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ARTICLE INFO ABSTRACT

Keywords: The present work aimed at better understanding metal and metalloid bioaccumulation in the edible Paci-
Crustacean fic blue shrimp Litopenaeus stylirostris, using both laboratory and field approaches. In the laboratory, the
Mem_ls ) bioaccumulation kinetics of Ag, Cd, Co, Cr, and Zn have been investigated in shrimp exposed via seawater
Biokinetics and food, using the corresponding y-emitting radiotracers ('1°mAg, 19°Cd, >’Co, !Cr, and 5°Zn) and highly
Radiotracers i . . . .

Moulting sensitive nuclear detection techniques. Results showed that hepatopancreas and intestine concentrated

the metals to the highest extent among the blue shrimp organs and tissues. Moulting was found to play
a non negligible detoxification role for Co, Cr and, to a lesser extent, Zn. Metal retention by L. stylirostris
widely varied (from a few days to several months), according to the element and exposure pathway con-
sidered (a given metal was usually less strongly retained when ingested with food than when it was
taken up from the dissolved phase). In the field study, Ag, As, Cd, Co, Cr, Cu, Mn, Ni, and Zn were analysed
in shrimp collected from a New Caledonian aquaculture pond. Metal concentrations in the shrimp mus-
cles were generally relatively low and results confirmed the role played by the digestive organs and tis-
sues in the bioaccumulation/storage/detoxification of metals in the Pacific blue shrimp. Preliminary risk
considerations indicate that consumption of the shrimp farmed in New Caledonia is not of particular con-

Contamination

cern for human health.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In many countries, shrimp is one of the most consumed seafood
and wild-caught stocks are heavily fished (e.g., Cascorbi, 2007).
While most species show no clear signs of overfishing, shrimp is
believed to be exploited at or near their maximum sustainable
yield (Cascorbi, 2007). Alternatively, shrimp culture has been
adopted and consolidated as one of the largest profitable aquacul-
ture activities all over the world (it has e.g. the most important
commodity traded in value terms; FAO, 2007). Since 1997, the
aquaculture shrimp production shows a strong expansion with
an increase of 165% (viz., a 15% annual growth, FAO, 2007).

Among the shrimp species that are cultured, the Pacific blue
shrimp Litopenaeus stylirostris, which is originally from the Pacific
coast of Latin America, is well reared in the South Pacific region,
especially in New Caledonia. This Overseas French Territory is
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the first world aquaculture producer of L. stylirostris with 2278 ton-
nes produced in 2006 (FAO, 2008), of which more than the half is
exported. Indeed, in 2005, 73% of the production was exported to
France, Japan and Australia, and represented the second major ex-
port of the country (GFA, 2006).

New Caledonia is also known for another natural wealth: its
nickel resources. Indeed, the largest resources of Ni laterites in
the world (20-25%) are found in the soils of New Caledonia, which
have been largely exploited for more than a century (Dalvi et al.,
2004). Nowadays, mining activities constitute the major economi-
cal resource of the Territory, which is the third world largest pro-
ducer of nickel. Obviously, open-cast mining exploitations result
in a considerably increased discharge of metals into the lagoon
waters either directly or indirectly (via e.g. deforestation and en-
hanced soil erosion). This input threatens and damages the coastal
ecosystems, local biodiversity, and quality of local seafood (Labros-
se et al., 2000; Hédouin et al., 2007; Labonne et al., 2008; Metian
et al., 2008a; Chouvelon et al., 2009). Mining-originating metal
contamination is due essentially to Ni and the main mining by-
products occurring at elevated concentrations in Ni ores, such as
Co, Cr and Mn (Metian et al., 2008a,b).
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Metal-enriched soils are obviously also a potential non negligi-
ble contamination source for shrimp ponds which are located near
the coast (Mugnier et al., 2001). However, to the best of our knowl-
edge, there are few studies available in the open literature that
have investigated metal levels in the blue shrimp L. stylirostris
(see e.g., Paez-Osuna and Ruiz-Fernandez, 1995a; Frias-Espericueta
et al., 2007). Among them, only one considered the New Caledo-
nian blue shrimp with a focus on the risk linked to its consumption
(Chouvelon et al., 2009).

Therefore the aim of this study was to investigate the bioaccu-
mulation and tissue distribution of a range of elements in the
shrimp L. stylirostris, using both laboratory experiments under con-
trolled conditions and in situ investigations. For this purpose, the
bioaccumulation kinetics and body distribution of five selected
radiotracers (1'1°™MAg, 199Cd, 57Co, 1Cr, and %°Zn) were determined
in the blue shrimp experimentally exposed to the metal radiotra-
cers via seawater and their food. In the field study, eight metals
(Ag, Cd, Co, Cr, Cu, Mn, Ni, and Zn) and one metalloid (As) were
analysed in the tissues of L. stylirostris from an aquaculture farm
to assess their levels and the human risk related to shrimp
consumption.

2. Materials and Methods
2.1. Radiotracer experiments in the laboratory

2.1.1. Origin and acclimation of organisms

A batch of approximately 100 Litopenaeus stylirostris (Stimpson,
1874) was obtained from the Ifremer experimental farm (Station
d’Aquaculture Ifremer de Saint-Vincent, New Caledonia) in January
2002 and shipped to MEL premises in Monaco. Prior to experimen-
tation shrimp were acclimated for 2 months to laboratory condi-
tions (open circuit 400-1 aquarium; 0.45-um filtered water
renewal: 401h~'; salinity: 36 p.s.u.; temperature: 25 0.5 °C;
pH: 8.0 £ 0.1; light/dark cycle: 12 h/12 h) simulating the conditions
prevailing in pond waters where shrimp are reared. During accli-
mation, shrimp were fed daily pre-cooked mussels. Recorded mor-
tality was lower than 3%.

Forty penaeids of similar size and weight (7.2 £ 1.1 g wet wt.)
were then collected and divided in two groups of 20 individuals.
Each group was placed in a 70-1 glass aquarium (0.45-pm filtered
water; constant aeration; salinity: 36 p.s.u.; temperature:
25+0.5°C; pH: 8.0 £ 0.1; light/dark cycle: 12 h/12 h; open vs. close
circuit as indicated below) in which the experiments were con-
ducted (see below). In order to avoid cannibalism (e.g. during
moulting) and to facilitate individual recognition, during the whole
duration of the experiments, each shrimp was kept individually in
a cylindrical PVC container (160 mm height x 80 mm diameter)
covered above and below with 300-um mesh size net (to allow
for free water circulation).

2.1.2. Exposure via seawater

A 24-d radiotracer exposure was carried out to determine the
uptake kinetics of dissolved metals in L. stylirostris. Physico-chem-
ical parameters of the seawater (salinity, temperature and pH)
were checked twice daily all along the experiment duration. The
selected metals (Ag, Cd, Co, Cr, Zn) were introduced into the exper-
imental microcosm as high specific activity radiotracers purchased
from Amersham, UK (°°Cd as CdCl, in 0.1 M HCl, Ty, = 426.6 d and
>1Cr as NayCrO, in saline solution, Tyj; =27.7 d), CERCA, France
("19MAg as AgNO3 in 1M HNOs, Ty, =249.8d and *’Co as CoCl,
in 0.1 M HCl, T;;, =271.8 d), and Isotope Product Lab., USA (5°Zn
as ZnCl, in 0.5 M HCl, Ty, = 243.9 d). Seawater was spiked with a
low nominal activity of each selected radiotracer: 0.5 kBql™!
(119mAg 57Co,55Zn), 1 kBq 1! (°!Cr) and 1.5 kBq 1~ (1°°Cd). In term

of stable metal concentration, these additions corresponded to Ag
(19 pmol I1), Cd (0.7 pmol 1), Co (0.5 pmol 1), Cr (2.9 pmol 17 1)
and Zn (92 pmol I"1), i.e. activities that are 1-3 orders of magni-
tude lower than the background concentrations of these metals
in open seas (Bruland, 1983). No change in pH was detectable in
the aquarium (close circuit) after tracer addition. Seawater and
spikes were renewed daily for 5 d, then every second day in order
to keep exposure activities constant (Hédouin et al., 2006). Activity
of the metal tracers in seawater was checked daily, before and after
each seawater renewal, to determine time-integrated activities
(Warnau et al., 1996a; Rodriguez y Baena et al., 2006a). For the en-
tire experimental time course, the time-integrated tracer activities
in seawater were 0.46 kBq ''°"Ag 1!, 1.56 kBq '°°Cd 1!, 0.56 kBq
>Col71,1.27 kBq °'.

Cr17!, and 0.46 kBq 5°Zn1~!. Shrimp were fed briefly (30 min)
before each seawater and spike renewal in clean seawater so as
to avoid any possible ingestion of radiotracer through the food.
Shrimp were individually and periodically y-counted alive over
the 24-d exposure period to determine the radiotracer uptake bio-
kinetics (Warnau and Bustamante, 2007).

At the end of the exposure period, the 20 blue shrimp were
carefully transferred to another 70-1 aquarium supplied with natu-
ral flowing seawater (open circuit; water renewal: 401 h~!). They
were fed daily and were periodically y-counted to follow the radi-
otracer depuration kinetics over 43 d. After 4 and 43 d, three indi-
viduals were dissected: the abdominal exoskeleton, the abdominal
muscle, the cephalothorax, the hepatopancreas and the intestine
were separated, weighed (wet wt.) and radioanalysed to determine
the radiotracer body distribution.

When an ecdysis event occurred during the experiment, the
exuvia was immediately removed from the PVC container, care-
fully rinsed with clean filtered seawater, weighed, and y-counted.

2.1.3. Exposure via the food

Preparation of the radiolabelled food was carried out by expos-
ing for 3 weeks commercial mussels (Mytilus edulis) via natural
seawater spiked with the radiotracers: 0.5 kBq1~! (*1°™Ag, 57Co,
55Zn), 1kBq1~! (°'Cr) and 1.5 kBq1~! ('°°Cd) (Boudjenoun et al.,
2007).

The 20 shrimp placed in the 70-I glass aquarium (open circuit;
water renewal: 401h~!) were each provided with one radiola-
belled mussel that was introduced in each PVC container. Shrimp
were allowed feeding on the mussel for 3 h (pulse-chase feeding
method; see e.g. Warnau et al., 1996a; Metian et al., 2008c). In par-
allel, a group of 3 additional shrimp was placed in the same aquar-
ium in three additional PVC containers and fed uncontaminated
mussels. These individuals were used as a control for any possible
radiotracer recycling from seawater due to radiotracer leaching
from the contaminated food or, later on, from shrimp depuration.
At the end of the feeding period, each shrimp (including the control
ones) was whole-body y-counted alive. From then onwards, organ-
isms were regularly radioanalysed to follow the radiotracer depu-
ration kinetics over 39 d. After 39 d of depuration, three individuals
were dissected to determine the body distribution of the radiotra-
cers. As for seawater experiment, when moulting events did occur,
exuviae were immediately removed to be radioanalysed.

2.1.4. Radioanalysis

Radioactivity was measured using a high-resolution y-spec-
trometer system composed of three Germanium -N or P type-
detectors (EGNC 33-195-R, Eurysis®) connected to a multi-channel
analyzer and a computer equipped with a spectra analysis software
(Interwinner® 6). The radioactivity was determined by comparison
with standards of known activity and of appropriate geometry.
Measurements were corrected for counting efficiency and physical
radioactive decay. Counting time was adjusted to obtain propa-
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gated counting errors less than 5% (Rodriguez y Baena et al.,
2006b). Counting times usually ranged from 10-20 min for the
radioanalysis of living organisms.

2.2. Metals in organisms from the field

2.2.1. Trace element analysis

Twelve L. stylirostris were collected in the ponds of the “Station
d’Aquaculture Ifremer de Saint-Vincent” in March 2005. Each indi-
vidual was rinsed thrice with seawater to remove sediment and
other particles, weighed (5.3 £1.2 g wet wt.) and then dissected
to separate exoskeleton (abdominal exoskeleton including pleio-
pods and tail), muscle (abdominal muscle), cephalothorax, hepato-
pancreas, and intestine. All tissue samples were dried at 60 °C until
reaching a constant weight, ground to powder and digested
according to the method described in Hédouin et al. (2009). Ele-
ments were then analysed using a Varian® Vista-Pro ICP-OES (As,
Cr, Cu, Mn, Ni, and Zn) or a Varian® ICP-MS Ultra Mass 700 (Ag,
Cd and Co). Measurements of Certified Reference Materials (dog-
fish liver DOLT-3, NRCC, and lobster hepatopancreas TORT-2,
NRCC) were in good agreement with the certified values given
and indicated the following recoveries (in %): 103 (Ag), 98 (As),
103 (Cd), 112 (Co), 79 (Cr), 95 (Cu), 84 (Mn), 113 (Ni), ands 106
(Zn). The detection limits (pgg~'dry wt.) were 10.1 (As), 0.8
(Cr), 0.5 (Cu), 0.04 (Mn), 1.1 (Ni) and 0.7 (Zn) for ICP-OES and 0.1
(Ag), 0.3 (Cd) and 0.03 (Co) for ICP-MS. Mean element concentra-
tions are given on a dry weight basis (ug g~ dry wt.).

2.2.2. Preliminary risk assessment for consumers

From the element levels measured in the shrimp muscles, a rec-
ommended maximum number of shrimp to be consumed was as-
sessed on the basis of the Provisional Maximum Tolerable Daily
Intake (PMTDI) and Provisional Tolerable Weekly Intake (PTWI) gi-
ven by WHO (1989) and by the Joint Expert Committee on Food
Additives (JECFA, 2006, 2008). The computation method is de-
scribed in Metian et al. (2008a) and Chouvelon et al. (2009) and
was carried out for As, Cd, Cu and Zn (for which a PMTDI or PTWI
does exist), taking into account abdominal muscle, abdominal
muscle + intestine or abdominal muscle + intestine + hepatopan-
creas (i.e., the three ways shrimp are eaten). PMTDI for Cu and
Zn are 500 and 1000 pg kg~! human body weight d~', respectively
and PTWI for As and Cd are 15 and 7 pg kg~' human body weight
week !, respectively.

2.3. Data treatment

Whole-body uptake and depuration kinetics of the seawater
and feeding exposure experiments were fitted using the kinetic
models, nonlinear regression routines and iterative adjustment
(Statistica® 6), and statistical methods as described by Warnau
et al. (1996a,b) and Metian et al. (2007).

Statistical analyses of the field data regarding metal and metal-
loid concentrations in the shrimp were performed by one-way AN-
OVA, followed by the multiple comparison test of Tukey (Zar, 1996).

The level of significance for statistical analyses was always set
at oo =0.05.

3. Results
3.1. Radiotracers experiment

3.1.1. Exposure via seawater

The bioaccumulation kinetics of >’Co, !Cr, and %°Zn in whole-
body L. stylirostris were best described by a first-order saturation
model whereas bioaccumulation of '®"Ag and °°Cd was best fit-

ted by a linear model (Fig. 1, Table 1). The values estimated for the
uptake rate constant, k,, allowed ranking the radiotracers accord-
ing to the following order of initial uptake efficiency:
657n > 110mAg > 57Co > 199Cd > 51Cr (Table 1) whereas the concen-
tration factors observed at the end of the exposure period, CF,4q,
ranked the elements according to the following order:
110mAg > GSZn > 109Cd > 57C0 > 51CI'.

When non-contaminating conditions were restored, the depu-
ration kinetics of the 5 radiotracers were followed for 43 d. The
whole-body depuration of 1'°™Ag was best fitted by a single-com-
ponent exponential model, whereas depuration kinetics of the four
other radiotracers were best described by a double-component
exponential model (Fig. 1, Table 1). Estimated biological half-lives
indicate that in terms of metal retention strength, the elements
examined are ranked according to the following order:
109Cd > Slcr > GSZn ~ 1]0mAg ~ 57C0.

3.1.2. Exposure via the food

During the food experiment, frequent monitoring of the control
group of shrimp demonstrated that no significant secondary con-
tamination from radiotracer recycling via seawater did occur over
the entire observation period. Whole-body depuration kinetics of
110mAg and 57Co ingested with food (i.e. radiolabelled mussels)
were best described by a single-component exponential model
whereas depuration of ingested '°°Cd, >'Cr, and ®°Zn were best fit-
ted by a double-component exponential model (Fig. 2, Table 1).
Assimilation efficiency (AE; i.e. Ag) of the radiotracers ingested
with food was generally elevated (AE > 38%) whereas the biological
half-life of the radiotracers was generally short, especially for
110mpAg 109Cd and >7Co (Tys < 11 d) (Table 1).

3.1.3. Organotropism

During the depuration phase of both seawater and feeding
experiments, dissections were carried out in order to determine
the metal distribution among selected body compartments of L.
stylirostris at 4 and 43 d of depuration following the 24-d seawater
exposure and at 39d following the single radiolabelled feeding
(Table 2). Because of the fast physical decay of >'Cr, this radiotracer
was only detected at the first dissection time (4th d of seawater
depuration). ''"Ag was always mainly distributed in the hepato-
pancreas (>50%) whereas %°Zn was mainly occurring in both the
abdominal muscle and hepatopancreas. Regarding !°°Cd, >’Co
and >ICr, the body distribution at the 4th d of seawater depuration
clearly showed a concurrent role of hepatopancreas and cephalo-
thorax in element storage. Later on in the seawater depuration per-
iod, as well as at the end of the post-feeding depuration period, the
cephalothorax became the predominant body compartment for
109¢d (>66%) whereas °’Co was mainly distributed in the cephalo-
thorax and the exoskeleton. Interestingly, body distributions at the
end of seawater and feeding depuration period were found to be
not significantly different from each other (Table 2).

In term of radiotracer activity concentration (Table 3), three
compartments were found to display the highest values: hepato-
pancreas, intestine, and cephalothorax. The activity concentrations
generally decreased significantly (up to one order of magnitude) in
hepatopancreas and cephalothorax during the depuration after
seawater exposure. In contrast, the activity concentrations in the
intestine remained unchanged (1°°Cd) or increased significantly
('1°MAg and 57Co) during the depuration phase (Table 3).

3.1.4. Element release during ecdysis

No moulting events were observed during the metal exposure
periods. In contrast, a total of 23 individuals moulted at 6 different
times during the depuration phases (8 individuals in the seawater
experiment and 15 in the feeding experiment). Except for 11°™Ag,
metal proportions released with the exuviae were lower in the
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Fig. 1. Litopenaeus stylirostris. Uptake and depuration kinetics of 5 dissolved radiotracers ('1°™Ag, 1°°Cd, >’Co, >'Cr, and ®°Zn) during a 24-d exposure (Concentration factor;
mean * SD; n = 20), then maintained for 43 d in non contaminated conditions (Remaining % activity; mean + SD; n = 20).

feeding experiment than in the seawater experiment. During sea-
water depuration, exuvia-associated >'Cr and %°Zn proportion

tended to be somewhat higher during the first 2 weeks; the repar-
tition of the other elements remained similar during the depura-
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Table 1

Litopenaeus stylirostris. Parameters (mean * ASE, n = 20) of the whole-body uptake and/or depuration kinetics of 5 metal radiotracers in the Pacific blue shrimp exposed to the
radiotracers via seawater (A) and via the food (B). Uptake parameters: CFs: concentration factor at steady state; k,: uptake rate constant (d~'); L and E: linear [CF, = k,t] and
exponential [CF; = CFs(1 — e"‘i)] model, respectively. Depuration parameters: Ags and Ag: activity (%) lost according to the short-and the long-lived exponential component,
respectively; Ty, biological half-life (d) [Ty = In 2/ke]; O and T: one-compartment [At = Aoe’ké] and two-compartment [At = Agse s +A0,e”‘5'] exponential model, respectively.

ASE: asymptotic standard error; r*: determination coefficient of kinetics.

Uptake Depuration

Experiment Metal Model CFss + ASE ky = ASE Model Aps £ ASE Tpyss = ASE Ao £ ASE Tiys1 = ASE 2

A. Seawater exposure ~ ''"Ag L = 3.58+0.07"" 078 O = = 94 +2°""" 2017 0.69
109¢d L - 0.81+0.017" 0.86 T 72+29° 8+4" 29+29 796 0.84
57Co E 6.2+03 """ 2.23+067" 0.32 T 88+6"" 22+02" 9+7 18+ 16 0.94
sicr E 39+0.77 031+005"" 032 T 51+£57 052027 49437 152 £ 89 0.37
85Zn E 53.6+0.7"""  4.84+034"" 074 T 39+47"  1.9+057"  57+577 356" 0.85

B. Food exposure 1ompg — _ = = 0 = = 101+£2™"  108%0.5"" 079
109¢d - - - T 236" 1.7+06" 775" 7£1°7 0.88
57Co - - - (0] - - 100 2" 12+02""" 0.94
JSr - - - T 46+57 07+02"" 54+4"" 324577 0.49
%5Zn - - - T 62+3"" 0.8+0.1""" 392" 1927 0.87

Probability (p) of the parameter estimation.
" p<0.05.

™ p<0.01.

" p<0.001.

" p<0.0001.

tion phase. Considering all moulting events together, the propor-
tion (average and range) of metal associated with the exuviae
was: 0.4 +0.4% (0.1-1.3%) for ''°™Ag, 2.4+ 1.5% (0.7-4.5%) for
109¢d, 33 +15% (17-52%) for >’Co, 25 +16% (0.4-45%) for °ICr,
10 £ 6% (1.5-19%) for ®Zn during the seawater depuration phase
(n=8) and 0.7 + 0.8% (0.1-2.4%) for ''°™Ag, 0.8 £ 0.7% (0.2-2.6%)
for 1°99Cd, 6.9 +3.6% (1.9-14%) for 5’Co, 13.1 +5.4% (8-28%) for
51Cr, 1.3 £0.7% (0.2-2.9%) for %°Zn during the feeding depuration
phase (n=15).

3.2. Field study

3.2.1. Metal and metalloid analysis

Arsenic and metal concentrations measured in the different
body compartments of the shrimp collected from the Saint-Vincent
aquaculture farm are given in Table 4. For all elements, hepatopan-
creas and/or intestine displayed the highest concentrations.

In terms of body burden distribution, the elements were distrib-
uted is a quite variable way among body compartments (Table 5).
The only exception was Ag that was mainly (98%) contained in the
hepatopancreas. The abdominal muscle displayed the highest load
of As and Zn (40% and 43%). Cd was mainly (93%) occurring in
cephalothorax and hepatopancreas. Regarding Co, Cu and Mn, the
major part of these metals (74-88%) was localized in the exoskel-
eton and cephalothorax, whereas Cr and Ni were mainly distrib-
uted (82-87%) in muscle and exoskeleton.

3.2.2. Preliminary risk assessment

The concentrations measured in the edible part (Table 4) al-
lowed computing the number of shrimp that a human must eat
to reach the PMTDI and PTWI of the elements for which such a
parameter is provided, i.e. As, Cd, Cu and Zn (WHO, 1989; JECFA,
2006, 2008). Computations were realised with different sets of data
corresponding to several combinations of body compartments in
order to take into account all the parts that can be eaten according
to the care with which the animal is decorticated (i.e., abdominal
muscle alone and abdominal muscle + intestine) and the taste of
the consumer (abdominal muscle + hepatopancreas and abdominal
muscle + intestine + hepatopancreas).

Calculations indicated that the number of shrimp to be eaten to
reach a contamination risk was always high (several hundreds to
several thousands; data not shown). When considering abdominal
muscle alone, the worst scenario was found to be As: a 50-kg per-

son should eat 195 shrimp a week (i.e. 3.84 g of total As) to reach
the maximum recommended weekly intake. If abdominal
muscle + intestine + hepatopancreas are considered, the same per-
son should eat a slightly lower amount of shrimp per week (viz.,
184 week™ ).

4. Discussion

Metal releases resulting from the nickel mining industry and re-
lated activities are an environmental conservation issue of concern
in New Caledonia (Labrosse et al., 2000; Labonne et al., 2008; Me-
tian et al. 2008a).

Surprisingly, few information are available in the open litera-
ture regarding metal contamination in seafood from New Caledo-
nia (see e.g., Labonne et al., 2008; Metian et al. 2008a; Chouvelon
et al., 2009). In particular, besides the recent study of Chouvelon
et al. (2009) very little has been published on the blue shrimp L.
stylirostris, for which this country is the first world aquaculture
producer (FAO, 2008). Moreover, to the best of our knowledge,
studies that have investigated metals in L. stylirostris from other re-
gions of the world were devoted to the measurement of metal con-
centrations in the main edible part (i.e. the abdominal muscle) (e.g.
Paez-Osuna and Ruiz-Fernandez, 1995a; Frias-Espericueta et al.,
2007). Hence, nothing is known regarding the behaviour of this
shrimp towards metals occurring in different compartments of
its environment (dissolved vs particulate metals). This information
is however of great interest in the context of a cultivated organ-
isms, as it could allow controlling -at least partly- the metal intake
in the shrimp by regulating environmental parameters (water vs
added food quality).

Our work was carried out using both laboratory and field ap-
proaches. Laboratory experiments were designed to better under-
stand the metal bioaccumulation capacity of the shrimp exposed
via either the dissolved phase or its food. The field study was then
carried out in order to establish a baseline for metal and metalloid
levels in L. stylirostris organs and to assess the risk related to its
consumption for humans.

Laboratory experiments have shown that L. stylirostris readily
takes up Ag, Cd, Co, Cr and Zn when dissolved in seawater. This
was especially true for Ag and Cd which displayed linear uptake
kinetics over the 24-d observation period, indicating that these
two metals were still far from reaching steady-state equilibrium
and can reach, over the longer term, concentration factors (CF)
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Fig. 2. Litopenaeus stylirostris. Depuration Kkinetics (Remaining activity (%);
mean * SD; n=20) of 5 radiotracers (1'°™Ag, '°°Cd, >’Co, >'Cr and %°Zn) after a
single feeding on radiolabelled mussel flesh.

much higher than those observed here (80 and 20 for Ag and Cd,
respectively). The experiments also revealed that Ag, Cr and Zn

Table 2

Litopenaeus stylirostris. Radiotracer distribution (%; mean+SD, n=3) among the
tissues and organs of the Pacific blue shrimp after 4 and 43 d of depuration following
seawater exposure and after 39 d following radiolabelled food ingestion.

llomAg 109cd 57C0 51Cl. 657n

Seawater experiment 4 d of depuration

Cephalothorax 20+3 52+9 38+14 47 +16 51+9
Exoskeleton <1 51 8+6 9+3 9+5
Intestine <1 1+0.1 1+0.3 3+0.1 1+0.2
Hepatopancreas 79+3 39+10 50+20 3016 9+5
Muscle 1+£0.1 4+1 4+1 112 31+4
43 d of depuration
Cephalothorax 14+5 73+3 38+7 <d.l 41+1
Exoskeleton 2+1 8+1 262 <d.L 8+1
Intestine 3+1 1+1 7+1 <d.L <1
Hepatopancreas 78 +7 113 10+1 <d.l 5+1
Muscle 2+1 7+2 19+4 <d.L 45+2
Feeding experiment 39 d of depuration
Cephalothorax 21+£11 66 +18 33+3 <d.l 42+4
Exoskeleton 6+3 2+0.2 18+1 <d.L 9+1
Intestine 7+4 1+0.1 15+3 <d.L <1
Hepatopancreas 58 +21 3018 141 <d.L 61
Muscle 7+3 2+1 20+2 <d.L 44 +2

were retained in shrimp tissues with biological half-lives
(Tpy,) <35d, whereas Cd and Co were retained much more
strongly (Tp,: 796 and 152 d, respectively).

Following a single-feeding exposure, Ag, Cd, and Co were effi-
ciently assimilated from food (AE > 77%) compared to Cr and Zn
(AE < 54%). However, the Ty, of these elements did not exceed
32 d. To the best of our knowledge, trophic transfer of metals is
not documented for L. stylirostris. However data on Cd and Zn have
been published for other shrimp, such as Penaeus indicus (Nunez-
Nogueira et al., 2006) and Palaemon spp. (Wallace et al., 1998; Rain-
bow et al., 2006a,b). AEs estimated in L. stylirostris for Cd and Zn
indicate that their values fall within those observed in the afore-
mentioned shrimp species (i.e. 20-83%). In addition, as it has been
reported for P. indicus and Palaemon spp, our observations indicate
that Zn is more efficiently assimilated by L. stylirostris than Cd.

Regarding the other metals, Ag is the only element whose tro-
phic transfer has been previously investigated in another shrimp
species (Rainbow et al., 2006a,b). The latter studies reported AE
for Ag in Palaemon spp. ranging between 33% and 50%. Conversely,
here we found an estimated Ag value of 100% for Ag. This could
mean that L. stylirostris would be able to assimilate the totality of
Ag ingested with food (i.e., AE = Ag, = 100%). Such extreme assimila-
tion efficiency has already been documented in some organisms
(e.g., Rainbow, 2002; Luoma and Rainbow, 2005), such as in the
sea star Asterias rubens (Temara et al. 1996; Warnau et al., 1999;
Danis et al., 2004). In the sea star, the almost 100% AE for Co is re-
lated to the particular feeding mode of the organism (Warnau
et al., 1999): A. rubens has an extra-oral digestion and ingests/swal-
lows its prey as a pre-digested material, which makes internal
assimilation extremely efficient (e.g., Jangoux, 1982). In the case
of L. stylirostris, however, such particular feeding mode is lacking
(Dall and Moriarty, 1983). In addition, observed Ty was quite
short (11 d) and the remaining activities measured in the body
compartments 39 d after the feeding were very low (see Table 3).
This suggests that the ingested Ag would remain in the digestive
tract from where it could then be progressively eliminated along
with the faeces rather than being entirely assimilated. Hence, the
single exponential compartment that describes the depuration of
dietary Ag in the Pacific blue shrimp would represent a short-lived
compartment rather than a long-lived one. These observations
regarding dietary Ag also suggest that the food pathway would
be a minor route of contribution to the global Ag bioaccumulation
in L. stylirostris. This could also explain why Ag concentrations
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Table 3

Litopenaeus stylirostris. Activity concentration (Bq g~ ' wet wt.; mean + SD, n = 3) of radiotracers in the body compartments of the Pacific blue shrimp during the depuration period

following seawater and food exposures.
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Weight (g) 110mpg 2@ 57Co IGr i
Seawater experiment 4 d of depuration
Cephalothorax 2.61+0.48 6.31+1.27 56.8+7.2 2.22+0.16 3.76 £1.34 20229
Exoskeleton 0.71 £0.21 <0.01 18229 1.57 £1.01 2.71£0.89 13.5+89
Intestine 0.04 £ 0.02 1.83 £0.86 88.8 +52.7 277 £1.41 20.2+10.3 24.9+20.1
Hepatopancreas 0.25 £ 0.05 276 +99 468 + 177 35.5+£245 236+11.3 39.5+23.6
Muscle 2.79£0.92 <0.01 4.14+1.73 0.21 £0.02 0.82 £0.02 11928
43 d of depuration
Cephalothorax 2.75+0.17 0.31 +0.04 31.3+3.72 0.27 £ 0.03 <d.L 6.52+0.74
Exoskeleton 1.17 £0.58 <0.01 9.11 £ 1.41 0.54 +0.31 <d.l 3.39+0.68
Intestine 0.02 +0.01 12.7 £5.55 86.3+41.1 8.79 +3.40 <d.L 9.05+7.83
Hepatopancreas 0.33£0.08 17.0 £9.85 382+9.2 0.62 +0.25 <d.L 6.82 +0.96
Muscle 3.47 £0.25 <0.01 2.18+0.43 0.11 £ 0.05 <d.l 5.75+0.71
Feeding experiment 39d of depuration
Cephalothorax 3.74+£0.31 0.06 +0.02 18.4+9.2 0.09 +0.02 <d.L 11414
Exoskeleton 1.32£0.11 <0.01 1.44 £0.77 0.14 £ 0.04 <d.L 6.73 £0.59
Intestine 0.02 +0.01 428 +2.88 52.9+32.6 8.02 +3.86 <d.L 8.40+2.21
Hepatopancreas 0.39+0.12 1.97 £0.95 74.0 £ 55.7 0.38 £ 0.05 <d.L 14.7£1.1
Muscle 4.51 +£0.62 <0.01 0.41 +£0.29 0.05 +0.01 <d.L 9.91+£0.83
Table 4

Litopenaeus stylirostris. Element concentrations (ug g~! dry wt.; mean # SD, n = 12) in tissues and organs of the Pacific blue shrimp collected in the aquaculture farm of Saint-

Vincent, SW New Caledonia.

Ag As Cd Co Cr Cu Mn Ni Zn
Cephalothorax <0.01 8.6+2.1 0.24+0.11 0.27 +£0.02 09+0.6 129+16 21+5 1.5+0.5 74+6
Exoskeleton <0.01 7.3+0.9 0.02 £ 0.01 0.20 £ 0.06 3.7+33 158+ 19 18+8 4.6+3.7 81+14
Hepatopancreas 1.8+1.3 22+12 6.5+3.8 3.1+1.7 25+2.8 1097 £ 726 64 t 41 1622 269+ 158
Intestine 0.04 + 0.04 18+ 18 05+04 1.2+1.6 12+17 118+118 50+ 36 21+14 158 £92
Muscle <0.01 64+1.1 <0.01 0.03 +0.02 1.8+2.0 40+10 1.8+1.9 1.7+14 70+5
Table 5

Litopenaeus stylirostris. Element distribution (%; mean + SD, n = 12) among the tissues and organs of the Pacific blue shrimp collected in the aquaculture farm of Saint-Vincent, SW

New Caledonia.

Ag As cd Co Cr Cu Mn Ni Zn
Cephalothorax 0 28+4 57+18 40+6 108 31+5 44 £5 125 22+4
Exoskeleton 0 28+3 4+3 387 5311 43+8 448 49+13 326
Hepatopancreas 98+3 2+1 37+25 119 1£0.1 7+6 32 4+4 2+2
Intestine 2+3 0 11 24 2+3 0 1£2 2%2 12
Muscle 0 44+9 1+1 9+6 34+12 1910 8+6 33+£11 4310

measured in the shrimp muscles from the field were so low (see
Table 4).

In invertebrates, and in crustaceans in particular, the digestive
gland or hepatopancreas is well known to play an important role
in metal accumulation and detoxification (e.g., Gibson and Barker,
1979; Dall and Moriarty, 1983; Rainbow, 1998; Bianchini et al.,
2007). Concentrations of Cd, Cu, Mn and Zn that we measured in
the hepatopancreas of L. stylirostris from New Caledonia were
approximately twice those reported for the same species from
the Gulf of California (Ruelas-Inzunza and Paez-Osuna, 2004).
Regarding Ag, As, Cd, and Co, we measured similar concentrations
as those reported in the hepatopancreas of the black tiger shrimp
Penaeus monodon from contaminated areas from South Vietnam
(Tu et al., 2008). To the best of our knowledge, the concentrations
in Cd, Cr, Mn, and Ni that were found in the hepatopancreas of the
New Caledonian L. stylirostris are among the highest reported for
shrimp and even crustaceans (e.g., Eisler, 1981; Méndez et al.,
2001; Tu et al., 2008).

In contrast to hepatopancreas, the intestine is not generally
considered as a major bioaccumulator tissue for metals, although
some authors have reported that the hindgut may play a significant
role in the elimination or sequestration of several xenobiotics,

including metals such as Ag, Al, Cd, Fe and Zn (e.g., Buchanan
et al., 1980; Berthet et al., 1992; Bendell-Young, 1994; Warnau
and Jangoux, 1999). In agreement, our results have shown that
when L. stylirostris is exposed to metals and then placed in clean
conditions, the concentrations of three elements significantly in-
creased (Ag and Co) or remained unchanged (Cd) in the shrimp
intestine over the time. Overall, our dataset supports the assump-
tion of a physiological strategy that tends to result in higher metal
concentrations in the digestive organs (i.e. intestine and hepato-
pancreas) possibly through detoxification and/or storage
mechanisms.

Following seawater or food exposures, Cd, Co and Cr were
mainly associated with the cephalothorax and Zn was mainly asso-
ciated with both the cephalothorax and abdominal muscle. Metal
and metalloid analyses carried out on the farmed Pacific blue
shrimp confirmed that the cephalothorax contained a significant
fraction of As, Cd, Co, Cu, Mn (28-57%; see Table 5). This body com-
partment is composed of many sub-compartments that include,
among other, gills and antennal glands, which are well known to
play a significant role in metal bioaccumulation and depuration
in decapods (e.g. Arruda-Freire and Campbell-McNamara, 1995;
Paez-Osuna and Tron-Mayen, 1996; Rainbow, 1998). Obviously,
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Table 6
Comparison of metal levels (jig g~ ! dry wt.; mean + SD) in the abdominal muscle of Litopenaeus stylirostris and Penaeus vannamei.
Ag As Ccd Co Cr Cu Fe Mn Ni Zn Reference
L. stylirostris
Juveniles - - 0.44 £0.12 1.08 £0.81 0.7+04 219 13332 42+23 1.7+£1.2 8421 Paez-Osuna and
Ruiz-Fernandez (1995a)
Adults - - 0.61+040 042+023 0302 37+18 41%22 14+08 0.7+02 75+26 Paez-Osuna and
Ruiz-Fernandez (1995a)
Adults - - 0.66 - - 254 - - - 58 Frias-Espericueta et al. (2007)
Sub-adults  <0.01 64+1.0 <0.01 0.03+0.02 1.8+20 4010 - 2+2 1.7+14 70%5 Present study
P. vannamei
Juveniles - - 0.53+035 087+x048 16+1.6 23%6 201+120 75+%33 13%05 59+20 Paez-Osuna and
Ruiz-Fernandez (1995b)
Adults - - 0.77£0.01 1.18+051 0.8%0.1 28+2 54+9 45+38 08+01 70%£5 Paez-Osuna and

Ruiz-Fernandez (1995b)

cephalothorax is also composed to a large extent of exoskeleton. In
this respect, our radiotracer experiments have shown that a signif-
icant fraction of Co, Cr and Zn can be found associated with the
exoskeleton (see Table 2) and then be eliminated from the organ-
ism during moulting (ecdysis). Such a process has already been ob-
served in other crustaceans and is reported as a detoxification/
metal excretion mechanism (e.g., Keteles and Fleeger, 2001; Rodri-
guez y Baena et al., 2006a, 2008). A significant metal fraction asso-
ciated with the exoskeleton was also observed for Co, Cu, Cr, Mn,
Ni, and Zn (32-53%; see Table 5) in the Pacific blue shrimp from
the farm of Saint-Vincent. The related distributions are in good
agreement with the results reported by Keteles and Fleeger
(2001). This observation was somewhat expected as these cations
are known to be able to either substitute Ca in the cuticular CaCOs3
(i.e., Mn; Tu et al., 2008) or adsorb and bind strongly to the cuticle
constituents (e.g., Rodriguez y Baena et al., 2006a, 2008). However,
it was quite surprising to note that both experimental and field
observations indicated that Ag and, secondarily, Cd were quite
poorly associated with the shrimp cuticle. Indeed, Ag is well known
to be a particle-reactive element (Safiudo-Wilhelmy and Flegal,
1992; Metian and Warnau, 2008) and would thus be expected to
bind in significant proportion onto the cuticle.

Our field and laboratory observations indicated that a signifi-
cant proportion (20-45%) of As, Co, Cr, Cu, Ni, and Zn was associ-
ated with the abdominal muscle of L. stylirostris. In terms of
element concentrations measured in shrimp from the field, the
New-Caledonia Pacific blue shrimp displayed metal and metalloid
levels falling generally within the range of concentrations reported
for the same, or closely related species, from other Pacific areas
(Table 6). This was also true for elements which occur in high lev-
els in New Caledonian laterites (Co, Cr, Ni and Mn). This suggests
that (1) these elements are not particularly bioavailable to the
shrimp when the organisms are in their aquaculture habitat (Me-
tian et al., 2008a) and/or (2) the New Caledonian blue shrimp could
have developed physiological strategies to regulate its body con-
centrations of these metals (White and Rainbow, 1984).

The element concentrations measured in the abdominal muscle
of L. stylirostris were used to carry out a preliminary risk assess-
ment for the human consumer in a similar way as those done by
Frias-Espericueta et al. (2007) for the Pacific blue shrimp from
the Gulf of California and by Metian et al. (2008a) for the scallop
Comptopallium radula from New Caledonia. To do so, metal and
metalloid concentrations measured in the shrimp abdominal mus-
cle (alone or combined with other organs or tissues that can be ea-
ten along) were confronted to maximum thresholds recommended
by international organisations (FAO, WHO). Computations indi-
cated that for any element considered consumption of shrimp
did not present any significant risk. Indeed, in the “worse” situa-
tion (related to arsenic), the number of shrimp to be eaten in a sin-

gle week by a 50-kg adult was >180 to reach the WHO maximum
recommended weekly intake.

5. Conclusion

The present laboratory and field study showed that the 9 met-
alloid and metals considered are mainly bioaccumulated, detoxi-
fied and/or stored in the digestive system (hepatopancreas and
intestine) of L. stylirostris and are not highly bioaccumulated in
its abdominal muscle (i.e. the main edible part). Laboratory exper-
iments have also shown that metals bioaccumulated by the shrimp
(either via water or via the food) were relatively poorly retained in
its tissues and that moulting can contribute substantially to metal
depuration (mainly for Co, Cr, and, to a lesser extent, Zn). With re-
gards to the relatively low element concentrations measured in the
abdominal muscle, no significant seafood safety problem could be
identified for the elements examined. This is a particularly impor-
tant observation in the context of the metalliferous environment of
New Caledonia (Ambatsian et al., 1997; Mugnier et al., 2001), as it
suggests that metals typically found in New Caledonia soils are
poorly bioavailable to the farmed Pacific blue shrimp.
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