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Toxicity
flagellate Prorocentrum lima on juvenile American whiteleg shrimp Litopenaeus
vannamei and giant lion-paw scallop Nodipecten subnodosus was evaluated. Organisms were exposed to three
densities (500, 2000, or 5000 cells mL−1), superoxide dismutase activity and soluble protein in the
hepatopancreas and muscle were determined at 1, 6, 24 and 48 h after challenge. Shrimp exposed at
5000 cells mL−1 significantly increased SOD activity in the hepatopancreas at 1 h post-challenge, whereas
enzymatic activity in muscle significantly increased at 24 h at all densities. Scallops exposed to 500 and
2000 cells mL−1 showed significant SOD activity increase in hepatopancreas at 24 and 12 h, respectively.
Mortality at 48 h was 100% in scallops exposed to 5000 cells mL−1. Shrimp showed higher levels of SOD
activity than scallops. Soluble protein content in the shrimp hepatopancreas was significantly higher at
densities of 500 and 2000 cells mL−1 at 6 and 1 h, respectively. Soluble protein content in the scallop
hepatopancreas was higher than control values at 1 h after challenge. In this study, 500 cells mL−1 was
enough to trigger SOD activity in two benthic species exposed to the toxic dinoflagellate P. lima.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Okadaic acid (OA) is a phycotoxin produced by a few species of
marine dinoflagellates. This poison accumulates in the digestive
organs of filter-feeding shellfish and causes of diarrheic shellfish
poisoning in humans (Yasumoto and Murata, 1993). Some researchers
identify OA as a powerful promoter of cancer and that chronic
exposure to these toxins stimulates the growth of gastrointestinal
tumors (Fujiki and Suganuma, 1993; Lopez-Rodas et al., 2006).

Cytotoxic effects by OA compounds are potent inhibitors of protein
phosphatase 1 and 2A (PP1 and PP2A), leading to increased protein
phosphorylation, which is directly related to tumor-promoting
activity (Fujiki and Suganuma, 1993). Dinoflagellate sources impli-
cated in diarrheic shellfish poisoning (DSP) include planktonic species
of the genus Dinophysis and a few benthic and epi-benthic species of
the genus Prorocentrum (Bauder et al., 1996). In nature, resistance to
highly toxic products is a common phenomenon; therefore, many
animals have mechanisms to sequester and accumulate the toxins
other than the producers. Under these circumstances, these animals
o de Investigaciones Biológicas
xico. Tel.: +52 612 123 8410;

l rights reserved.
may become poisonous to the predators, hence a defense mechanism
for deterring predation (Catsberg et al., 2004).

Bivalve mollusks acquire DSPs by ingesting dinoflagellates in the
water column and, perhaps by feeding on resuspended benthic
material (Bauder et al., 2001). Previous research on contamination of
bivalve mollusks by DSP toxins has focused mainly on their role as
vectors for human intoxication. The cosmopolitan Prorocentrum lima
is a toxic benthic, and epiphytic photosynthetic dinoflagellate found
worldwide, from the artic to the tropics, and is one of the primary
producers of DSP in shellfish toxicity episode in different parts of the
world (Marr et al., 1992; Lawrence et al., 1998; Gayoso et al., 2002) and
has become an important health issue (Catsberg et al., 2004).

Shrimp farms along the coast of the Gulf of California obtain water
directly from the open sea and others from coastal lagoons. In this
area, the most abundant and diverse groups of the phytoplankton are
diatoms and dinoflagellates (Licea et al., 1995; Alonso-Rodríguez et al.,
2004; Okolodkov and Gárate-Lizarraga, 2006),which introduces
harmful algae blooms into shrimp ponds can turn into economic
disaster for cultivators (Alonso-Rodríguez and Paéz-Osuna, 2003;
Alonso-Rodríguez et al., 2004).

Crustaceans accumulate toxins in the hepatopancreas and this can
create DSP in humans that consume the whole organism, rather than
muscle, where toxins rarely occur (Shumway, 1995). Examples of
reports of illness from DSP in consuming crustaceans include green
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crab (Carcinus maenas) in Portugal (Vale and Sampayo, 2002) and
brown crab (Cancer pagurus) in Norway (Torgensen et al., 2005).
However, few works have dealt with the effects of these toxins on the
marine environment or on the physiology of crustacean and mollusk
itself (Pillet and Houvenaghel, 1995).

Oxidative stress occurs in the courseof pathogenesis ofmarine toxins
(Moreno et al., 2005). The antioxidant system, which, apart from
counteracting thenegative effects of reactive oxygen species, alsoplays a
key role in protecting cells from oxidative stress; this constitutes a
potential indicator of oxidative stress inmarine organisms (Downs et al.,
2001), which is countered by superoxide dismutase (SOD) catalyzing
superoxide ions to form hydrogen peroxide and O2 (Warner, 1994;
Fridovich, 1995).

Antioxidant enzymes, such as SOD, catalase, glutathione perox-
idase, glutathione reductase, and ascorbate peroxidase, have beenused
to evaluate oxidative stress induced by microalgae toxins in several
classes of organisms:mammals (Moreno et al., 2005), fish (Prieto et al.,
2006), crab (Pinho et al., 2005), macroalgae (Pflufmacher, 2004), and
plants (Chen et al., 2004). Measurement of superoxide dismutase has
been accepted as an accurate method to quantify antioxidant activity,
which play an important role in modulating oxidative responses
(Matsuda et al., 2003; Monari et al., 2005; Estrada et al., 2007).

This study compared the antioxidant response of juvenile Litope-
naeus vannamei and Nodipecten subnodosus as a defense mechanism
against exposure to DSP in the dinoflagellate P. lima.

2. Materials and methods

2.1. Experimental animals

Juvenile shrimp (L. vannamei and N. subnodosus) were obtained
from the larvae-rearing laboratory at CIBNOR. For 15 days prior to the
trails, the organisms were acclimated in a 1500-L fiberglass tank
containing aerated and filtered (0.2 μm) seawater supplemented with
EDTA disodium salt (10 mg L−1). The seawater was maintained at pH
7.8–8.2, at 28 °C, and salinity of 36 g L−1. Shrimp were fed daily with
commercial pellet (35% of protein level, PIASA).

Seeds of N. subnodosus were obtained from the laboratory at
CIBNOR and grown in a bottom system at a coastal site close to La Paz,
B.C.S. (Rancho Bueno). Juvenile scallops from the same site were
acclimated for 10 days in a 1500-L fiberglass tank containing aerated,
filtered (0.2 μm) seawater supplemented with EDTA disodium salt
(10 mg L−1). Filtered seawater was maintained at pH 7.8–8.2, at 25 °C,
and salinity of 36 g L−1. The diet consisted of 1.5×105 cells mL−1 of a
mixture of three microalgae: Isochrysis galbana, Chaetoceros calcitrans,
andChaetoceros gracilis (1:1:2 ratio) before the experiment (Torkildsen
and Magnesen, 2004).

2.2. Microalgal culture

P. lima (strain PRL-1),was isolated offshore of Isla El Pardito (~24.5°N,
~110.4°W) at Bahía de La Paz in the Gulf of California, which produces
twoDSPs:OAandDTX-1 in theunusual proportion of 1:2 (Heredia-Tapia
et al., 2002), as well as the fast acting toxin (FAT), presumably similar to
procentrolide (Nuñez-Vázquez et al., 2003). P. lima was grown in f/2-Si
medium prepared from filtered (0.45 μm), UV-sterilized and autocla-
veated seawater (Ajuzie, 2007). The dinoflagellateswere grown in single
algae batch cultures contained in2.8-L polycarbonate Fernbachflasks on
a 12 h light :12 h dark photocycle at an irradiance of 150 μEm2s−1 at 23±
1 °C and collected during a stationary phase (29 days).

2.3. Biotoxicity assays

2.3.1. Artemia bioassay
A preliminary bioassay was performed to evaluate the toxicity of

P. lima following the procedure described by Demaret et al. (1995) and
Heredia-Tapia et al. (2002). Adults of Artemia salina (10 specimens L−1)
were cultured in triplicate in 20-L plastic containers and exposed to a
P. lima concentration of 2000 cells mL−1.

2.3.2. Mouse bioassay
Mouse bioassay was performed according to the method described

by Lewis (1995). Extract of P. lima was obtained after 29 days of
culture, when the cell density had risen to 24780 cells mL−1, following
the methodology described by Quilliam et al. (1996).

2.4. Experimental design

2.4.1. Shrimps challenged with P. lima
Batches of 30 shrimp each weighing 0.7±0.2 g, were placed in 20-L

plastic containers with live P. lima at either 500, 2000, or 5000 cells
mL−1 for 48 h. One batch of shrimp with no dinoflagellates added as
the control. Each treatment was run in duplicate, shrimp were fed
daily with commercial pellets and water was not changed during the
experiment. Three shrimp from each container were randomly sam-
pled at 1, 6, 12, 24, and 48 h. Samples of muscle and hepatopancreas
were frozen at −80 °C.

2.4.2. Scallops challenged with P. lima
Batches of 20 scallops, average size 3.0±0.5 cm, were placed in 20-L

plastic containers with live P. lima at 500, 2000, or 5000 cells mL−1 for
48 h.Waterwasnot changed during experiment. One treatmentwith no
dinoflagellates addedwasused as the control. Each treatmentwas run in
duplicate. Scallopswere feddailywith 1.5×105 cellsmL−1 of amixture of
three microalgae: I. galbana, C. calcitrans, and C. gracilis (1:1:2 ratio).
Batches of three clamsper treatmentwere randomly sampled after 6,12,
24, and 48 h. Samples of muscle and hepatopancreas were frozen at
−80 °C.

2.5. SOD activity assay

Frozen samples of shrimp muscle and hepatopancreas were thawed
in an icebath; 200mgof each tissuewere put in a cooled Eppendorf tube
containing 1 mL of phosphate buffer (50 mM, pH 7.8). Each sample was
homogenized with a motorized Kontes pellet pestle. The homogenate
was centrifuged at 5724 g for 5 min at 4 °C; the supernatant was reco-
vered and heated for 5 min at 65 °C. A new supernatant was obtained
after a second centrifugation (crude extract) and stored at −20 °C.

SOD activity was determined by the protocol of Beauchamp and
Fridovich (1971). Briefly, 2 mL reaction mixture (0.1 mM EDTA, 13 μM
methionine, 0.75 mM Nitro Blue Tetrazolium (NBT) and 20 μM
riboflavin in 50 mM of phosphate buffer, pH 7.8) and from 0 to 100 μL
of crude extract were placed under fluorescent light in a spectro-
photometer (Beckman DU 600) for 1 min or until absorbance (A560) in
control tubes (without crude extract) reached 0.2 to 0.25 optical
densities. Results of enzymatic specific activity were obtained using a
computer program (Vázquez-Juárez et al., 1993) and calculated in
units per mg protein. The ratio of specific SOD activity from treated
shrimp or scallop samples to specific SOD activity of the controls was
expressed as an index, the relative enzymatic activity (REA).

2.6. Protein determination

Concentration of soluble protein in samples from 100 mg of tissue
was measured according to the protocol of Bradford (1976), using
bovine serum albumin (Sigma-Aldrich) as a standard. The results were
expressed in mg mL−1.

2.7. Statistical analysis

A one-way ANOVA using the F test was applied to analyze the
differences among treatments and the control. When significant



Fig. 1. Relative SOD activity (REA) in hepatopancreas of juvenile Litopenaeus vannamei
exposed to three densities of Prorocentrum lima. Data are expressed as mean±SD.
⁎Significantly different than control (Pb0.05). ( ) Control; ( ) 500 cells mL−1;

) 2000 cells mL−1; ( ) 5000 cells mL−1.

Fig. 3. Relative SOD activity (REA) in hepatopancreas of juvenile Nodipecten subnodosus
exposed to three densities of Prorocentrum lima. Data are expressed as mean±SD.
⁎Significantly different than control (Pb0.05). ( ) Control; ( ) 500 cells mL−1;

) 2000 cells mL−1; ( ) 5000 cells mL−1.
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ANOVA differences occurred, Tukey's HSD test was used to identify
these differences. Significance was set at Pb0.05.

3. Results

3.1. Toxicity bioassays

3.1.1. A. salina
Exposure of adult A. salina specimens to P. lima at 2000 cells mL−1

caused 100% of mortality 3 h after challenge (data not shown).

3.1.2. Mouse
The clinical signs showed by mouse exposed to DSP toxins were

hind limb paralysis, respiratory failure, immobility, lethargy, dyspnoea
and death after 3 h. The estimated total toxin concentration was 6 pg
OAeq.cell−1.

3.2. SOD activity in juvenile shrimps

Shrimp challenged with 5000 cells mL−1 of P. lima showed a
significant (Pb0.05) relative enzymatic activity (REA) at 1 and 6 h in
Fig. 2. Relative SOD activity (REA) in muscle of juvenile Litopenaeus vannamei exposed
to three densities of Prorocentrum lima. Data are expressed as mean±SD. ⁎Significantly
different than control (Pb0.05). ( ) Control; ( ) 500 cells mL−1 )
2000 cells mL−1; ( ) 5000 cells mL−1.
the hepatopancreas. REA increased 1.8 at 1 h and 1.6-fold at 6 h than
the control group (Fig. 1). A significant increase (Pb0.05) in REA
occurred in shrimp exposed to 500 cells mL−1 at 12 h (2.1-fold higher
than control group). Significant decline in REA (Pb0.05) occurred in
shrimps exposed to 500 and 2000 cells mL−1 at 6 h (Fig. 1).

REA in shrimp decline significantly (Pb0.05) in muscle after 6 h in
all treatments. REA increased significantly (Pb0.05) over the control at
12 h at a challenge of 5000 cells mL−1 P. lima. At 24 h, all densities
(500, 2000 and 5000 cells mL−1) induced significant (Pb0.05)
antioxidant increase (1.8, 2.4, and 2.1-fold) over the control, with a
significant (Pb0.05) lower value at 48 hwhen shrimpwere exposed to
2000 cells mL−1 (Fig. 2).

3.3. SOD activity in scallops

Scallops challenged by 2000 cells mL−1 of P. lima had significant
(Pb0.05) increase in REA in the hepatopancreas after 12 h 1.8-fold
higher than the controls (Fig. 3). Scallops exposed at 500 cells mL−1

had a significant (Pb0.05) REA response after 24 h, 1.7-fold higher
than the controls (Fig. 3).

No challenge with P. lima induced significant (PN0.05) effects in
REA in scallop muscle (Fig. 4). All scallops exposed to 5000 cells mL−1

died by 48 h (Figs. 3 and 4).
Fig. 4. Relative SOD activity (REA) in muscle of juvenile Nodipecten subnodosus exposed
to three densities of Prorocentrum lima. Data are expressed as mean±SD. ( )
Control; ( ) 500 cells mL−1; ( ) 2000 cells mL−1; ( ) 5000 cells mL−1.



Table 1
Protein content (mg mL−1) in hepatopancreas (Hp) and muscle (Mus) of Litopenaeus vannamei and Nodipecten subnodosus exposed to 500, 2000 and 5000 cells mL−1 of Prorocentrum
lima

Litopenaeus vannamei Nodipecten subnodosus

Hp 1 h 6 h 12 h 24 h 48 h Hp 6 h 12 h 24 h 48 h

Control 2.5±0.3 2.7±0.2 3.0±0.4 2.8±0.2 2.6±0.3 Control 1.2±0.1 1.5±0.2 1.5±0.1 1.5±0.2
500 2.5±0.2 3.2±0.4a 2.5±0.2 2.7±0.3 2.5±0.3 500 1.6±0.2a 1.6±0.2 1.1±0.1 1.7±0.2
2000 3.3±0.3a 2.5±0.3 2.8±0.3 2.4±0.2 2.7±0.2 2000 1.7±0.2a 1.4±0.3 1.3±0.3 1.6±0.1
5000 2.2±0.2 2.5±0.3 2.8±0.2 2.2±0.2 2.5±0.2 5000 1.6±0.2a 1.7±0.2 1.4±0.2 n.d.

Mus Mus
Control 4.5±0.3 2.7±0.2 3.9±0.3 2.9±0.1 2.8±0.2 Control 5.6±0.4 5.0±0.3 5.2±0.1 4.8±0.4
500 4.7±0.2 3.2±0.1a 3.5±0.2 3.4±0.2a 2.9±0.2 500 6.3±0.4 5.4±0.2 5.3±0.1 4.9±0.4
2000 5.0±0.3 3.0±0.2 3.2±0.2 3.4±0.4a 3.0±0.1 2000 6.2±0.3 5.4±0.1 5.5±0.2 4.8±0.3
5000 5.0±0.1 2.7±0.1 3.4±0.1 3.0±0.1 2.6±0.3 5000 6.0±0.1 5.2±0.3 4.6±0.2

n.d. = not determined.
a Significantly different than control (Pb0.05).
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3.4. Protein content

Protein content in shrimp and scallops after challengewith P. lima are
showed inTable 1. Densities ofP. lima at 500 and 2000 cellsmL−1 induced
a significant increase (Pb0.05) in the shrimphepatopancreas at 6 and1h,
respectively. Protein in shrimp muscle showed a significant increase
(Pb0.05) at 6 and 24 h with exposure at 500 and 2000 cells mL−1,
respectively. Protein in the scallop hepatopancreas increased signifi-
cantly (Pb0.05) at 6 h at all levels of P. lima exposure and returned to base
levels (control values) at 48 h. Protein values in scallop muscle did not
change significantly.

4. Discussion

The use of mouse and Artemia spp. has been previously used to
evaluate toxicity of phytoplankton species (Demaret et al., 1995;
Heredia-Tapia et al., 2002; Koukaras et al., 2004; Ajuzie, 2007).
Heredia-Tapia et al. (2002) evaluated toxicity of a methanolic P. lima
extract in mouse. The estimated total toxin content of OA was 19 pg/
cell, and caused mouse death after 1 h, a value significantly higher
than that found by HPLC-MS (about 5.2 pg/cell). They concluded that
mouse bioassay may detect additional toxic components of unidenti-
fied nature. Demaret et al. (1995) reported more than 80% mortality
on any age of Artemia sp. nauplii after 6 h when exposed to toxic cells.
Rhodes and Syhre (1995) compared toxicity of three P. lima strains.
P. lima (from Northland) and P. lima (Spanish isolate) were toxic to A.
salina. P. compressum did not produce okadaic acid and was not toxic
to A. salina. Koukaras et al. (2004) studied the toxic effect of Dino-
physis cf. acuminate on adult Artemia sp. Mortality of adults reached
50% and 80% when Dinophysis consumption was 500 and 1000 cells,
respectively. Ajuzie (2007) reported that P. lima is palatable but fatal
to A. salina within the first 2 h of exposure to the microalgae.

The capacity of the shrimphepatopancreas ormuscle to generate SOD
activity following challenge with P. lima was 1.6 to 2.4-fold higher than
the control. Juvenile scallops reached maximum SOD activity in the
hepatopancreas, 1.8-fold higher than control. Particular physiological
conditions may cause differences in the capacity of the antioxidant
response (Downs et al., 2001). Song and Hsieh (1994) reported similar
values in Penaeus monodon for the anion superoxide, 2.0 to 2.5-fold
higher than control, after activating hemocytes with immunostimulants.
In this study, cultured juvenile shrimpdidnot showanyabnormal activity
during experiment, but their increased in REA levels, suggested oxidative
stress in cells (Chen et al., 2004; Yin et al., 2005). However, increased
levels of SODactivity in cells is related to a rapid detoxifying response and
also reflected the important role of SOD removing excessive reactive
oxygen species from cells (Li et al., 2003; Moreno et al., 2005). A similar
cellular response occurred in common carp (Cyprinus carpio L.) exposed
to microcystin treatment, a PP1 and PP2A inhibitor, which led to a
significant increase in SOD activity in hepatocytes 2 h after exposure to
the toxin (Li et al., 2003).

In this study, a significant increase and a posterior decrease of REA in
juvenile shrimp during the first 48 h were recorded. Pinho et al. (2005)
reported an increase and then a reduction of the antioxidant response in
the hepatopancreas of the estuarine crab Chasmagnathus granulatus
after oral administration of microcystin. Decreased REA might indicate
an accumulation of superoxide anion radical and consequent oxidative
stress (Moreno et al., 2005). Cell stress has been associated with
susceptibility of shrimp and scallops to pathogens (Matozzo et al., 2005;
Mercier et al., 2006).

In this study, juvenile N. subnodosus exposed to 5000 cells mL−1

P. lima led to100%mortality. Bauder et al. (1996) fed juvenile and adult
scallops Argopecten irradians with DSP toxins from P. lima. Clearance
rates in juveniles and adults were not inhibited and no deaths
occurred during the experiment lasting 2 weeks. Toxin retention was
low (b5%). The authors concluded that clearance from the gut by feces
may be an important detoxification mechanism for rapid release of
unassimilated toxin and intact dinoflagellate cells. Carvalho Pinto-
Silva et al. (2005) reported accumulation of OA in hemocytes of the
mussel Perna perna after feeding adult mussels for 48 h with P. lima at
concentrations of 200, 1000, or 10,000 cells for each mussel. This
induced genotoxic effects formingmicronucleus in hemocytes, even at
low concentrations of P. lima. It would be important to evaluate the
potential negative effects of P. lima in other mollusks species using
different ages and assaying antioxidant effects in hemocytes.

Changes in the amount of soluble protein in the shrimp and scallop
hepatopancreas were reported by Downs et al. (2001) and Campa-
Córdova et al. (2002). According to Downs et al. (2001) andMercier et al.
(2006), variations in protein content are related to the expression of
stress proteins induced by oxidative stress in cells. Matias et al. (1999)
investigated the effect of OA on protein synthesis in cultures of Vero
cells. When SOD+ catalase was added in the culture medium in the
presence of OA, these enzymes partially prevented inhibition of protein
synthesis induced by OA.

Preventing damage in cells by the activity of antioxidant mole-
cules has been previously reported. Matias and Creppy (1996)
evaluated SOD, catalase, vitamin C, and vitamin E in cultures of Vero
cells exposed to OA; they found an increase in malondialdehyde in
Vero cells and that Vero cells receiving additional antioxidants were
efficient in preventing production of malondialdehyde. Li et al.
(2005) measured the antioxidant enzymes superoxide dismutase,
catalase, and glutathione peroxidase in the liver of the mud loach
Misgurnus mizolepis after oral administration of microcystin over
28 days and suggested that the mud loach is able to avoid oxidative
stress in the liver at low concentrations of microcystins (75 mg dry
cells kg−1 body mass equal to 10 mu g microcystin-RR kg−1 body
mass).
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Although antioxidant enzymes, such as glutathione, catalase, and
superoxide dismutase, are studied as biomarkers of toxic responses in
mammalians, cytotoxicity and impact ofmarine toxins inmollusks and
crustaceans, the main vectors for DSP, have been given little attention
(Carvalho Pinto-Silva et al., 2005). Acidic toxins, includes okadaic acid
(OA) and its derivatives, called dinophysistoxins (DTXs). OA and its
derivatives (DTX1, DTX2, and DTX3) are lipophilic and accumulate in
the fatty tissue of shellfish. These compounds are potent protein-
phosphatase inhibitors linked to inflammation of the intestinal tract
and diarrhea in humans (Hallegraeff, 1993; Van Apeldoorn, 1998).
Maranda et al. (2007) presented evidence for the presence of DSP-type
toxins in natural epibiota and in shellfish in coastal waters of the
northwest Atlantic. They reported low concentrations of OA (100 ng (g
dry mass epibiota)−1) as measured by the protein phosphatase
inhibition assay. Toxin levels in shellfish remained well below the
European Union and Canadian regulatory limits.

This study showed activation of antioxidant defenses generated by
the toxic dinoflagellate P. lima in juvenile L. vannamei andN. subnodosus.
Marine toxins ingested by cultivated marine animals may pose a
problem to humans, since bivalves and shrimp are increasingly used as
food (Carvalho Pinto-Silva et al., 2005). Additional studieswould further
the understanding of SOD and other antioxidant enzymes in cultivated
marine species. Also, assays of lipid peroxidation in various tissues could
help us understand physiological stress and cell injury generated by
marine toxins.
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