souza
et al. 2014). The prevalence of this species in
southern Chile is relative (Reloncaví Sound,
Region de los Lagos). Nevertheless, the PTX-
group has been identified with a high prevalence
in shellfish, but simultaneously to the OA-group,
which demonstrates the co-occurrence of blooms
in the austral Chilean fjords (Díaz et al. 2011;
García et al. 2012).

In Chile, HABs associated with Dinophysis acuta
have been identified in densities ~200 cel ml−1 with
a toxicity ~18 pg cel−1. It is mainly assimilated by
filter-feeding species such as Mytilus chilensis and
Ameghinomya antiqua, their average clearance rate
is ~2.39 ± 0.4 L/h and ~0.79 ± 0.3 L/h, respectively
(Velasco and Navarro 2002), being able to assim-
ilate concentrations ≥ 160 μg OA equiv kg−1 in 2 to
3 days (Zamorano et al. 2013; García et al. 2015).

This study shows that both species of bivalves
(Mytilus chilensis and Ameghinomya antiqua) pro-
duce biotransformed analogues of both groups of
toxins only in their digestive glands, following
a biotransformation preference of DTX-1 〉

OA 》 PTX-2. The transformation acylation (OA-
group) and oxidation (PTX-group) processes occur
in parallel according to the enzymatic pathways
used, and no inhibition of the biotransformation
pathways was produced when the groups of toxins
were simultaneously incubated (Rossignoli and
Blanco 2010; MacKenzie et al. 2012).

Data show that regardless of the zone of origin
of sea products, the toxic profile of bivalves may
involve biotransformed derivative analogues. Each
toxic analogue has a toxic equivalency factor
(TEF), which is defined as the toxicity ratio of
a compound from a chemical group that shares
the same mode of action of a reference compound
in the same group (Botana et al. 2017; Alarcan
et al. 2018). Thus, each analogue of lipophilic
toxins has specific TEFs, where a TEF = 1.0 has
been proposed for OA/DTX-1, based on a toxicity
by i.p. injection and a relative inhibitory effect on
PP2A (EFSA 2008; Botana et al. 2017). However,
studies using a LD50 (oral toxicity) have proposed
new TEF = 1 for OA, 1.5 for DTX-1, and 0.3 for
DTX-2 (Abal et al. 2017). Furthermore, PTX-2 has
a TEF = 1.0, highlighting that to this date, their
toxicity has not been determined in animals
(Botana et al. 2017; Vilariño et al. 2018).

In Chile, the official method for detecting DSP-
toxins is the MBA, which has an approximate
detection level ≥ 200 μg OA equiv kg−1, and it
only defines a health risk when shellfish show
toxicities above the regulatory limits (Sernapesca
2014; García et al. 2018). In this way, this study
demonstrates that biotransformation processes
start quickly and that the toxins are assimilated
after a few days, thus, the toxic profile in shellfish
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will involve the presence of acyl-OA-group, which
is not detected by the MBA. Previous studies have
shown that consumed shellfish with acyl deriva-
tives can be modified by a retro-conversion pro-
cess mediated by esterases and digestive lipases
towards their original analogues (acyl
derivatives→OA/DTX-1) leading to DSP syn-
drome between 12 and 24 h post-consumption of
shellfish (García et al. 2005; Doucet et al. 2007),
which represents a serious risk to public health.

Likewise, due to the difficulty in determining
blooms associated with Dinophysis sp., the toxicity
determination is made directly in shellfish, where
varying levels of OA and DTX-1 (3:7) and low
levels of PTX-2 are shown. PTX-2 is characterised
by a high prevalence in seafood from southern
Chile; however, these levels do not exceed regula-
tory standards (≥ 160 μg OA equiv kg−1). This
could be explained due to micro-blooms of
Dinophysis acuminata located in the austral area,
where filter-feeding species show low concentra-
tions of PTX (Contreras and García 2019).

Even when there are no indications of toxic
symptoms associated with PTX-group and its
toxic determination is only related to studies car-
ried out in cells and in animals, the chronic con-
sumption of PTX-2 and its biotransformed
analogues (PTX-2sa) in the future may be linked
to different digestive diseases which are not cur-
rently associated with the consumption of PTX-
group traces.

Furthermore, the variability in the percentage
of biotransformation detected in both groups of
toxins (OA and PTX) demonstrates that the great-
est contribution to the variability or alteration of
the toxic profile comes from the reactions taking
place in the digestive glands, so the contribution
from other non-visceral tissues is negligible. This
also means that the different analogues show dif-
ferent levels of distribution of these toxins (Blanco
2018). These processes also depend on both biotic
and abiotic factors that, under optimal physiolo-
gical conditions in bivalves allow for the clearance
of the biotransformed analogues (Munday and
Reeve 2013; Wells et al. 2015). In this way, pre-
vious studies have shown that DTX-1 tends to be
more slowly cleared than OA, which is coincident
with the most prevalent biotransformed analogue
detected (DTX-3) from DTX-1 (Blanco 2018;

Blanco et al. 2018). While for PTX-group, the
following clearance level PTX-2 > PTX-2sa >
PTX-2sa esters has been proposed (Blanco et al.
2007a). Therefore, compartmentalisation levels
depend on the species involved in the bloom pro-
cess, so the consumption of tissues with higher
toxicity would favour the option of digesting
mainly biotransformed toxins, such as PTX-2sa,
whose chronic health effects on humans are still
unknown.

Conclusions

In this study, biotransformation analogues of tox-
ins associated with OA and PTX-groups have
been detected and identified only in visceral tis-
sues of Mytilus chilensis and Ameghinomya anti-
qua. The most frequently detected analogues in
the incubations were acyl-derivatives of OA and
DTX-1 (R-C7-O-acyl) and PTX-2sa, which are
produced by acylation and oxidation pathways,
respectively. The data show that higher levels of
biotransformation phases are detected in the visc-
eral tissue (hepatopancreas), and then these new
analogues are compartmentalised to non-visceral
tissues. The detected biotransformation levels
establish that the profile of toxins is modified by
both species of bivalves which may be responsible
for the failure to detect these toxins using the
MBA. Therefore, this increases the risk of expo-
sure in humans, due to the consumption of sea-
food with biotransformed analogues, which can
also be subjected to a retro-conversion by enzy-
matic processes in the digestive system (DTX-3 →
DTX-1) thus producing the syndrome character-
istic of lipophilic toxins after ingestion of toxic
analogues.
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