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Harmful algal blooms can adversely aﬀect diﬀerent levels of the trophic chain, from primary consumers, such as
bivalve molluscs, to higher links such as large ﬁsh, birds and mammals, including humans. Among secondary
consumers, it has been described that carnivorous gastropods can accumulate these toxins when they prey on
bivalves that have been exposed to toxic microalgae; these could also harm human health. In Chile, frequent
events of harmful algal blooms caused by the dinoﬂagellate Alexandrium catenella have been described. This
organism produces paralytic shellﬁsh toxin (PST) which has been identiﬁed in some carnivorous gastropods. The
objective of this research was to identify the physiological and reproductive response of the carnivorous gastropod Acanthina monodon fed on the Mytilid Perumytilus purpuratus, which had previously been maintained on a
diet containing PST. Specimens of A. monodon showed a decrease in ingestion and absorption rate when they
consumed PST indirectly through their diet. The oxygen consumption rate was also aﬀected by the diet-time
interaction. The variations of these parameters were reﬂected in the scope for growth, since the available energy
was lower in gastropods exposed to toxic diet. Consumption of PST had a negative eﬀect on the reproduction of
A. monodon, since intoxicated adults presented lower egg-masses and delayed start of oviposition. We observed a
delay in the development of the embryos inside the capsules, and a lower number of hatched juveniles, although
these few juveniles from intoxicated parents accomplished higher growth rates during the next 6 months. We
may therefore suggest that toxin transfer, from harmful microalgae through the trophic chain, can generate
deleterious eﬀects on the physiological energetics of the organisms that consume them, aﬀecting their reproductive capacity and early ontogenetic development.

1. Introduction
The eﬀects of harmful algae on marine organisms, especially those
consumed by humans, have been widely studied (Bardouil et al., 1993;
Basti et al., 2015; Bricelj et al., 2010; Le Goïc et al., 2013; Navarro et al.,
2014). Bivalve molluscs have been the principal subject group of these
studies, since they are among the primary consumers of toxic microalgae. Their ﬁlter-feeding system means that they can accumulate high
toxin doses, mainly in the digestive tissue (Bricelj et al., 1990; Marsden
and Shumway, 1992; Setälä et al., 2014). The intensity of the eﬀect of
toxins on bivalve molluscs appears to be species-speciﬁc, but also depends on the development level of individuals (Wang et al., 2006;
Bricelj et al., 1996, 1998, 2010). Thus, the clearance rate of adult Ostrea
⁎

chilensis exposed to a toxic diet containing PST is 25% lower than that
of individuals fed with a non-toxic diet (Garrido, 2016); however, PST
causes greater alterations in the feeding activity of juvenile O. chilensis,
with a dramatic decrease in their clearance rate (ca. 95%) (Navarro
et al., 2016). Despite the damage caused by these toxins to some bivalves, there are species, such as mytilidae, that acquire resistance to
toxins, which makes them very eﬀective bioaccumulators (FernándezReiriz et al., 2008; Navarro et al., 2011). In the bivalve Mytilus chilensis
exposed to a diet consisting of 50% Alexandrium catenella, a rapid intoxication process was observed. A saxitoxin concentration of 116 μg
SXT eq./ 100 g tissue was identiﬁed on the second day of exposure to
the toxic diet, exceeding the safety levels for human health (80 μg SXT
eq./ 100 g). By day 9 of toxic diet exposure, a concentration of 1601 μg
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inside capsules that are deposited by the female on rocky substrates
(Gallardo, 1979). Together with the embryos, the female lays nurse
eggs inside the capsule; these serve as a food source for the development and growth of the viable embryos, which hatch after approximately 55 days (Gallardo, 1979).
The objective of this research was to evaluate the physiological
energetics and reproductive responses of the gastropod Acanthina
monodon under exposure to a toxic diet composed of the bivalve
Perumytilus purpuratus, previously intoxicated with paralytic shellﬁsh
toxins by feeding with A. catenella.

SXT eq./ 100 g tissue was recorded (Navarro et al., 2011). On the other
hand, in species that are more sensitive to the presence of toxic microalgae, alterations have been observed in the feeding and respiration
rates (Crassostrea gigas: Bardouil et al., 1993; Ostrea edulis: Lesser, 1993;
Ruditapes philippinarus: Li et al., 2001; Pinctada fucata martensii: Basti
et al., 2015; Ostrea chilensis: Navarro et al., 2016). The scope for growth
(SFG) is another physiological parameter that often present decreasing
in individuals exposed to harmful algae (Li et al., 2002; Navarro et al.,
2016). On other hand, deleterious eﬀects caused by the direct contact of
gametes from marine invertebrates, with harmful algae has been observed, identifying a decrease in sperm motility and cell damage in the
spermatozoa of some bivalves (Haberkorn et al., 2010; Le Goïc et al.,
2013; Rolton et al., 2015, 2016).
However, despite the large volume of research about the eﬀects of
toxic microalgae on the physiology and reproduction of bivalves, there
is little information about the eﬀects of toxins acquired indirectly
through the consumption of intoxicated prey, on the physiological
processes of higher trophic level organisms, considering that bivalves
act as toxin bioaccumulators, making them primary links in the food
chain. The presence and accumulation of toxins from harmful algae
have been identiﬁed in diﬀerent taxonomic groups, such as gastropods,
crustaceans, cephalopods, ﬁsh, birds and marine mammals (SierraBeltran et al., 1997; Scholin et al., 2000; Costa et al., 2005; Sephton
et al., 2007; Deeds et al., 2008; Lopes et al., 2013). This accumulation
may have its origin in the direct consumption of harmful algae, or in the
ingestion of toxic prey. In the gastropod Xantochorus cassidiformis,
trophic transference of PST through the ingestion of intoxicated bivalves has been identiﬁed (Maturana, 2005).
The coast of Chile is frequently exposed to harmful algae blooms
(HABs), mainly due to the presence of the dinoﬂagellate Alexandrium
catenella, which produces paralytic shellﬁsh toxin (PST). Compagnon
et al. (1998) recorded high concentrations of saxitoxin in the carnivorous gastropods Concholepas concholepas (9164 μg STX eq / 100 g
tissue) and Argobuccinum ranelliformis (14,057 μg STX eq /100 g tissue),
during a bloom of A. catenella on the southern coast of Chile (Darwin
channel, 1996). On the other hand, among the few studies of physiological responses, Maturana (2005) does not record eﬀects on feeding
and growth for individuals of the gastropod Xanthochorus cassidiformis
exposed to a diet (the clam Mulinia edulis) intoxicated with A. catenella;
nevertheless, the same study does highlight a possible eﬀect on reproductive success, identifying a lower percentage of capsules laid per
female exposed to the toxic diet.
The frequency of harmful algal blooms has been increasing in the
world’s oceans (Anderson et al., 2012; Anderson, 2014). In the case of
Chile, the ﬁrst record of the dinoﬂagellate Alexandrium catenella occurred in 1972, in the Magallanes Region. Its distribution subsequently
extended northwards, reaching the Aysén Region in 1994 and Chiloé
Island in 2002, where the recorded concentration reached values of
779,000 cells L−1, with toxicity over 20,000 μg of STX eq./ 100 g tissue
(Clement et al., 2002). During 2016, the distribution range continued to
extend northwards, encompassing areas with no previous records of
PST events and reaching the Los Ríos Region (39° 45′S) (Buschmann
et al., 2016).
Considering the increase in the frequency, intensity and geographical distribution of Alexandrium catenella blooms in Chile, there is
concern to identify how organisms of higher trophic levels respond
physiologically and reproductively to the indirect intake of the toxins
(PST) through the ingestion of toxic prey (bivalves). The carnivorous
gastropod Acanthina monodon, which inhabits a large part of the
Chilean coast, was used as the model species for this investigation.
The muricid gastropod Acanthina monodon is described as an active
predator on mytilidae and cirripedia of the rocky intertidal and shallow
subtidal zone (Osorio, 1979, Poblete et al., 1987). In Chile this gastropod is distributed between Coquimbo (29° 54′ S; 71° 15′ W) and
Cabo de Hornos (55° 58′ S; 67° 16′ W). It is a dioecious species with
internal fertilization and direct development. The embryos develop

2. Materials and methods
2.1. Obtaining samples and acclimation
Acanthina monodon snail specimens were collected from the rocky
intertidal of Calfuco beach (39° 46′ S; 73° 23′ W), located on the coast of
Valdivia in southern Chile. At the date of collection (June 2014), this
site did not present records of harmful algal blooms (HAB), therefore
the absence of exposure to Paralytic Shellﬁsh Toxins (PST) is assumed.
Adult gastropods (n = 150) with sizes between 35 and 40 mm shell
length were collected at random. In parallel and in the same place,
specimens of the bivalve Perumytilus purpuratus were collected and used
as prey, with a size range between 15 and 30 mm in length. Individuals
of Acanthina monodon were exposed to an acclimation period of 10
days, kept in ﬁltered sea water with permanent aeration and constant
salinity and temperature (30 psu and 14 °C). The water was changed
every 4 days and they were fed ad libitum with a diet composed of the
bivalve P. purpuratus.
2.2. Cultivation of microalgae and diet preparation
The non-toxic microalga Isochrysis galbana, used in the preparation
of both mussel diets (toxic and non-toxic preys, was cultivated using
enriched, ﬁltered (0.45 μm) and sterilized seawater (f/2 medium;
Guillard, 1975) at 25 °C and a salinity of 30 under a photoperiod of 14/
10 h (L/D). The mean luminous intensity for the culture was
61.34 ± 4.19 μmol m−2 s−1 as measured using a LI−COR L1-250 A
Light Meter. The dinoﬂagellate Alexandrium catenella was isolated in
2011 from Coldita Island, south of Chiloé, Los Lagos Region, by the
Fisheries Development Institute (Instituto de Fomento Pesquero, IFOP).
These dinoﬂagellates were cultivated in ﬁltered seawater (0.45 μm)
enriched with L1 culture medium (Guillard, 1995) at a temperatura of
14 °C and a salinity of 30, under a photoperiod of 14/10 (L/D), with a
mean luminous intensity of 59.53 ± 0.25 μmol m−2 s−1 as measured
using a LI−COR L1-250 A Light Meter. As A. catenella cells were non
homogeneously distributed within the culture, bottles were gently
homogenised before samples were taken for diet preparation, (see
Navarro et al., 2006b for more information about culture conditions of
A. catenella). Both cultures were used in their exponential growth
phase.
The non-toxic diet corresponded to expose for 4 days the mussels P.
purpuratus to 100% the non-toxic microalga Isochrysis galbana. By other
hand, the toxic diet consisted in exposing for 4 days the mussel preys to
a mixture of 30% (by weight) of Isochrisys galbana and 70% (by weight)
of the toxic dinoﬂagellate Alexandrium catenella for 4 days.
The diets for the mussel preys, were supplied continuously by a
peristaltic pump (Masterﬂex) for a period of 4 days before the bivalves
were delivered as food prey to the Acanthina monodon specimens. New
individuals of P. purpuratus (toxic and non-toxic) were oﬀered to A.
monodon every 4 days, and these conditions were maintained for 60
days. Several physiological parameters (organic ingestion rate, absorption eﬃciency, oxygen consumption, excretion rate and scope for
growth) were measured every 10 days. Analyses carried out during the
experiments indicated a mean toxicity of 1198.03 ± 166.72 μg of STX
equiv/100 g tissue in P. purpuratus fed with the toxic diet. The
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Subsequently, the dry weight (100 °C for 24 h) and organic and inorganic matter (450 °C for 3 h) of the faeces were obtained. The faeces
produced by each gastropod were collected throughout the experiment
and pooled every 10 days for analysis of the AE. The organic fraction of
the prey was determined in the same way as the faeces, by drying and
subsequently burning the meat of Perumytilus purpuratus. The absorption rate was calculated as the product of the absorption eﬃciency and
the organic food intake, according to Bayne et al. (1985).

concentration of PST present in the soft tissues of the mussels used as
prey was determined by High Performance Liquid Chromatography
(HPLC) with post-column derivatization and ﬂuorescence detection,
following the method described by Franco and Fernandez-Vila, 1993.
The analyzes were carried out by the Marine Toxins Laboratory of the
Instituto de Fomento Pesquero of Punta Arenas (IFOP), Chile.
2.3. Experimental design
We used 20 specimens of A. monodon (shell length: 35–40 mm),
which were taken at random and kept individually in aquaria with a
volume of 4 L. All the experimental aquaria were maintained with ﬁltered seawater, with permanent aeration, constant salinity (30) and
submerged in a temperature-controlled bath (14 °C); the water was
replaced every 4 days. Ten specimens of A. monodon, kept individually
one in each aquarium, were fed with the non-toxic diet composed of 3
specimens of the bivalve Perumytilus purpuratus per each snail (ad libitum). The other ten aquaria were designated as the toxic group,
where the specimens of A. monodon were also fed with 3 P. purpuratus
each, which in turn had been fed with the toxic diet.
To identify the eﬀects of the toxic diet on fecundity and embryonic
development of A. monodon, 8 aquaria of 50 L each were used with 15
specimens of A. monodon per aquarium for 120 days (including the
gametogenic period). The aquaria were maintained with a recirculation
system of ﬁltered seawater with constant aeration, at a temperature of
14 °C and salinity of 30 psu. The gastropods corresponding to 4 aquaria
were fed ad libitum a non-toxic diet composed of P. purpuratus previously fed with a pure culture of the microalga I. galbana; while the
gastropods kept in the remaining 4 aquaria were fed with the toxic diet,
composed of specimens of the bivalve P. purpuratus, previously intoxicated (70% A. catenella + 30% I. galbana). The diets oﬀered to both
groups of snails corresponded to 3 P. purpuratus for each individual of
A. monodon, replaced with new mussels every 4 days.
Daily observations were made to detect the presence of egg-masses
of the gastropod A. monodon. Once present, the eggs were removed
from the aquaria and placed in a 2 L glass aquarium to complete their
incubation. These aquaria were submerged in a thermoregulated bath
at 14 °C, 30 salinity, with constant aeration and seawater exchange
every two days.

2.4.3. Oxygen uptake (ml/day/ind)
Oxygen uptake (VO2) was determined using a PreSens ﬁbre optic
equipment, FIBOX 3, through oxygen sensors attached to the inner wall
of hermetically sealed chambers. The oxygen consumption of each individual of A. monodon, from the toxic and non-toxic treatments, was
measured: the individual was incubated for 1 h in ﬁltered seawater
(1.0 μm), previously saturated with oxygen, inside the respiration
chambers (140 ml). Respiration chambers without animals were used as
a control for each treatment and for each day of measurement. All the
chambers were kept submerged in a temperature-controlled water bath
at 14 °C and measurements of the oxygen dissolved in the seawater
were recorded; the oxygen concentration was not allowed to fall below
70% saturation. The data obtained were recorded using the OxyView
3.51 Software program.
2.4.4. Excretion rate (μg NH4-N /day/ind)
The excretion rate (ER) was determined by the colorimetric method
of Solórzano (1969). After 1 h of incubation, a water sample of 5 ml was
taken in synchronisation from each of the breathing chambers described above, both the experimental chamber and the control chamber
without animals. A calibration curve was made using a set of solutions
with known ammonium concentrations. The samples were kept in the
dark for 2 h, and their absorbance was subsequently read at a wavelength of 640 nm using an Optizen POP uv/vis model spectrophotometer.
2.4.5. Scope for growth (J/day/ind)
Scope for growth (SFG) is a physiological index that indicates the
energy available for growth of the organism, for the formation of both
somatic and reproductive tissues. This index reﬂects the relationship
between the energy absorbed and the energy used for respiration and
excretion, expressed in Joules (Widdows, 1985). To calculate the SFG,
the diﬀerent physiological parameters were transformed into energy
equivalents, where 1 ml O2 = 19.9 J; 1 μg NH4-N = 0.0249 J, according to Elliot and Davidson (1975) and 1 mg of organic material
from the diet = 19.5 J, using the value obtained by Navarro et al.
(2006a) for Semimytilus algosus, another sympatric species of mytilid
bivalve.

2.4. Physiological measurements
2.4.1. Organic ingestion rate (mg/day/ind)
The organic ingestion rate (OIR) was quantiﬁed individually for
each experimental specimen of A. monodon, fed with a toxic or nontoxic diet. Empty valves of the prey P. purpuratus were collected each
day; in some cases, valves still contained prey tissue. The shells were
measured and the remaining tissue was dried at 100 °C for 24 h. To
calculate the food ingested by A. monodon, a regression curve of shell
length (L) versus dry weight (DW) of the soft tissue of P. purpuratus was
used (DW = 11.64 L 2.63 ; R² = 0.97). The tissue not consumed by A.
monodon was discounted from the dry weight of the meat calculated to
obtain the corrected value of the daily ingestion rate; this was later
multiplied by the organic fraction of the food (0.87), which was estimated by combusting the soft tissue of 10 individuals of P. purpuratus at
450 °C for 3 h.

2.5. Measurement of reproductive parameters
2.5.1. Fecundity, intracapsular embryo development and hatching
The egg-masses extracted from toxic and non-toxic aquaria were
counted and monitored through embryo development. The total
number of capsules per egg-mass was counted and the day of oviposition was recorded, to later identify the hatching time. Three capsules
were taken at random from each egg-mass, on days 7 and 55 of embryonic development. A stereoscopic microscope (Zeiss model Stemi
2000-C) was used to photograph and then determine the number and
size of the embryos, the number of nurse eggs and the level of embryo
development in each capsule using the software Image-Pro Plus. At the
beginning of embryo development (day 7) it was impossible to diﬀerentiate the nurse eggs from the embryonic eggs, so both were considered in analyses. The embryo size recorded on 7 day corresponds to
egg diameter; the oﬀspring size recorded on 55 day corresponds to shell
length.

2.4.2. Absorption eﬃciency (%) and absorption rate (mg/day/ind)
The absorption eﬃciency (AE) was determined by the gravimetric
method of Conover (1966), which assumes that an animal can digest
and absorb the organic component of the food but not the inorganic
fraction. For this analysis, the faeces of A. monodon from both experimental groups were collected and ﬁltered in 25 mm diameter Whatman
GF/C glass ﬁbre ﬁlters, previously washed, dried and burned. Each
ﬁlter with faeces was washed with an isotonic solution of ammonium
formate (NH4COOH) to remove the salts present in the faeces.
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treatment was similar for the specimens fed with each diet (toxic:
54 ± 2.2%, non-toxic: 56 ± 2.8% mean ± SE, two-way Anova repeated-measures: Diet: F1, 90 = 0.67, p = 0.79, Fig. 2B). The AE was
variable over time for both toxic and non-toxic gastropods, however the
time eﬀect, separately, was not signiﬁcant (two-way Anova repeatedmeasures: Time: F5, 90 = 0.00, p = 1.00).
On the other hand, AR was aﬀected, separately, by diet (two-way
Anova repeated-measures: diet: F1, 90 = 4.84, p = 0.04, Fig. 2C) and
time (two-way Anova repeated-measures: time: F5, 90 = 3.653,
p = 0.004, Fig. 2C). The mean AR was higher in A. monodon specimens
fed a non-toxic diet (3.6 ± 1.4 mg/day, Fig. 2D) than in the intoxicated
group (2.1 ± 0.3 mg/day, Fig. 2D). We also observed that the AR of
toxic gastropods increased over time approximately until day 50, diminishing on day 60. The AR of non-toxic gastropods was more variable
over time, reaching its highest values in the ﬁnal days of the experiment
(50–60).

2.5.2. Growth of juvenile hatched
To identify a possible carry-over eﬀect of the parents’ diet (toxic or
non-toxic) on the growth of the oﬀspring, a monthly record of the juvenile shell length was kept over a period of 6 months. Earliest capsules
laid, both by toxic (n = 6 capsules) and non-toxic parents (n = 9 capsules), were extracted from the aquaria and kept, separately, in glass
chambers (volume = 2000 ml). Each chamber was provided with seawater previously ﬁltered (1.0 μm) and sterilized by UV light. The capsules were maintained with constant aeration and under controlled
conditions of temperature (14 °C) and salinity (30). The water was
changed every two days. Once the hatching process was complete, the
number of hatched juveniles per capsule was counted and the shell
length of each was recorded, using a Nikon D90 camera attached to a
stereoscopic microscope (Zeiss model Stemi 2000-C). Each image obtained was later analysed using the image analysis program Image proplus. Once the number and size of the hatched juveniles were obtained,
they were kept in small chambers with seawater under the conditions
described above. The juveniles were fed ad libitum with the non-toxic
bivalve Semimytilus algosus collected from the same environment inhabited by A. monodon.

3.1.3. Oxygen uptake (VO2)
The oxygen uptake of A. monodon was signiﬁcantly aﬀected by the
interaction of the diet consumed and the exposure time (two-way
Anova repeated-measures: Diet * time: F6, 108 = 2.64, p = 0.019,
Fig. 3A). The results indicate that there was a decrease in VO2 from the
beginning (day 0) to the end of the experiment (day 60), both in gastropods fed a toxic diet (day 0: 4.14 ± 1.09 ml/day, day 60:
1.61 ± 0.40 ml/day, mean ± SE) and in those with a non-toxic diet
(day 0: 4.21 ± 0.97 ml/day, day 60: 1.91 ± 0.27 ml/day, mean ±
SE). However, a large variation in oxygen uptake was observed over the
period of exposure to the diets, decreasing towards day 20 and then
increasing markedly to day 30, when a greater VO2 was detected in the
specimens fed with a toxic diet (Fig. 3A). Nevertheless, the diet, separately, did not have a signiﬁcant eﬀect on oxygen uptake (two-way
Anova repeated-measures: diet: F1, 108 = 0.58, p = 0.45, Fig. 3B).

2.6. Statistical analysis
Analysis of variance with repeated measures was performed to
evaluate the eﬀect of time, diet and their interaction on the diﬀerent
physiological parameters. The corresponding tests of normality,
homoscedasticity and sphericity were carried out to verify the assumptions of the statistical analysis. In order to identify the eﬀect of the
diet consumed by adults on reproductive aspects, a one-way analysis of
variance was performed, also verifying that the assumptions of normality and homoscedasticity were met. When one of the assumptions
was not met, the data were transformed to their square root (physiological measurements AR, VO2, SFG). When data were not normal or
homoscedastic, a nonparametric analysis was performed using the
Mann-Whitney U test For the all statistical analyses, a signiﬁcance of
0.05 was used. All analyses were performed using the STATISTICA 7.0
software.

3.1.4. Excretion rate (ER)
The diet*time interaction did not aﬀect signiﬁcantly the ER of A.
monodon (two-way Anova repeated-measures: diet*time: F6, 108 = 0.63,
p = 0.70, Fig. 4A). However, a signiﬁcant increase in the ER was observed over the experimental period, speciﬁcally from day 10 to day 50,
in gastropods fed with either diet (two-way Anova repeated-measures:
Time: F6, 108 = 5.10, p < 0.001, Fig. 4A). In the group of gastropods
exposed to a toxic diet, the average ER during the entire experimental
period was 624.7 ± 49 μg NH4-N/day per individual. The mean ER
identiﬁed in the group fed a non-toxic diet was 608.2 ± 54 μg NH4-N/
day per individual (two-way Anova repeated-measures: diet: F1, 108 =
0.14, p = 0.70, Fig. 4B).

3. Results
Paralytic shellﬁsh toxin was observed in all A.monodon samples
analyzed (n = 8) from toxic group, identifying a mean concentration of
225.29 ± 33.56 μg SXT eq/ 100 g tissue. Conversely, PST presence was
not detected in control individuals (non-toxic diet).
3.1. Physiological measurements

3.1.5. Scope for growth (SFG)
The SFG was aﬀected signiﬁcantly by the diet and the time separately (two-way Anova repeated-measures: diet: F1, 90 = 12.88,
p = 0.002; time: F5, 90 = 4.12, p < 0.001, Fig. 5A). This index showed
a signiﬁcant increase over time in both experimental groups. However,
the SFG of A. monodon was not aﬀected signiﬁcantly by the diet*time
interaction (two-way Anova repeated-measures: diet*time: F5, 90 =
1.97, p = 0.09, Fig. 5A). The gastropods fed with diet containing the
toxic dinoﬂagellate A. catenella had a negative SFG for most of the time,
presenting, on average, a SFG of -22 ± 9 J/day (Fig. 5B). Similarly,
individuals fed a non-toxic diet had negative values at the beginning of
the experiment, however the values increased markedly during the later
days of the experiment, to reach a mean SFG of 20 ± 13 J/day
(Fig. 5B).

3.1.1. Organic ingestion rate (OIR)
Both the exposure time and the diet had a signiﬁcant eﬀect, separately, on the OIR of A. monodon (two-way Anova repeated-measures:
Time: F5, 90 = 3.46, p = 0.006; Diet: F1, 90 = 4.63, p = 0.045, Fig. 1A).
A lower mean OIR was observed in the individuals exposed to the toxic
diet (3.74 ± 0.55 mg/day, mean ± SE) than in those fed with nontoxic prey (6.08 ± 0.78 mg/day, mean ± SE), during all the days of
measurement (Fig. 1B). On the other hand, there was an increase in the
OIR during the course of the experiment, speciﬁcally until day 50, for
both treatments (Fig. 1). The increase in the OIR was more marked in
the specimens of A. monodon fed with toxic prey, with quadrupling of
values between day 10 (1.79 ± 1.20 mg/day) and day 50
(7.65 ± 1.63 mg/day). In both treatments there was a decrease at day
60.

3.2. Reproductive parameters
3.1.2. Absorption eﬃciency (AE) and absorption rate (AR)
There was an eﬀect of the interaction between diet and exposure
time on AE (two-way Anova repeated-measures: Diet * time: F5, 90 =
9.71, p < 0.001, Fig. 2A). The mean AE during the 60 days of

The specimens of A. monodon exposed to a non-toxic diet produced a
greater number of ovipositions (5) than the specimens fed a toxic diet
(2) during the entire experimental period, which lasted 120 days. We
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Fig. 1. Acanthina monodon. A) Organic ingestion rate (OIR) in individuals fed a toxic (P.
purpuratus fed with A. catenella) and non-toxic
diet (P. purpuratus fed with I. galbana) through
the experimental period. Values correspond to
mean (n = 10) ± standard error. B) Mean OIR
during the whole experimental period, for toxic
and non-toxic individuals. Values correspond
to mean (n = 60) ± standard error. Diﬀerent
letters indicate signiﬁcant diﬀerences.

(95 ± 37 capsules / oviposition) (one-way Anova: F1,
p = 0.91).

also observed a delay in the start of oviposition in individuals fed a
toxic diet (oviposition started: day 35) compared to those fed a nontoxic diet (oviposition started: day 8). No signiﬁcant diﬀerences were
observed in the number of capsules per egg-mass between gastropods
fed a toxic (102 ± 3.5 capsules / oviposition) and non-toxic diet

5

= 0.013,

3.2.1. Intracapsular embryo development
The time of intracapsular development, from oviposition to

Fig. 2. Acanthina monodon. A) Absorption eﬃciency and C) absorption rate on each measurement day for each diet (toxic and non-toxic).Values correspond to mean
(n = 10) ± standard error. B) Mean absorption eﬃciency and D) mean absorption rate, for toxic and non-toxic diet during the whole experimental period. Values
correspond to mean (n = 60) ± standard error. Diﬀerent letters indicate signiﬁcant diﬀerences.
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Fig. 3. Acanthina monodon. A) Oxygen uptake
in specimens exposed to a toxic (P. purpuratus
fed with A. catenella) and non-toxic diet (P.
purpuratus fed with I. galbana), through the
experimental period. Values correspond to
mean (n = 10) ± standard error. B) Mean
oxygen uptake for the whole experimental
period, for each diet. Values correspond to
mean (n = 60) ± standard error. Diﬀerent letters indicate signiﬁcant diﬀerences.

p < 0.0001, Fig. 6B). One of three capsules taken randomly from 1
egg-mass from toxic parents did not present embryo development. On
the other hand, the number of nurse eggs per capsule at day 55 was
signiﬁcantly higher in capsules from toxic (192 ± 90 nurse eggs) than
non-toxic parents (15 ± 7 nurse eggs) (one-way Anova: F1, 19 = 6.20,
p = 0.022). Despite the diﬀerences in embryo development level, the
percentage of total oﬀspring developed, in relation to the initial number
of eggs, does not change between capsules from intoxicated
(7.6% ± 3.2%) and non-intoxicated parents (7.9% ± 0.7%) (one-way
Anova: F1, 19 = 2.63, p = 0.12), at least until day 55 of intracapsular
development.

hatching, was not signiﬁcantly aﬀected by the diets supplied to the
parents (one-way Anova: F1, 5 = 3.33, p = 0.12). Capsules from parents
fed with a toxic diet took an average of 66 ± 0.5 days to hatch, while
capsules produced by non-intoxicated parents took 70 ± 1.2 days until
hatching. The consumption of a toxic diet by A. monodon does not cause
signiﬁcant eﬀects on the size of the embryos produced on day 7 (MannWhitney U-test: U = 27, p = 0.16, Table 1), or on day 55 of embryo
development (one-way Anova: F1, 18 = 0.026, p = 0.87, Table 1). On
day 7 of intracapsular development, the number of eggs (embryos +
nurse egg) per capsule did not present diﬀerences between capsules
from toxic and non-toxic parents (one-way Anova: F1, 19 = 1.30,
p = 0.26, Table 1). Similarly, the number of total oﬀspring (veligers + pre-hatch juveniles) per capsule until day 55 did not vary between treatments (Mann-Whitney U-test: U = 45, p = 1.0, Fig. 6A).
However, on day 55 of intracapsular development diﬀerences were
observed in the embryo development level, speciﬁcally in the percentage of pre-hatch juveniles per capsule, between capsules from parents
fed toxic and non-toxic diets (one-way Anova: F1, 19 = 138.9,
p < 0.0001, Fig. 6B). The mean percentages of pre-hatch juveniles per
capsule were 0% and 91% for egg masses laid by intoxicated and nonintoxicated gastropods respectively. Diﬀerences were also identiﬁed in
the percentage of veliger larvae per capsule at the end of development
(day 55), which was signiﬁcantly higher in capsules from toxic (100%)
than non-toxic parents (9%) (one-way Anova: F1, 19 = 33.65,

3.2.2. Hatching and juvenile growth
The hatching process was observed in a total of 13 capsules from
non-toxic parents and 9 capsules from toxic parents, identifying a signiﬁcant higher number of live juveniles hatched from the capsules from
non-toxic parents (one-way Anova: F1, 20 = 17.41, p = 0.0004). The
mean number of juveniles hatched per capsule from toxic parents
(21.1 ± 3.7 juvenile/capsule, mean ± standard error) corresponds to
44% of the juveniles hatched from capsules from non-toxic parents
(48.8 ± 4.8 juvenile/capsule). No diﬀerences were observed in the
hatching size between juveniles from toxic (1.16 ± 0.010 mm,
n = 211 juvenile) and non-toxic parents (1.17 ± 0.018 mm, n = 204
juvenile) (one-way Anova: F1, 413 = 0.21, p = 0.64, Fig.7). However,
Fig. 4. Acanthina monodon. A) Ammonium excretion rate in specimens exposed to a toxic (P.
purpuratus fed with A. catenella) and non-toxic
diet (P. purpuratus fed with I. galbana), through
the experimental period. Values correspond to
mean (n = 10) ± standard error. B) Mean ammonia excretion for the whole experimental
period of each diet. Values correspond to mean
(n = 60) ± standard error. Diﬀerent letters indicate signiﬁcant diﬀerences.
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Fig. 5. Acanthina monodon. A) Scope for
growth in adult specimens exposed to toxic
(PST) and non-toxic diet, through the experimental period. Values correspond to mean
(n = 10) ± standard error. B) Average of scope
for growth for each diet considering the whole
experimental period. Values correspond to
mean (n = 60) ± standard error. Diﬀerent letters indicate signiﬁcant diﬀerences.

Table 1
Acanthina monodon. Mean amount and size of embryos per capsule, at the beginning (day 7) and end (day 55) of intracapsular development, for capsules
from females fed a toxic (P. purpuratus fed with A. catenella) and a non-toxic diet
(P. purpuratus fed with I. galbana). The number and size of embryos for day 7
includes embryos and nurse eggs, because they do not present morphological
diﬀerences at the beginning of development. Diﬀerent letters indicate signiﬁcant diﬀerences for each day, between capsules from intoxicated and nonintoxicated females.

N° of embryos
Embryo size (μm)

Day

Toxic

Non-toxic

7
55
7
55

461 ± 14 a
34 ± 14 a
224 ± 1.8 a
953 ± 46 a

392 ± 37 a
28 ± 1.7 a
238 ± 6.6 a
942 ± 32 a

from month 1 a signiﬁcant increase was observed in the size of juveniles
from toxic parents (one-way Anova: F1, 97 = 6.68, p = 0.011, Fig.7),
and this trend was maintained until month 6 (one-way Anova: F1, 33 =
5.00, p = 0.03, Fig.7).

Fig. 7. Juvenile growth from toxic and non-toxic parents. Juvenile shell length
at hatching (Toxic: n = 211 juvenile; Non-toxic: n = 204 juvenile), month 1
(Toxic: n = 41 juvenile; Non-toxic: n = 57 juvenile) and month 6 (Toxic:
n = 17 juvenile; Non-toxic: n = 18 juvenile). Diﬀerent letters indicate signiﬁcant diﬀerences for each time. Values indicate mean ± standard error.

4. Discussion
Trophic transfer, through diet, of toxins produced by harmful algae
has been described in diﬀerent marine invertebrates; in the speciﬁc case
of carnivorous gastropods, an accumulation of toxins has been identiﬁed in diﬀerent tissues, but principally in the digestive glandule (Ito

Fig. 6. Acanthina monodon. A) Mean number of
total oﬀspring (veliger + juveniles) per capsule
at day 55, in capsules from females fed a toxic
(n = 6 capsules) and a non-toxic diet (n = 15
capsules). Diﬀerent letters indicate signiﬁcant
diﬀerences. B) Variation of the oﬀspring percentage, in diﬀerent development stages (juveniles, veliger larvae) and nurse eggs per
capsule, at day 55 of intracapsular development, from females fed a toxic (n = 6 capsules)
and non-toxic diet (n = 15 capsules). * indicate
zero. Values indicate the mean ± standard
error.
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with non-toxic diets, however, the SFG was also negative at the beginning of the experiment, but positive values for the end of the period
were recorded. Accord to results, the experimental time also had an
eﬀect on SFG, in separately way. The negative SFG during the ﬁrst days
of the experiment, in both groups (toxic and non-toxic), could be due to
a process of acclimation to laboratory conditions. Maturana (2005)
observed that negative SFG values in Xanthochorus cassidiformis were
related to the lower energy absorbed, as occurred in A. monodon. Similar results have been described for diﬀerent ﬁlter-feeder bivalve
species: Navarro and Contreras (2010) reported lower SFG values in
Mytilus chilensis at the beginning of the experiment as a result of the
decrease in clearance rate and absorption eﬃciency when exposed to a
diet containing Alexandrium catenella. Similar results were reported by
Li et al. (2002) for the clam Ruditapes philippinarum and the mytilid
Perna viridis. A decrease in absorption eﬃciency has also been described
in the razor clam Tagelus dombeii after 12 days of exposure to diets
containing PST (Fernández-Reiriz et al., 2013). These diﬀerent ﬁndings
show the relevant role that play the presence of A. catenella on the
ﬁtness of marine invertebrates.
Feeding on a toxic diet can also generate alterations in processes
that depend directly on the energy availability (Haberkorn et al., 2010).
Eﬀects on the reproductive process have frequently been observed in
bivalve molluscs that consume toxic microalgae (Haberkorn et al.,
2010; Basti et al., 2015; Le Goïc et al., 2013; Rolton et al., 2018). Le
Goïc et al., 2013 showed alterations in the spermatozoa quality of adult
oysters exposed to the dinoﬂagellate Alexandrium catenella, suggesting a
potential negative impact on sperm motility and future oocyte fecundation. On the other hand, reabsorption process of gametes present
in the follicle gonadal tissue was reported in the bivalve Ostrea chilensis
intoxicated with PSP (Oyarzun, 2015). According to our results, indirect consumption of PST seems to aﬀect oviposition in the gastropod
A. monodon, delaying the start of the process and decreasing the production of egg-masses. A similar situation was detected in the muricid
gastropod Xanthochorus cassidiformis, where the production of eggmasses in toxic snails decreased a 55% regarding the toxic gastropods
(Maturana, 2005). These values are comparable to those obtained in the
present study, where A. monodon exhibited a higher percentage of
postures in the control group (71%) than in the toxic group (29%). A
more extreme eﬀect was identiﬁed in the freshwater gastropod Lymnea
stagnalis, after being exposed to toxic cyanobacteria, where a complete
suspension of reproductive activity was observed (Lance et al., 2007).
The toxic diet supplied to adult A. monodon did not aﬀect the total
number of embryos produced per capsule, either at the beginning or at
the end (day 55) of intracapsular development, nor the number of
capsules per egg-mass. According to Lardies and Fernandez (2002), the
number of eggs per capsule in A. monodon at the beginning of intracapsular development varies between 390 and 1175 in the natural
environment, a much wider variation than the values obtained in this
study, where mean values of 461 and 392 eggs per capsule were recorded in the toxic and control group respectively. According to our
results, the percentage of developed embryos (juveniles + veligers) per
capsule at day 55 is not aﬀected when parents consume a toxic diet.
However, despite not ﬁnding diﬀerences in the total number of embryos
at the end of the intracapsular period (day 55), signiﬁcant diﬀerences
were observed in the level of embryo development between capsules
from toxic and non-toxic parents, suggesting that the consumption of a
diet contaminated with PST by adults of A. monodon delays embryo
development inside the capsule. This situation could be related to a
lower amount of energy available, due to the decrease in the absorption
rate presented by parents who consumed a toxic diet, probably aﬀecting
the quality of the nurse eggs. It should be noted that there were eggmasses, from toxic parents, where no capsule presented embryo development throughout the whole monitoring period the egg stage.
However, considering only those capsules where embryo development
occurred, there was no diﬀerence between the two experimental groups
in the size of embryos in an advanced development stage (d 55),

et al., 2004; Maturana, 2005; Choi et al., 2006; Deeds et al., 2008;
Harding et al., 2009). The snail Acanthina monodon also presented
transfer and accumulation of paralytic shellﬁsh toxins after exposure to
a toxic diet. After 60 days of exposure to prey intoxicated with A. catenella, the gastropods accumulated 225.29 ± 33.56 μg SXT eq./100 g,
exceeding the safety limit for human health (80 μg SXT eq./ 100 g).
Higher toxin concentrations have been observed in other carnivorous
gastropods from Chile (Concholepas concholepas: 9164 μg STX eq / 100 g
tissue; Argobuccinum ranelliformis: 14,057 μg STX eq / 100 g tissue,
Compagnon et al., 1998), although there is no information about the
eﬀect of PST accumulation on the physiology and reproduction of these
organisms.
The eﬀects caused by harmful algae on marine invertebrates depend
on several factors, such as exposure time and the concentration of the
ingested toxin. (Wang et al., 2006; Bricelj et al., 2010; Basti et al.,
2015). In Acanthina monodon, our results indicate that in most of the
physiological parameters quantiﬁed, there is an exposure time eﬀect
which works separately from or in interaction with the diet. This result
diﬀers from that described by Maturana (2005), who indicates that
consumption of the clam Mulinia edulis containing PST does not aﬀect
the physiological energetic of the gastropod Xanthochorus cassidiformis.
According to our results in individuals of A. monodon fed with PSTintoxicated prey, is possible to observe changes in the organic ingestion
rate (OIR) which decreases signiﬁcantly in specimens fed a toxic diet.
However, an increase may be observed in this parameter over time in
animals exposed to the toxic diet, suggesting that they become acclimated to the diet, although, the OIR in non toxic individuals, always
was high. Lance et al. (2007) described similar results for juveniles of
the freshwater gastropod Lymnaea stagnalis exposed to the toxic cyanobacterium Planktothrix agardhii, where the feeding parameters increased through the time. A similar pattern was observed for the absorption rate (AR) in A. monodon. The gastropods fed with a non-toxic
diet presented a higher AR than those fed a toxic diet during most of the
experimental period, although no diﬀerences were observed in the
absorption eﬃciency between gastropods feeding with diﬀerent diet
(toxic and non-toxic).
Despite presenting great variation in oxygen uptake over time,
Acanthina monodon showed an evident decrease in oxygen consumption
between the beginning and end of measurements, which is highlighted
by the statistical signiﬁcance of the interaction between diet and time.
This response was observed in both groups of snails (toxic and nontoxic), suggesting possible acclimation to laboratory conditions, rather
than to the eﬀect of PST. However, the oxygen uptake, from day 20
onwards, is higher in intoxicated animals than in the control group
(non-toxic), suggesting a higher metabolic expenditure, probably due to
detoxiﬁcation processes and toxin biotransformation (Bricelj et al.,
1990; Choi et al., 2006). However, the oxygen uptake seems to be
species-speciﬁc; in juveniles of Ostrea chilensis exposed to a toxic diet
with A. catenella, a decrease in oxygen consumption was observed as
compared to the control group (Navarro et al., 2016); while Marsden
and Shumway (1993) concluded that oxygen uptake was unaﬀected in
ﬁve species of ﬁlter feeding bivalves after 1 h of exposure to Alexandrium tamarense.
A signiﬁcant eﬀect of PST on the excretion rate of the mussel Mytilus
chilensis has been described by Navarro and Contreras (2010). This
response was associated with the capacity of the mussels to degrade the
PST toxin, which is a rich source of nitrogen (Pérez, 1998). The present
study shows that excretion rate was not aﬀected by the paralytic
shellﬁsh toxin, suggesting that this is species speciﬁc and depends on
multiple factors, such as the concentration and toxicity of the algae, the
history of exposure to toxic blooms (Bricelj et al., 2005) and diﬀerences
in digestive function (Leverone et al., 2007).
For A. monodon, the high values of oxygen uptake in conjunction
with low ingestion and absorption rate observed in intoxicates gastropods, were reﬂected clearly in the scope for growth (SFG), parameter
that remains negative most of the experimental time. In gastropods fed
44

Aquatic Toxicology 212 (2019) 37–46

P.V. Andrade-Villagrán, et al.

indicating that capsules from intoxicated adults have mainly large veliger larvae, similar to the pre-hatch juveniles observed in capsules from
non-intoxicated parents.
On the other hand, it appears that the number of viable embryos in
capsules from toxic parents decreases from day 55 of intracapsular
development until hatching, although the hatching time did not vary
signiﬁcantly between capsules from non-toxic (70 days) and toxic
parents (66 days). Competition for food (nurse eggs) is likely to occur in
capsules from toxic parents during this last period of intracapsular
development, allowing the few hatched juveniles to acquire a higher
potential for growth by consuming more food; this is reﬂected in their
greater shell length from the ﬁrst month of extracapsular development
onwards. However, the presence of nurse eggs in capsules at the advanced development stage is infrequent, since the nurse eggs are consumed completely in the ﬁrst (trocophora) stage of embryo development (Büchner-Miranda et al., 2018). Therefore, the presence of nurse
eggs on day 55 of embryo development could be attributed to an eﬀect
of the toxic diet. The eﬀects on the oﬀspring, of the bivalve Mercenaria
mercenaria, produced by adults exposed to harmful algae were described by Rolton et al. (2018). After adult individuals were exposed to
high concentrations of Karenia brevis (which produces neurotoxic
shellﬁsh toxin), there was a decrease in fertilization success (in vitro)
and an increase in the percentages of abnormalities and mortalities
among the larvae from intoxicated parents. These results suggest that
consumption of a toxic diet (PST) by adult broodstock could have latent
eﬀects on the oﬀspring, causing a decrease in the number of potential
new recruits to the population; however those with larger size could
have better chances of survival.
In conclusion, the indirect consumption of PST through diet in A.
monodon causes changes in its physiological energetics response,
modifying the energy available for growth and reproduction which vary
over the exposure time. This exposure of adult individuals to PST can
generate deleterious eﬀects on the reproductive capacity of A. monodon,
decreasing fecundity (number of egg-masses), delaying embryo development inside the capsules and decreasing the number of juveniles
hatched.
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