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Abstract

This study describes the accumulation of Hg and metallothionein gene expression in Lifopenaeus vannamei Boone,
1931 with aquafeeds as the major source of Hg. Trials were conducted under controlled conditions in experimental tank
facilities with high (indoor tanks) and low (outdoor tanks) Hg aquafeeds concentrations. Aquafeeds were the sole source
of Hg for the shrimps and concentrations varied from 5.4 to 124 ng.g"' d.w.. In the three animal fractions analysed;
muscle (6,3 — 15,9 ng.g!); hepatopancreas (5,1 — 22,0 ng.g!) and exoskeleton (3,0 — 16,2 ng.g™"), Hg concentrations were
significantly lower in the outdoor trials submitted to Hg-poor aquafeeds. Maximum shrimp muscle Hg concentrations
were low (36.4 ng.g”! w.w.) relative to maximum permissible concentrations for human consumption and Hg content
in muscle and hepatopancreas were significantly correlated with Hg content in aquafeeds. Highest Hg concentrations
in the exoskeleton of animals exposed to Hg-richer aquafeed, suggested that a detoxification mechanism is taking
place. On the other hand the metallothionein suffered no variation in its relative expression in any of the experiments,
meaning that the contact with feed containing the observed Hg concentrations were not sufficient to activate gene
transcription. It was not possible, under the experimental design used, to infer Hg effects on the biological performance
of the animals.
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Acumulacio de mercirio presente em ragoes e expressio de metalotioneinas em
Litopenaeus vannamei Boone, 1931 sob condicoes de cultivo intensivo

Resumo

Este estudo descreve a acumulacio de Hg e a expressao génica de metaloproteinas em Litopenaeus vannamei Boone,
1931 tendo a ra¢@o como tnica fonte de Hg. Os experimentos ocorreram sob condi¢des experimentais controladas
comparando-se tanques receptores de racdes ricas em Hg (tanques interiores) e pobres em Hg (tanques exteriores). As
concentracdes de Hg nas ragdes variaram de 5,4 a 124 ng.g' em peso seco. Nas trés fracoes dos animais analisados;
musculo (6,3 — 15,9 ng.g™"); hepatopancreas (5,1 — 22,0 ng.g"); e exoesqueleto (3,0 — 16,2 ng.g™"), as concentracoes de
Hg foram significativamente menores nos experimentos em tanques exteriores submetidos a racdes com menores teores
de Hg. As maiores concentracdes de Hg medidas na musculatura dos camardes ao final do experimento (34,6 ng.g™!)
foram muito baixas em relagdo as concentragdes legais maximas permitidas para consumo humano e as concentracdes
em musculatura e hepatopancreas foram significativamente correlacionadas as concentracdes nas racdes. As maiores
concentracdes de Hg medidas no exoesqueleto de animais expostos a ra¢des de maior conteido de Hg, sugerem a
ocorréncia de um mecanismo de detoxificagdo. Por outro lado, a expressdo de metaloproteinas ndo apresentou variagao
entre as diferentes concentragdes de Hg presentes na ragdo, sugerindo que a concentracdo utilizada ndo foi capaz de
induzir a transcri¢do génica responsdvel pela produgdo de metaloproteinas.

Palavras-chave: merctrio, aquacultura, bioacumulacio, metalotioneina, PCR.
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1. Introduction

The necessity of large scale supply of animal protein for
a growing population simultaneously to a sharp decrease
in natural fisheries occurring during the past two decades
has resulted in a worldwide spread of aquaculture of many
aquatic species. Shrimps are one of the most successful
aquaculture products with a well established technology for
large scale intensive and semi-intensive cultivation. The high
productivity achieved in shrimp aquaculture is dependent
on a large supply of aquafeeds (5 to 10 t.ha'.year') with
a resultant productivity of 2 to 6 t.ha'.year'. Chemical
composition of aquafeeds is variable, concentrations of
major nutrients, protein and fat contents are relatively
controlled. However, minor components, including trace
metals mostly originally present in aquafeeds as natural
constituents of the original raw materials, are not controlled
(Boyd and Massaut, 1999; Tacon and Forster, 2003;
Usydus et al., 2009). For example, concentrations of Cd
in shrimp aquafeeds can vary up to one order of magnitude
(4.8 t0 36.9 pug.g") (Macedo et al., 1991). Concentrations
of Cu ranging from 13.1 to 79.0 pg.g"! were reported in
aquafeeds from intensive shrimp culture in northeastern
Brazil, resulting in a total load of 194.5 gCu.ha.cycle™
(Lacerda et al., 20006).

Among the trace metals eventually present in aquafeeds,
Hg is of high significance not only due to its ubiquitous
presence but to its toxicity to the shrimps proper since
it affects the osmoregulation capacity, fundamental for
estuarine organisms (Kraus and Weis, 1988; Choi and Cech,
1998; Amand et al., 1999). Excessive Hg concentrations
in water or aquafeeds caused an inhibition of oxygen
consumption of over 52% and an increase of 217% in
ammonium excretion in Farfantepenaeus brasiliensis
(Barbieri et al., 2005). Other effects on gill morphology
and loss of hepatopancreas R cells have also been described
for L. vannamei (Frias-Espericueta et al., 2008). Therefore,
Hg exposure may negatively affect aquaculture activities
located in estuarine areas, in general receiving anthropogenic
loads of Hg.

Most studies on Hg toxicity to reared shrimps were
based on the metal being present in water. No study, to our
knowledge, discussed the importance of aquafeeds as the
major Hg source to the animals; although Hg in aquafeeds
is known to adversely affect growth and physiology of
reared marine fish (Berntssen et al., 2004). Also in reared
fish, changing Hg concentrations in fish aquafeed resulted
in changing final muscle Hg concentrations (Nakao et al.,
2009).

In most marine invertebrates metal toxicokinetics relays
on the chelating proteins, of which the ubiquitous small
cystein rich metallothioneins (MT) are the best example.
The active transport of divalent cations by epithelial cell
membrane ATPase and precipitation with negatively charged
sulfate, phosphate or oxalate insoluble complexes within
lisosome, or as amorphous granules, are other reported
detoxification mechanisms (Rainbow, 1997). In crustaceans
ecdysis is also an important detoxification strategy, due
to their efficiency in pumping metals elements across

the epithelial membrane to the exoskeleton (Keteles and
Fleeger, 2001). Despite the suggestion that non essential
metals such as Cd** and Hg?* are not regulated in crustaceans
(Frias-Espericueta et al., 2001) concentrations in the
primary targets for Hg bioaccumulation in L. vannamei,
such as hepatopancreas and muscle, presents concentrations
as high as in most other marine invertebrates (Ruelas-
Inzunza et al., 2004).

The majority of toxicity tests is conducted in laboratory
and can evaluate the acute response of a biomarker, either
concentration of the chemical or the response time. However,
under aquaculture conditions, it should be more important
to find out the whether a resistance mechanisms are
initiated (with great damage to the organism and therefore
to the farm’s productivity) or new equilibrium is reached
within tolerance limits, which would allow continuation
of the culture. Thus, the present study was developed to
describe the accumulation of Hg and MT gene expression
in L. vannamei, with aquafeeds as the major source of
Hg, in trials conducted under controlled conditions in the
experimental tank facilities at the Instituto de Ciéncias do
Mar (UFC), Ceard, Brazil.

2. Material and Methods

2.1. Trials description

In order to assess Hg accumulation by L. vannamei, two
controlled culture systems consisting of a total of 10 indoor
and 10 outdoor tanks (1.02 m and 0.57 m) were assigned for
the trials. The outdoor system has green water conditions
and is continually exposed to weather changes and was
stocked with 40 animals.m. Comparatively, indoor tanks
have clear water conditions (no availability of natural food),
are sheltered from significant weather changes and water is
sand filtered for removal of solid wastes. Shrimp density in
indoor tanks was 100 animals.m™. Both systems are provided
with constant aeration supplied from mechanical blowers.
In both the indoor and outdoor systems, water quality
parameters were kept within levels considered adequate
for rearing of L. vannamei. No statistical differences could
be detected in water salinity, pH and temperature among
treatments in both the indoor and outdoor systems (p > 0.05;
ANOVA). For the indoor tanks, mean observed values were
28 £ 2.2%o water salinity (n =2,339), 7.87 £ 0.11 water pH
(n=2,398) and 28.3 + 0.5 °C water temperature (n = 2,339).
In outdoor tanks, mean observed values were 27 + 3.6 %o
water salinity (n = 1,590), 7.46 = 0.32 water pH (n = 1,590)
and 29.5 £ 1.1°C water temperature (n = 1,590).

The trials took 70 days of cultivation. After this period,
the shrimps with approximately 5.0 cm in length were
collected and carefully dissected in muscle, exoskeleton
and hepatopancreas for analysis.

No additional Hg, except the natural content of aquafeeds,
was added to the tanks in both trials. In the external tanks,
some Hg may be present in the phytoplankton grown during
the trial, but since the only Hg source for the cells were the
natural Hg content of the seawater used, concentrations
although not monitored are probably much lower than
those found in the aquafeeds.
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2.2. Hg determinations

Tissues from a composite sample of 5 individuals were
mixed with an acid solution of H,SO :HNO, (1:1) and left
to rest for 16 hours under ambient temperature. After this
period, hydrogen peroxide (H,0,) was added to prevent
the re-complexing of Hg to the existing fat in the samples
and left to rest for one hour under ambient temperature.
After this stage, samples were warmed in a hot bath for one
hour at 70-80 °C. Aquafeed samples were digested with
50% aqua regia (4H,0: 3HCI: 1HNO,) for one hour at
70-80 °C (Adair and Cobb, 1999). After extraction, Hg was
quantified by cold vapor atomic fluorescence spectroscopy
in a PSA Millenium Merlin 10.025 equipment. The
calibration curves were made between 0 and 1.000 ng.L"!
from of successive dilutions of a commercial standard of
1.000 * 1 pg.L'' (MERCK®). The operational detention
limit was 0.1 ng.g! (0.03 - 0.1 ng.g™).

2.3. MT gene expression

For each treatment, in each trial, hepatopancreas and
abdominal muscle from 25 individuals were dissected
and pooled in groups of 5 organs to optimize all further
procedures. Total RNA was extracted using Trizol®, and
first-strand cDNA was synthesized using M-MLV Reverse
Transcriptase and Oligo (dT)18-20 (all reagents, Invitrogen,
Carlsbad, USA; processed according to manufacturer
instructions). Primers for Real Time PCR were designed after
Metallothionein (GI: 11037992) and Actin (gi: 11038080)
sequences available for L. vanamei in NCBI Genbank.
Identity was confirmed by sequencing of the standard PCR
products. Real time PCR was performed in 25 pL final volume
reactions of 1x QuantiTect™ SYBR® Green (Qiagen —
Valencia, USA.), with 4 ul of cDNA and 0.3 Mm of primers
MT forward: ATGCCAGGCCCCTGCTGCAATGAGA
and reverse: GGACAGCACTTGCATGGCTTGGTGC), or
Actin forward: CGAGCTGTGTTCCCCTCCAT and reverse:
CGATGCCAGGGTACATGGTG; in 96 wells optic plates in
a ABI PRISM 7000 thermocycler (both Applied Biosystems
— Foster City, USA.), following standard protocol with
40 cycles of denaturation (60 seconds@95 °C), annealing
(45 seconds @60 °C) and elongation (90 seconds @72 °C).
Data was acquired at 84 °C. Each sample was amplified
in triplicate and in each plate there was standard curve to
ensure PCR efficiency.

Relative gene expression was calculated according to
Muller et al. (2002) as the inverse rate of mean MT to mean
ACT threshold amplification cycle (CT) in each triplicate
sample (for every biological replicate). Permutation analysis
(Cade, 2005) was used to test difference between gene
expressions in treatments (aquafeeds).

3. Results and Discussion

The two trials resulted in different biological performance
of L. vannamei. A detailed description of these results is not
the objective of the present study and is available elsewhere
(Nunes, 2009). In summary, shrimp performance in the two
trials showed the indoor experiment average survival rate
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lower (59.8%), when compared to the outdoor (83.3%).
Final average individual shrimp biomass was significantly
higher in the outdoor trial (16.3 g) compared to the indoor
trial (5.8 g), resulting in significantly different yields (214
and 597 g.m?, in the indoor and outdoor trials respectively)
(p < 0.05; One-way ANOVA). Since environmental
conditions and initial animal densities between the two
trials were different, it is difficult to relate the differences
in biological performances to Hg exposure. However, it
cannot be ruled out.

Mercury concentrations measured in aquafeeds and
shrimp organs after 70 days in both trials are presented in
Figure 1. Concentrations in aquafeeds were 2.9 times higher
and showed larger variation in the indoor experiments (15
- 124 ng.g’!, average 45 ng.g") than in the outdoor trials,
where Hg concentrations were significantly (paired 7-test
p < 0.05, n = 10) lower and less variable (9 - 34 ng.g"!,
16 ng.g™"). These results show that Hg is a non-controlled
component of aquafeeds. Commercial aquafeeds analysed
by Choi and Cech (1998) and Ikem and Egilla (2008),
two of the very few studies presenting Hg content in
aquafeeds, showed similar concentrations and variability
(35 t0 90 ng.g" and 30 to 80 ng.g"', respectively), also
highlighting the absence of control of Hg concentrations
in aquafeeds. Final Hg concentrations in aquafeeds are
a function of the original raw material used, mostly the
amount of fish meal, which is the major source of Hg in
aquafeeds. Also of significance are the fish species and
individual fish size, as well as the trophic status of the fish
species used to produce fish meal and oil (Choi and Cech,
1998; Berntssen et al., 2004).

Concentrations in shrimps were also significantly
higher in the indoor trial compared to the outdoor (Figure 1)
(paired #-test, n = 10, p < 0.05, for muscle and p < 0.01 for
hepatopancreas and exoskeleton). Hg concentrations in muscle
were very low in all trials varying from 159+ 11.2 ng.g"!
in the indoor trial and 6.3 £ 5.2 ng.g"! in the outdoor trial.
Muscle concentrations (maximum 36.4 ng.g!) are 20 to
50 times lower then the maximum allowed concentrations
posing human consumption risks (ANVISA, 1998), meaning
that there is no exposure risk due to shrimp consumption by
humans. Hepatopancreas Hg concentrations were higher than
muscle concentrations in the indoor trial (22.0 £ 11.3 ng.g™)
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Figure 1. Mercury concentrations (ng.g"' d.w.) measured in
aquafeeds and L. vannamei organs (muscle, hepatopancreas
and exoskeleton) in the indoor and outdoor trials rearing
conditions.



Soares, TM. et al.

than in the outdoor trial (5.1 + 3.8 ng.g!"), again suggesting
the importance of aquafeeds as the major Hg source to the
animals. Berntssen et al. (2004) showed that Hg body burden
in reared fish increases with increasing concentrations of
organic-Hg present in aquafeeds, but not with inorganic-Hg.
Organic-Hg is the major form of Hg present in fish meal
constituent of aquafeeds, therefore L. vannamei behaves
similarly to the reported results obtained with fish. In our
trials Hg concentrations were 2.5; 4.3 and 5.4 times higher
in muscle, hepatopancreas and exoskeleton in the indoor
trial compared to the outdoor, confirming aquafeeds as
the major source of Hg to the animals.

Although muscle Hg concentrations do not pose a
threat to human consumption it may eventually affect the
biological performance of the animals. Hg concentrations
in the exoskeleton were significantly higher than in
muscle in the indoor experiment and significantly lower
in the outdoor trial (16.2+6.2 ng.g" and 3.0+ 1.7 ng.g!,
respectively). Transfer of metals to the exoskeleton and loss
with ecdysis is a known mechanism of metal detoxification
in crustaceans (Khan et al., 1989; Reinfelder and Fisher,
1994; Smokrowski et al., 1998; Lacerda et al., 2009), and in
our study the higher concentrations in shrimp exoskeleton
in the indoor trials may already signify a response to the
higher Hg concentrations available in the aquafeeds.

Table 1 shows Spearman correlation coefficients
between Hg concentrations in the different shrimp organs
and aquafeeds analysed. In the indoor trial, only muscle and
aquafeed and muscle and exoskeleton Hg concentrations
were significantly correlated, suggesting that internal
detoxification mechanisms are influencing Hg in shrimps,
including Hg transfer to the exoskeleton, as a response to
the higher Hg concentrations present in aquafeeds. In the
outdoor trial, however, the exoskeleton Hg concentrations, as
well as all other compartments, are significantly correlated
with the concentrations of the aquafeeds, suggesting no
detoxification mechanism taking place.

Figure 2 shows the relationship between Hg
concentrations in shrimp organs in the indoor and the
outdoor trials. In both trials there were significant positive
correlations between Hg concentrations in aquafeeds and

in muscle and the exoskeleton. Correlation between Hg
in aquafeed and in hepatopancreas, however, was only
significant in the outdoor trial. Comparing the obtained
curves, other differences occur between the two trials. At
Hg concentrations smaller than 20 ng.g™!, there is very
small, if any, change in Hg content in shrimp organs,
clearly shown by the curves obtained in the outdoor trials,
where most aquafeed Hg concentrations were below this
limit. However, in the outdoor ones with concentrations
varying between 20 and 40 ng.g"!, shrimp concentrations
increased exponentially. In the indoor trials where most
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Figure 2. Mercury accumulation by different organs of
Litopenaeus vannamei Boone, 1931 supplied with aquafeeds
with different Hg concentrations.

Table 1. Spearman correlation coefficients between Hg concentrations in the different shrimp organs and aquafeeds.

Indoor trial

Aquafeed Muscle Hepatopancreas Exoskeleton
Aquafeed 1
Muscle 0.837* 1
Hepatopancreas —-0.002 (ns) 0.375 (ns) 1
Exoskeleton 0.610 (ns) 0.819* 0.224 (ns) 1
Outdoor trial
Aquafeed Muscle Hepatopancreas Exoskeleton
Aquafeed 1
Muscle 0.905%* 1
Hepatopancreas 0.922% 0.957* 1
Exoskeleton 0.798* 0.847* 0.930* 1

* p < 0.01; ns = non-significant; n = 10.
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aquafeed Hg concentrations were much higher, the animals’
response was logarithmic and only significant for those
organs typically accumulating organic-Hg (muscle and
exoskeleton), suggesting a proportional and rapid transfer
of Hg from aquafeeds to theses tissues.

MT gene expression values were similar in both
hepatopancreas and muscle (although sometimes higher
in the former) (Figure 3). Relative MT expression values
below 1.0 are lower than the Actin constitutive expression
levels. There was no significant difference in MT gene
expression in neither muscle nor hepatopancreas in relation
to the two trials (different rearing conditions and Hg content
of aquafeeds). Despite some outlier values in the graphics,
overall variability in MT expression was low (less than 20%)
in the majority of the samples. There was no significant
correlation between MT expression and Hg content neither
in muscle or hepatopancreas, nor aquafeeds.

Molecular analyses by real-time PCR have shown that
MT gene expression remains at basal levels after 70 days
exposure to Hg in the diet. The relative expression levels
were bellow that of Actin, which was expected given the
higher production of Actin for proper cytoskeleton activity.
In comparison to other works with marine invertebrates,
MT constitutive expression depends on the gene isoform,
but it is always lower than Actin expression, increasing
following metal exposure and decreasing after several days,
depending on species and metal involved, but is usually
higher than the non-exposure levels (Viarengo, 1989).
Therefore, the MT expression levels found in L. vannamei
after exposure are not representative of a metal induction
response, even in the indoor trial where some aquafeed
exhibited relatively high mercury content (~140 ng.g™). Hg
has higher affinity for MTs and higher toxicity than most

1.1 q

other trace metals. In the mussel Mytilus galloprovincialis,
LC50 for Hg?* is two orders of magnitude lower than for the
other high toxicity trace metal Cd, for example. However,
exposure to sub lethal concentrations just below LC50
(200 pg.L!' Cd and 0.15 pg.L' Hg) gives a 10-fold higher
MT induction for Cd than for Hg (Dondero et al., 2005).
In the fish Dicentrarchus labrax it takes more than twice
the amount of Hg (100 ng.g' Cd** and 250 ng.g"! Hg*)
in peritoneal injections to increased MT expression in the
same levels as Cd (Jamel et al., 2008).

Somehow similar results were observed by Wu and Chen
(2005) who analyzed MTs-like proteins in L. vannamei
exposed to 100 pg.L' Cd** and found dose-response
relationship until the 56™ day of exposure, with significant
decrease at the 86", The response changes when concentration
is doubled (200 pg.L'! Cd**) and MT concentration
increased rapidly until the 28" day, stabilizing until the
end of the experiment. Since exposure to similar Cd and
Hg concentrations gives lower MT response for Hg, we
could expect that at the 1.000-fold smaller concentrations
observed in our trials (up to 140 ng.g"' Hg*), L. Vannamei
would exhibit the same or even lower MT induction and
response. In the zebra fish (D. rerio) it takes 10 to 100-fold
higher concentrations (5 to 13.5 pg.g!' Hg?*) than the highest
concentration observed in our experiments (140 ng.g"' Hg),
to raise up MT expression from 3 to 10-fold after 63 days
exposure (Gonzdlez et al., 2005).

Induction is the base for an efficient detoxification
mechanism and without it basal concentrations would
soon saturate leaving the organism unprotected. Unlike
regular toxicity evaluation of biomarkers, aimed to assess
which conditions turns on MT induction, our goal with
this experiment was to found out whether the stress of
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Figure 3. Metallothionein expression (MT), normalized by Actin expression, in the hepatopancreas (empty bars) and muscle
(grey bars) of L. vannamei in the indoor (trial 1) and outdoor (trial 2) aquacultures conditions. Central squares are the median
MT values (measured in triplicate) of 5 biological replicates. Bars stands for 25 and 75% quartiles and error bars upper and
lower limits. Outliers (higher than 2-fold median variability) and extreme (higher than 3-fold median variability) values are

represented by circles and stars.
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Hg contaminated aquafeeds would lead L. vannamei in
intensive aquaculture conditions to deviate energy to a MT
protection mechanism for long time periods (70 days),
which could compromise its ability to fully grow. Our
results have shown that is not the case and MT expression
is not high at the end of the term with the reported organ
and aquafeed Hg concentrations. In fact, MT expression
in L. vannamei harvested in aquaculture ponds at different
growth stages (larvae and adult of 40, 90, 105 and 130 days
old) was also low, repeating the results observed in the
controlled trials (data not shown).

It is important to have in mind, however, that MT is
not the only detoxification system present in crustaceans.
It is also possible that in crustaceans such as L. vannameli,
the lack of MT induction is related to the strong ability to
transport divalent cations to the exoskeleton and intracellular
vacuoles using protein membranes such as Ca?*ATPase and
Cu*ATPase, as seems to be the case in the present study.
Notwithstanding, it is very difficult to relate Hg concentrations
present in aquafeeds to the lower biomass and yield verified
in the indoor experiments, since environmental conditions
and stock densities, in particular, are well recognised as
the most important control of shrimp performance under
aquaculture. To ensure that L. vannamei ability to grow
was not compromised by the Hg content in aquafeeds, a
more comprehensive analysis of biomarkers as well as
repeating the work under real farm conditions would be
necessary.

Acknowledgements — This study was partially supported by the
FINEP-RECARCINE Initiative form the Ministry of Science
and Technology of Brazil and is part of the INCT-CNPq
Program (Proc. No. 573.601/2008-9; www.inct-tmcocean.com.
br). Dr. Rebelo is an Irving J. Selikoff Scholar of the Mount
Sinai School of Medicine and received partial support by award
D43TW000640 from the Fogarty International Center and grant
E-26/100.663/2007 from Rio de Janeiro Research Council
(FAPERIJ). We thank Dr. Rodrigo Maggioni for reviewing an
earlier version of this manuscript.

References

ADAIR. BM. and COOB, GP., 1999. Improved preparation of small
biological samples for mercury analysis using cold vapor atomic
absorption spectroscopy. Chemosphere, vol. 38, p. 2951-2958.

AMAND, LST., GAGNON, R., PACKARD, TT. and SAVENKOFF,
C., 1999. Effects of inorganic mercury on the respiration and the
swimming activity of shrimp larvae, Pandalus borealis. Comparative
Biochemistry and Physiology C, vol. 122, p. 33-43.

Agéncia Nacional de Vigilancia Sanitdria - ANVISA, 1998. Portaria
n° 685, de 27 de Agosto de 1998. Available from: <http://e-legis.
anvisa.gov.br/leisref/public/>. Assess in: 10 Nov. 2009.

BARBIERL E., PASSO, EA. and GARCIA, CAB., 2005. Use
of metabolism to evaluate the sublethal toxicity of mercury on
Farfantepaneus brasiliensis (Latreille, 1817). Journal of Shellfish
Research, vol. 24, p. 1229-1233.

BERNTSSEN, MHG., HYLLAND, K., JULSHAMN, K.,
LUNDEBYE, AK. and WAAGBG®, R., 2004. Maximum limits
of organic and inorganic mercury in fish feed. Aquaculture
Nutrition, vol. 4, p. 83-97.

BOYD, CE. and MASSAUT, L., 1999. Risks associated with the
use of chemicals in pond aquaculture. Aquaculture Engineering,
vol. 20, p. 113-132.

CADE, BS., 2005. Linear models: permutation methods. In EVERITT,
BS., HOWELL, DC. (Eds.). Encyclopedia of Statistics in Behavioral
Science. Chichester: John Wiley and Sons. p. 1049-1054.

CHOI, MH. and CECH, JJ., 1998. Unexpectedly high mercury
level in pelleted commercial fish feed. Environmental Toxicology
and Chemistry, vol. 17, p. 1979-1981.

DONDERO, F., PIACENTINI, L., BANNI, M., REBELO, M.,
BURLANDO, B. and VIARENGO, A., 2005. Quantitative PCR
analysis of two molluscan metallothionein genes unveils differential
expression and regulation. Gene, vol. 345, p. 259-270.

FRIAS-ESPERICUETA, MG., VOLTOLINA, D. and OSUNA, JL,
2001. Acute toxicity of cadmium, mercury, and lead to white leg
shrimp (Litopenaeus vannamei) post larvae. Bulletin of Environmental
Contamination and Toxicology, vol. 67, p. 580-586.

FRIAS-ESPERICUETA, MG., ABAD-ROSALES, S., NEVAREZ-
VELAZQUEZ, AC., OSUNA-LOPEZ, 1., PAEZ-OSUNA, F.,
LOZANO-OLVERA, R. and VOLTOLINA, D., 2008. Histological
effects of a combination of heavy metals on Pacific white shrimp
Litopenaeus vannamei juveniles. Aquatic Toxicology, vol. 89,
p. 152-157.

GONZALEZ, P., DOMINIQUE, Y., MASSABUAU, JC., BOUDOU,
A. and BOURDINEAUD, JP., 2005. Comparative effects of dietary
methylmercury on gene expression in liver, skeletal muscle, and

brain of the zebrafish (Danio rerio). Environmental Science and
Technology, vol. 39, p. 3972-3980.

IKEM, A. and EGILLA, J., 2008. Trace element content of fish feed
and bluegill sunfish (Lepomis macrochirus) from aquaculture and
wild source in Missouri. Food Chemistry, vol. 110, p. 301-309.

JAMEL, J., BANNI, M., GERBEJ, H., BOUSSETTA, H., LOPEZ-
BAREA, J. and ALHAMAUC, J., 2008. Metallothionein induction
by Cu, Cd and Hg in Dicentrarchus labrax liver: assessment by
RP-HPLC with fluorescence detection and spectrophotometry.
Marine Environmental Research, vol. 65, p. 358-363.

KETELES, KA. and FLEEGER, JW., 2001. The contribution of
ecdysis to the fate of copper, zinc and cadmium in grass shrimp,
Palaemonetes pugio Holthius. Marine Pollution Bulletin, vol. 42,
p. 1397-1402.

KHAN, AT., WEIS, JS. and D’ANDREA, L., 1989. Bioaccumulation
of heavy metals in two populations of grass shrimp, Palaemonetes
pugio. Bulletin of Environmental Contamination and Toxicology,
vol. 42, p. 339-343.

KRAUS, M. and WEIS, P., 1988. Effects of mercury on larval and
adult grass shrimp (Palaemonetes pugio). Archives of Environmental
Contamination and Toxicology, vol. 17, p. 355-363.

LACERDA, LD., SANTOS, JA. and MADRID, RM., 2006.
Copper emission factors from intensive shrimp aquaculture.
Marine Pollution Bulletin, vol. 52, p. 1823-1826.

LACERDA, LD., SANTOS, JA. and LOPES, DV., 2009. Fate
of copper in intensive shrimp farms: bioaccumulation and
deposition in pond sediments. Brazilian Journal of Biology,
vol. 69, p. 851-858.

MACEDO, RO., MOURA, GG. and OLIVEIRA, E., 1991.
Determinagao de As, Cd, Cr e Pb em racdes balanceadas para
camardes por espectrometria de emissdo atdbmica com plasma de
argdnio. Quimica Nova, vol. 14, p. 17-18.

Braz. J. Biol., 2011, vol. 71, no. 1, p. 131-137



Mercury in cultivated L. vannamei

MULLER, PY., JANOVJAK, H., MISEREZ, AR. and DOBBIE, Z.,
2002. Processing of gene expression data generated by quantitative
real-time RT-PCR 2. BioTechniques, vol. 2, p. 2-7.

NAKAO, M., SEOKA, M., NAKATANI, M., OKADA, T.,
MIYASHITA, S., TSUKAMASA, Y., KAWASAKI, K. and ANDO,
M., 2009. Reduction of mercury levels in cultured bluefin tuna,
Thunnus orientalis, using feed with relatively low mercury levels.
Aquaculture, vol. 288, p. 226-282.

NUNES, AJP., 2009. Comparative growth performance of the white
shrimp Litopenaeus vannamei fed eleven commercial diets under
outdoor green water conditions. Research Report, Marine Science
Institute, Universidade Federal do Ceard, Fortaleza, 78 p.

RAINBOW, PS., 1997. Ecophysiology of trace metal uptake
in Crustaceans. Estuarine Coastal and Shelf Science, vol. 44,
p-169-175.

REINFELDER, JR. and FISHER, NS., 1994. Retention of
elements adsorbed by juvenile fish (Menidia menidia, Menidia
beryllina) from zooplankton prey. Limnology and Oceanography,
vol. 39, p. 1783-1789.

RUELAS-INZUNZA, J., GARCIA-ROSALES, SB. and PAEZ-
OSUNA, F., 2004. Distribution of mercury in adult penaeid

Braz. J. Biol., 2011, vol. 71, no. 1, p. 131-137

shrimps from Altata-Ensenada del Pabellon lagoon (SE Gulf of
Calfornia). Chemosfere, vol. 57, p. 1567-1661.

SMOKROWSKI, KE., LASENDY, DC. and EVANS, RD., 1998.
Quantifying the uptake and release of cadmium and copper by
the opossum shrimp Mysis relictal preying upon the cladoceran
Daphnia magna using stable isotope tracers. Canadian Journal
of Fisheries and Aquatic Sciences, vol. 55, p. 909-916.

TACON, AGJ. and FORSTER, IP., 2003. Aquafeeds and the
environment: policy implications. Aquaculture, vol. 226,
p. 181-189.

USYDUS, Z., SZLINDER-RICHERT, J., POLAK-JUSZCZAK,
L., MALESA-CIECWIERZ, M. and DOBRZANSKI, Z., 2009.
Study on the raw fish oil purification from PCDD/F and dI-PCB-
industrial tests. Chemosphere, vol. 74, p. 1495-1501.

VIARENGO, A., 1989. Heavy metals in marine invertebrates:
mechanisms of regulation and toxicity at the cellular level. Review
of Aquatic Sciences, vol. 1, p. 295-317.

‘WU, JP. and CHEN, HC., 2005. Metallothionein induction and
heavy metal accumulation in white shrimp Litopenaus vannamei
exposed to cadmium and zinc. Comparative Biochemistry and
Physiology C, vol. 140, p. 383-394.

137





