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Abstract

Sublethal effects of foodborne exposure to methyl parathion (0.62 and 1.31 mg methyl parathion*g�1 dry weight of food) on

juveniles of Litopenaeus vannamei using integrated biochemical (acetylcholinesterase (AChE) and ATPases) and physiological

(feeding rate (FR), egestion rate (ER), and hepatosomatic index (HI)) biomarkers were evaluated. The HI was significantly higher in

controls than in pesticide treatments. The FR was significantly lower in controls than in pesticide treatments while no significant

differences were detected in the ER. AChE activity was significantly higher in controls than in pesticide treatments

(control ¼ 0.1170.02; solvent control ¼ 0.1170.03; 0.62 ¼ 0.0770.01; 1.31 ¼ 0.0870.02 mM*min�1*mgprotein�1). The total-

ATPase activity was significantly lower in controls than in pesticide treatments (control ¼ 77.90712.41; solvent con-

trol ¼ 83.69722.05; 0.62 ¼ 110.03722.17; 1.31 ¼ 121.54719.84mM Pi*h
�1*mgprotein�1). The Mg2+-ATPase activity was

significantly higher in treatments than in controls (control ¼ 65.14710.76; solvent control ¼ 75.12721.10; 0.62 ¼ 100.53720.97;

1.31 ¼ 108.94717.26 mM Pi*h
�1*mg protein�1). Finally, the results obtained for the Na+/K+-ATPase activity were significantly

higher in control and in 1.31 than in solvent control and in 0.62 (control ¼ 14.0672.63; solvent control ¼ 7.3074.13;

0.62 ¼ 7.6073.81; 1.31 ¼ 13.4272.88mM Pi*h
�1*mg protein�1). The results in this study showed that pulse exposures to methyl

parathion via food could elicit measurable effects on the marine shrimp L. vannamei, indicating that foodborne exposure can be a

reliable toxicological procedure and, if combined with pulse exposures, could also simulate more realistic exposure scenarios.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The Pacific white shrimp Litopenaeus vannamei is
cultured in extensive, intensive, and semiintensive
systems and is, together with Litopenaeus stylirostris,
the most popular shrimp for aquaculture in Mexico and
Central and South American countries. Mexico is
ranked as one of the top 10 shrimp producers (FAO,
e front matter r 2004 Elsevier Inc. All rights reserved.
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2002) but lacks well-documented studies on the effects
of coastal environments on shrimp aquaculture.
The state of Sinaloa located on the northwest coast of

Mexico, considered the most important agricultural
producer in the country, has had an important increase
of aquaculture farms in recent years, from approxi-
mately 100 ha of ponds in 1984–1850 ha in 1998, with a
growth rate of about 125 ha/year. Nowadays, Sinaloa
has more than 200 shrimp farms (about 75% of the
national total) and produces around 10,000 tons yearly
(65% of the national total) (Hernández Cornejo and
Ruiz Luna, 2000). These farms are close to the margins
of estuaries and coastal lagoons and use the same
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waters that receive drainage from extensive agricultural
areas.
Agrochemicals can be introduced in coastal lagoons

through agricultural runoffs, soil drainage, aerial over-
spray, precipitation, and accidental spills (Edwards,
1978; Eidt et al., 1989) and through direct use for pest
control in aquaculture (Baird, 1994). Research in
Sinaloa has mainly addressed levels, dynamics, and
fate of the most used pesticides such as organochlorines,
organophosphates, carbamates, and pyrethroids
(Rosales and Escalona, 1983; Mee et al., 1992; Carvalho
et al., 1996; Galindo Reyes et al., 1997; González-Farias
et al., 1997), but few studies have focussed on the
potential, yet real, effects that such toxicants pose on
local species (Galindo Reyes et al., 2000, 2002).
During the past decade, interest in the use of

biomarkers in environmental assessment has increased.
Biomarkers, or stress indices, can be defined as biochem-
ical, cellular, and physiological changes caused by adverse
environmental conditions (including xenobiotic exposure)
that are measurable in a biological system and can be
evaluated at different levels of organization, on the
assumption that low toxicant levels cause biochemical
responses within individual organisms before those effects
are observed at higher levels of biological organization
(Schlenk, 1999; Mc Loughlin et al., 2000). In this sense,
the utilization of integrated responses to evaluate the
effects of pollutants has been suggested as a novel way to
assess an organism’s survival potential and to allow a
better understanding of possible effects at higher levels of
biological organization (Hebel et al., 1997).
Acetylcholinesterase (AChE) is recognized to be one

of the oldest environmental biomarkers. This enzyme is
involved in the deactivation of acetylcholine at nerve
endings, preventing continuous nerve firings, which is
vital for normal functioning of sensory neuromuscular
systems (Murphy, 1986). Many organophosphorous and
carbamate pesticides are effective AChE inhibitors
(Coppage and Braidech, 1976; Hassall, 1990; Galgani
et al., 1992; Kumar and Chapman, 1998), therefore
AChE has been used as biomarker to assess the nature
and extent of the exposure of wildlife and humans to
agricultural and forestry sprays (Payne et al., 1996).
On the other hand, ATPases play important roles in

intracellular functions and in all types of physiological
activities. Satyavathi and Prabhakara Rao (2000) have
reported four different ATPase activities in the plasma
membrane/mitochondrial fractions of Penaeus indicus,
Mg2+-ATPase, Na+/K+-ATPase, Na+-ATPase and
K+-ATPase, although the stimulation caused by Na+

and/or K+ could be due to the effect of each cation
acting on a single ATPase. The sodium pump or Na+/
K+-ATPase is a membrane bound enzyme found in
animal cells, with its most important feature being the
coupling of the free energy stored within the ATP
molecule to the translocation of Na+ ions outward and
K+ ions inward across the plasma membrane (Skou,
1957, 1965). These ionic gradients are essential to many
cellular functions such as the maintenance of the
osmotic stability of the cell despite large variations in
salt and water intake.
Often, ATPase activity is used as a sensitive indicator

of heavy metal toxicity (Haya and Waiwood, 1983),
although there is evidence that organic pollutants can
inhibit ATPase activity in concentration-based experi-
ments (Reddy et al., 1992). The measurement of feeding
rate (FR) has been proposed as a general, but sensitive,
physiological indicator of toxic stress in both freshwater
and marine species (Naylor et al., 1989; Roddie et al.,
1996). Furthermore, a toxicant-induced reduction in FR
is relevant from the ecological point of view as it could
be related to reductions in an organism’s energy
assimilation, which, in turn, could lead to a reduction
in resource allocation to growth, reproduction, and
survival and finally translate into effects at the popula-
tion level (Maltby and Naylor, 1990; Matlby, 1994;
Maltby et al., 2001; Irving et al., 2003). Calow and Sibly
(1990) suggested that this commonly used index of
environmental stress could lead to differences in the
intrinsic rate of population growth, depending on
whether the reduction in reproduction was due to a
reduction in food intake or to an increase in metabolic
cost. Barber et al. (1990) referred to these modes as
supply sided effects and demand sided effects, respec-
tively. Once the dominant mode of action of a toxicant
has been determined it should be possible to estimate
potential effects to the population (Gurney et al., 1996;
Sibly, 1996), taking into account other parameters
related to feeding behavior, such as assimilation
efficiency, hepatosomatic index (HI), or egestion rate
(ER), which can indicate particular metabolic strategies
when facing contaminant exposure (Mc William and
Baird, 2002; Irving et al., 2003).
In aquatic ecotoxicology, most studies on the effects of

pesticides have been carried out using waterborne
exposures. Nevertheless, foodborne ( ¼ dietary) exposure
represents another ecologically important uptake route
that can provide useful insights on the ecotoxicological
responses of an organism to a contaminant (Irving et al.,
2003). The aim of this study was to evaluate the sublethal
effects of foodborne exposure to the organophosphorous
insecticide methyl parathion on juveniles of L. vannamei

using integrated biochemical (AChE and ATPase) and
physiological (FR, ER, and HI) biomarkers.
2. Materials and methods

2.1. Test organisms

Juveniles of L. vannamei (0.7370.13 g) were obtained
from a commercial hatchery in Sinaloa (Mexico). The
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shrimp were fed daily with a commercial diet (Cenzone;
Aquature, Mexico; 35% protein) and maintained in a
1000-L raceway recirculation system (2470.5 1C, 34%,
and 12-h dark/12-h light photoperiod) with constant
aeration until they reached the experimental size of
0.7970.10 g wet weight.

2.2. Food preparation and chemical analysis

Pellets of commercial food (Cenzone) were sieved
through 3.3- and 1.7-mm-diameter stainless steel sieves
to obtain a homogenous pellet diameter appropriate to
the shrimp size and then lyophilized (Labconco; Freeze
zone plus 6) (average dry weight of each pellet was
15.1472.28mg). The proximal composition of the food
was 35% protein, 3.5% lipids, 30% fiber, 16% ash, and
12% humidity.
Exposure of L. vannamei to methyl parathion was

achieved by incorporating methyl parathion (technical
grade; Tekchem, Mexico) into food pellets using
acetonitrile (Sigma, Mexico) as carrier. The pellets were
subsequently dried for at least 5 h until the initial weight
was achieved at room temperature and dark conditions
to allow the complete evaporation of the acetonitrile. To
determine the concentration of pesticide, pellet samples
(2 g) were extracted using ethyl acetate and hexane (7:3)
and petroleum ether was used to remove fat (IAEA,
1997). Samples were centrifuged and the top layer
containing the fat and the petroleum was removed.
Methyl parathion (99% purity; ChemService, USA) was
used as the internal standard. All solvents used were
HPLC grade from Fisher Scientific (USA) except
acetone, which was from Merck (Germany). Methyl
parathion was determined using a gas chromatograph
(Agilent 6890N; USA) equipped with a nitrogen
phosphorous detector and an HP-5 phenyl methyl
siloxane column (30m� 320 mm� 0.25 mm; Model
19091J-413). Helium was used as carrier at 18 psi. The
injector was held at 200 1C and the detector at 320 1C.
The temperature was programmed from 60 to 200 1C
starting with 1min at 60 1C and then with increments of
20 1C/min until 150 1C where it was held for 12min; then
temperature was increased at 10 1C/min, maintaining the
final temperature for 10min. Recoveries were 96.3%.
All methyl parathion concentrations are hereinafter
expressed as actual concentrations (mg methyl parathion
*g�1 dry weight of food).

2.3. General experimental conditions

The experimental system was semistatic, consisting of
8-L glass aquaria with individual aeration. The system
was installed in a constant-temperature room
(2471 1C), with a 12-h dark/12-h light photoperiod.
The seawater used in this study was pumped from a
nearby beach (Cerritos beach, Sinaloa, Mexico) at
3471%, filtered through a cartridge filter of 5 mm and
then through a UV light (Aquaplus; Mexico), and kept
with aeration (Siemmens; Germany, 1HP) in a 600-L
dark tank until use.
Two concentrations of methyl parathion were tested:

0.62 and 1.31 mg*g�1 dry weight of food. A control
without pesticide and a solvent control were also
included (solvent control was prepared with acetonitrile
levels equivalent to the highest concentration tested).
During the experiments, all experimental pellets were
stored in a freezer at �20 1C and used on demand.
For the experiment, groups of eight shrimp were

randomly placed in 8-L glass aquaria. Three aquaria
were used per treatment (total N ¼ 96). The organisms
were acclimated for 48 h in the experimental aquaria (no
mortalities were recorded during this period). The
exposure period lasted 7 days. During each exposure
day, shrimp were offered one contaminated or unconta-
minated pellet (depending on the treatment) until it was
completely eaten. After this, uncontaminated pellets
were added ad libitum for 150min, followed by a 90%
water renewal that removed all feces and pellet leftovers.
Daily molts and dead organisms were recorded and
removed as soon as they were detected. Shrimp recently
molted were discarded from further analyses. After
exposure, two separate sets of organisms were randomly
selected to evaluate the effects of methyl parathion on
L. vannamei using different responses. The first experi-
mental set was used to determine feeding (FR) and
egestion (ER) rates, while the second was used to assess
AChE activity, ATPase activity, and HI.

2.4. Feeding rate and egestion rate

After the exposure period, nine organisms were
individually placed in 1-L chambers containing clean
and aerated water for 2 h. After that, individual FRs
were determined by offering a known amount of
previously freeze-dried pellets (Free Zone 6L; Labcon-
co) to each organism. Nonconsumed food was collected
after 2.5 h, freeze-dried, weighed, and used to calculate
the individual FR ( ¼ amount of dry food consumed in
2.5 h*100/shrimp wet weight). Feces were also collected
and freeze-dried in order to calculate the ER ( ¼ feces
production dry weight * 100/shrimp wet weight).

2.5. AChE activity, ATPase activity, and hepatosomatic

index

At the end of the exposure period, eight shrimps were
collected from each treatment and sacrificed in ice-cold
water. Shrimp were then dissected to obtain the eyes and
gills to determine AChE and ATPase activity, respec-
tively, and to obtain the hepatopancreas weight to
estimate the HI. To measure AChE activity, the eyes
of each shrimp were weighed and homogenized in
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phosphate buffer (0.1M, pH 7.2, in 1:10 w/v) and then
centrifuged (Beckman; GS-15R) at 4 1C for 30min
at 8500g. Supernatants were then used to determine
AChE activity and total protein content, according
to Ellman et al. (1961) and Bradford (1976), respec-
tively. The specific AChE activity is expressed in
mM*min�1*mg protein�1. ATPase activity was mea-
sured following the procedure described by Tentes and
Stratakis (1991) with some modifications. Gills were
separated, weighed, and homogenized in 10 volumes of
homogenization buffer (0.25M sucrose, 6mM EDTA,
30mM imidazole, 0.1mM dithiothreitol, 10 mM phenyl-
methylsulfonyl fluoride, pH 6.8). Homogenates were
centrifuged at 4 1C for 30min at 10,000g. Supernatants
were separated and the pellets formed were resuspended
in 400 mL of homogenization buffer and centrifuged
again under the same conditions. The supernatants from
the first and the second centrifugation were combined.
To determine Mg2+-ATPase and total-ATPase activ-
ities the reaction was run with and without, respectively,
a final concentration of 1mM ouabain for 15min at
30 1C. The reaction was stopped by adding 0.9mL of
trichloracetic acid (8% w/v) and absorbance was
measured at 820 nm using a spectrophotometer. The
activity of Na+/K+-ATPase was calculated as the
difference between samples incubated in the absence
and in the presence of ouabain, a specific inhibitor of
Na+/K+-ATPase (Sola et al., 1995). Total protein
content was determined according to Bradford
(1976). The specific ATPase activity is expressed in
mM Pi*h

�1*mg protein�1. The hepatopancreas was
wet weighed and used to calculate the HI
( ¼ hepatopancreas wet weight*100/shrimp wet weight).
2.6. Statistical analysis

To determine significant differences among treat-
ments, normally distributed data were analyzed by
one-way ANOVA and LSD range test. Data not
normally distributed were evaluated through the Krus-
kal–Wallis test and Dunn’s multiple comparisons test
(Daniels, 1978). The proportion of molting was esti-
mated on the initial number of shrimp and compared
between each treatment and control by means of the
Table 1

Weight and mortality of L. vannamei exposed to methyl parathion via food

n Final wet weight (mean7SD in

Control 24 0.94970.092a

Solvent control 24 0.95570.086a

0.62mg g�1 21 0.79970.086b

1.31mg g�1 23 0.82370.086b

Values in the same column that share the same superscript letter do not diff
Fisher’s test (Sokal and Rohlf, 1981). For all analyses, a
0.05 probability level was used.
3. Results

3.1. Weight, molt, and survival

The final wet weight was significantly higher in
controls than in treated groups (ANOVA, po0.05).
The average increment was around 20% in controls,
while in treatments increments of 1.56% and 4.62% in
low and high concentrations of methyl parathion,
respectively, were observed. No mortality on control
and solvent control was observed, while mortality in the
pesticide treatments reached 12.5% and 4.16% in 0.62
and 1.31mg*g�1, respectively (Table 1). No significant
differences in the cumulative molts were observed
(Fisher’s exact test, po0.05), molts ranged between
37.5% and 58.3% (Fig. 1).

3.2. Hepatosomatic index, feeding rate, and egestion rate

The HI was significantly different among controls and
treatments (Kruskal–Wallis, H ¼ 11.29, p ¼ 0.01): the
HIs in the control and solvent control (mean values:
5.0% and 5.33%, respectively) were higher than those in
the treatments (mean values: 4.39% and 4.45% in 0.62
and 1.31 mg*g�1, respectively) (Fig. 2).
The FR was significantly lower in the control than in

the pesticide treatments (Fig. 3A). The FR in the control
group was 5.29%, while in the treatments the FRs were
7.04 and 6.94% for 0.62 and 1.31 mg*g�1, respectively
(Kruskal–Wallis, H ¼ 11.53, p ¼ 0.01). The ER was
also lower in the control than in the pesticide treatments,
although no significant differences were detected (Krus-
kal–Wallis, H ¼ 5.94, p ¼ 0.12) (Fig. 3B). Mean values
were 1.25% in the control group, while in the treatments
they were 1.48% and 1.70% for 0.62 and 1.31 mg*g�1,
respectively.

3.3. AChE and ATPase activity

The results obtained are shown in Fig. 4. No
significant differences in AChE activity in control and
g) Increment weight (%) Total mortality (%)

20.73 0

21.32 0

1.56 12.5

4.62 4.16

er significantly (P40.05).
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solvent groups were observed. AChE activity of controls
was significantly higher than that in the pesticide
treatments (ANOVA, po0.05).
The total-ATPase activity was significantly different

among controls and pesticide treatments (ANOVA,
po0.05) (Fig. 5A): it was higher in the pesticide
treatments than in the controls. Mg2+-ATPase activity
was significantly higher in the pesticide treatments than
in the controls (ANOVA, po0.05) (Fig. 5B). Finally,
the results obtained for the Na+/K+-ATPase activity
are shown in Fig. 5C. In this case, control and
1.31 mg*g�1 were significantly higher than solvent
control and 0.62 mg*g�1 (ANOVA, po0.05).
4. Discussion

Most experimental aquatic toxicology studies on the
effects of contaminants in marine environments are
carried out through aqueous exposures (Newman and
Jagoe, 1996). However, relatively few studies to evaluate
the effects of contaminants incorporated through food
have been conducted. The results in this study showed
that pulse exposures to methyl parathion via food
could elicit measurable effects on the marine shrimp
L. vannamei, while it is possible to appreciate an
increment on particular responses depending on the
concentration of the pesticide. This indicates that
foodborne exposure can be a reliable toxicological
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procedure and, if combined with pulse exposures, could
also simulate more realistic exposure scenarios.
In addition to organophosphate and carbamate

insecticides, other classes of environmental contami-
nants and heavy metals have shown the potential to
decrease AChE in exposed organisms. However, in
aquatic organisms there is considerable diversity in the
biochemical properties and distribution of AChE and
in their sensitivity to anticholinesterase agents (Habig
et al., 1988; Bocquené et al., 1990; Pascal Mora and
Narbonne, 1999). Several authors have tried to correlate
inhibition of ChE activity with mortality to establish
levels that could be dangerous to species survival, but
this relationship changes according to the species, the
compound, and the exposure conditions (Monserrat
et al., 1997). The results in this study showed an
inhibitory effect on AChE when the toxicant was
administered via food, but no differences between the
concentrations tested were observed.
Previous studies reported no changes in Na+/K+-

ATPase activity in organisms exposed to heavy metals
(Vanegas Pérez, 1996; Torreblanca et al., 1989; Rodrı́-
guez Moreno et al., 1998; Canli and Stagg, 1996). In
contrast, other authors have demonstrated that Na+/
K+-ATPase activity generally decreases after chemical
stress, although the effects could vary depending on the
pollutant (Jowett et al., 1981; Dhavale et al., 1988;
Reddy et al., 1992; Lignot et al., 2000). However, in a
few cases, the Na+/K+-ATPase activity increased in
stress-exposed animals, probably as a compensating
mechanism for the impairment of ionic regulation (e.g.,
from an increased surface permeability) (Jowett and
Rhead, 1978; Lin et al., 1992, 1993). The latter reflects
the results of this study, where the Na+/K+-ATPase
activity decreased in the lower concentration of methyl
parathion tested. In addition, it was observed in the
present study that the total ATPase and Mg2+-ATPase
activities increased significantly in both pesticide con-
centrations. These results indicate that, as has been
observed by Torreblanca et al. (1989) in Procambarus
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clarkii exposed to heavy metals, Mg2+-ATPase is more
sensitive than the Na+/K+-ATPase in L. vannamei gills.
Nevertheless, ATPase activity does not seem a valuable
parameter in the determination of physiological damage
at sublethal concentrations, mainly when this enzymatic
activity is the only indicator used. In this sense, Giesy
et al. (1983) and Haya and Waiwood (1983) have
proposed a nonspecific multitest assay to study toxic
stress produced by pollutants. These procedures could
include the ATPase activity modification as complement
of other biochemical, histological, and metabolical tests
(Torreblanca et al., 1989).
The nutritional alterations produced by stress can

have critical consequences on most vital processes. In
this sense, the hepatopancreas in decapod crustaceans
has an important role in the processes of digestion and
absorption, and it has been indicated as a major storage
depot of organic and mineral reserves (Huggins and
Munday, 1968; Allen, 1971). However, there is evidence
that variations in the levels of digestive enzymes could
be related to developmental cycles and external factors
(Van Wormhoudt, 1974). Therefore, the significant
detriment observed in the HI due to exposure to methyl
parathion could be explained by a possible alteration in
the concentrations of digestive enzymes or changes in
the rate of utilization of reserves. It has been demon-
strated that several shrimp species, such as L. vannamei,
Penaeus japonicus, and Litopenaeus adspersus, adopt
reductions in their rates of oxygen consumption as
survival strategies under exposure to some organopho-
sphorous pesticides. This reduction ultimately implies a
physiological cost that can be translated into alterations
in growth and reproduction (Galindo Reyes et al.,
2002), although further studies to determine the
different energetic changes related to digestive processes
that the organisms could undertake in response to toxic
stress are necessary. For instance, in exposed organisms,
the FR after exposure increased significantly but the
increment in weight and the HI were lower, which
suggests that compensating mechanisms are involved.
Other strategies depending on the toxicant type,

concentration, and mode of action could be adopted
(Orchand et al., 2002), including changes in feeding
strategies. In this regard, some authors have indicated
that FR is a sensitive endpoint that allows rapid
assessments, while it is physiologically and ecologically
relevant (Taylor et al., 1998; Barata and Baird, 2000).
Some studies suggest that exposure to a contaminant
can increase the FR, but this response may be due not to
a stimulatory effect but rather to the result of the need
for increased energy to ameliorate metabolic damage
(Bodar et al. 1988; Roux et al., 1993). In this sense,
Orchand et al. (2002) determined that the feeding of
Moinodaphnia macleayi increased slightly at the lowest
treatment concentration of copper in water (10 mgL�1),
suggesting that the increase in feeding may have been a
requirement to meet the demand for higher maintenance
costs.
One important objective of toxicity assessment is the

identification of biomarkers that can potentially be
useful as early indicators of sublethal effects of
pollutants in aquatic animals.
Whereas sublethal tests are generally considered

improvements over traditional lethal test methods,
arguments over the most appropriate sublethal end-
points to measure will continue if responses across
multiple levels of biological complexity are not exam-
ined (Mc Loughlin et al., 2000).
Hebel et al. (1997) pointed out the importance of an

integrated approach in gaining an understanding of
the effects of toxicants on the biology (in particular, the
ecology) of crustaceans and highlighted the importance
of including multiple measurements of variables in the
experimental design which signal the functional status of
each key physiological system to assess the organism’s
integrated responses to the toxic substance. In this sense,
L. vanammei proved to be a test organism appropriate
for tropical marine ecotoxicity tests.
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