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The uptake and accumulation of microcystin-LR (MC-LR) in the shrimp Palaemonetes argentinus was
investigated using both laboratory and field assays. Shrimps were exposed in aquarium during 1, 2, 3 and
7 days to 1,10 and 50 pg L~ MCLR. Accumulation (0.7 + 0.2 wg MC-LR g~ 1) was observed after three days
exposures to 50 g L~ toxin. Then, shrimps were relocated in fresh water (free of MCLR) to verify the
detoxification dynamic, showing a drop to 0.18 +0.01 g MCLR g~! after three days. The activity of

Iéf?y words: i glutathione-S-transferase, measured in the microsomal fraction (mGST), was significantly increased during
Clzancgtl:g;:non the exposure period, with further increment during the detoxification period. Furthermore, cytosolic GST
E?:zymati ¢ activity (sGST) and glutathione reductase (GR) increased their activities during detoxification, while inhibition was
Invertebrates observed for catalase. (CAT) with no signiﬁcant changes for gl.utatl?ione perox?dasg (GPx). Current results
LC-MS/MS suggest that GSH conjugation could be an important MC detoxification mechanism in P. argentinus and that

MCLR induce oxidative stress in this shrimp.

Field exposures were carried out in San Roque Reservoir (Cordoba, Argentina) after a cyanobacteria
bloom. Nodularin (Nod) presence was measured for the first time in this waterbody (0.24 + 0.04 pg L"),
being the first report of Nod in South America freshwaters. Nod was also detected in Palaemonetes argentinus
(0.16 + 0.03 g g 1) after three weeks of exposure in this reservoir, with the concomitant activation of
mGST, sGST and CAT.

Although internal doses of Nod were low throughout the exposure, they were enough to cause
biochemical disturbances in Palaemonetes argentinus.

Further laboratory studies on Nod accumulation and antioxidant responses in Palaemonetes
argentinus are necessary to fully understand these field results. P. argentinus should be considered a
potential vector for transferring cyanotoxins to higher trophic levels in aquatic environments.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Serious eutrophication accompanied with the presence of
massive cyanobacterial blooms and cyanotoxins have been
documented in many inland waters worldwide (Gurbuz et al.,
2009). Among cyanotoxins, microcystins (MCs) and nodularins
(Nod) are considered the most dangerous groups, mainly because
both are potent hepatotoxins (for a review see: Zurawell et al.,
2005; Wiegand and Pflugmacher, 2005) and tumor promoters
(Nishiwaki-Matsushina et al., 1991, 1992). MCs are constituted by
seven amino acid (one characteristic, 3-amino-9-methoxy-2,6,8-
trimethyl-10-phenyl-4,6-decadienoic acid-ADDA, and 2 variable),
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while Nod is formed by five amino acid (preserving the
characteristic amino acid ADDA; Sivonen et al., 1989).

In natural environments, MCs were found in a wide range of
aquatic biota such as fish (Mohamed et al., 2003; Cazenave et al.,
2005; Deblois et al., 2008; Chen et al., 2009; Amé et al., 2010),
shrimps (Pflugmacher et al., 2005; Chen and Xie, 2005), gastropods
(Chenetal., 2005; Zhang et al., 2012), bivalves (Gerard et al., 2009),
and aquatic plants (Mitrovic et al., 2005). Cyanotoxins were
present in diverse organs but also in the muscle and other edible
parts of studied animals. On the other hand, the accumulation of
Nod has been observed in flounders, mussels, clams (Sipid et al.,
2002) and eiders (Sipid et al., 2008).

To our knowledge, there are not reports on the presence of
cyanotoxins in Palaemonetes argentinus, which is omnivorous,
feeding throughout the water column, preying small components
of the plankton and benthos. P. argentinus is one of the most widely
distributed decapods in the littoral region of Argentina, Paraguay,
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Uruguay and southern Brazil, inhabiting freshwater ponds and
lakes (Morrone and Lopreto, 1995). Despite its important role in
the food chain, little is known about the dynamics of accumula-
tion—detoxification of cyanotoxins in this shrimp.

In according to Ito et al. (2002), the toxicity of MC depends on
the balance between accumulation and metabolism. MC conjuga-
tion with glutathione (GSH) is catalyzed by glutathione-S-
transferases (GST) in different aquatic organisms such as plant,
mollusk, crustacean and fish. This conjugation is generally
considered the primarily route for MC detoxification in aquatic
organisms, by forming more polar compounds, facilitating the
excretion (Pflugmacher et al., 1998; Beattie et al., 2003). However,
upon uptake, absorption and distribution, it can inhibit in the liver
the key regulatory enzymes: serine-threonine protein phospha-
tases (PPs) 1 and 2A (Yoshizawa et al., 1990; Honkanen et al., 1994;
Annila et al., 1996). Furthermore, some evidences suggest a close
connection between cellular hyperphosphorylation state and
oxidative stress generation induced by the exposure to MCs
(Amado and Monserrat, 2010). When oxidative stress takes place
in the cell, the antioxidant system is activated. This system
comprises enzymatic antioxidant defense such as superoxide
dismutase (SOD), catalase (CAT), glutathione reductase (GR) and
glutathione peroxidase (GPx) (Amado and Monserrat, 2010).

The main goal of this work was to examine the uptake,
detoxification and accumulation of MCLR in shrimps, experimen-
tally exposed to MCLR dissolved in water. Additionally, we aimed
to verify laboratory results obtained by evaluating the accumula-
tion of cyanotoxins in shrimps exposed in their natural habitat
after a cyanobacteria bloom. The antioxidant enzymatic activities
(CAT, GR, GPx and GST) were also measured to evidence the
oxidative stress induced by cyanotoxin exposure.

2. Materials and methods
2.1. Standard cyanotoxins

MCs and Nod used in different assays and measurements were
provided by Sigma-Aldrich (Sigma-Aldrich Argentina S.A.).

2.2. Animals

Freshwater shrimps (31.6 +£6.2 mm, 0.15 +£0.03 g), used for
laboratory exposures, were obtained from free MCs natural water
(San Antonio River, Cérdoba, Argentina) and then acclimated to
controlled aquarium conditions during 20 days (water reconstituted
from deionized water with 100 mgL™! sea salt, 200 mg L' CaCl,,
103 mg L~! NaHCOs, light/dark cycle of 12 h:12h, temperature
21 + 1 °C). Shrimps were fed once a day with commercial fish pellet.
Absence of MCs in both natural and reconstituted water was verified
by HPLC-MS (see Sections 2.6 and 2.7).

2.3. Laboratory exposure

After acclimation, 144 shrimps were exposed to 1, 10 and
50 wg L' dissolved MCLR in order to measure the toxin
accumulation. Forty-eight organisms were initially used at each
concentration. After 1, 2, 3 and 7 days, 4 shrimps were collected
and preserved as a pool (0.6 + 0.1 g) at —20°C until extraction.
Experiments were performed in triplicate. The residual water was
immediately processed to verify remaining MCLR. For this assay two
controls were also performed. The first one verified the persistence of
MCLR in the aquarium water (Control 1, without animals, where MC
concentration was measured after 1 and 7 days). The second was a
negative control, measuring MCLR in animal tissues after 7 days
exposure to water without MCLR (Control 2).

A second experiment was carried out to observe the dynamic of
accumulation/detoxification of MCLR and the antioxidant response
in exposed organisms. Thus, 36 shrimps were exposed to 50 g L™}
MCLR. After 3 days, 12 animals were collected and preserved as
pools (4 individuals each) at —20 °C until analysis of MCLR. Other
18 shrimps were re-localized in free MCLR water during 3
additional days. Afterwards, this last group was collected and
preserved as pools (4 individuals each) at —20 °C until analysis.
Twelve additional shrimps were collected, six after 3 days
exposure and six after 3 days detoxification. These last pools
were preserved at —80°C until the assessment of enzymatic
activities. The concentration of MC and the enzymatic activity in
shrimps exposed to free MC aquarium water was also evaluated.

2.4. Field exposure set up

2.4.1. Sampling site

San Roque Reservoir is an artificial lake, formed by a dam, which
is in middle Argentina (31°21’S: 64°30’ W), being classified as
eutrophic to hypereutrophic with elevated concentrations of
nutrients (Amé et al., 2003; Ruibal Conti et al, 2005). This
waterbody has a surface area of 16 km? and a maximal depth of
35m. Heavy surface blooms of cyanobacteria have occurred
regularly during warm seasons in recent decades (Amé et al.,
2003). Near the dam wall, there is a small bay where the wind
frequently promotes the accumulation of cyanobacteria. This site is
located on a government land without public access, which
facilitated its selection as the site of exposure.

2.4.2. Assay set up

The field experiment was conducted in March, 2011, with an
average temperature of 18.6 °C. During this month, the senescence
of cyanobacterial blooms, with subsequent release of endotoxins
into the surrounding water, is typically observed (Amé et al., 2003;
Ruibal Conti et al., 2005). A total of 80 shrimps were collected
upstream in the lake basin, at a quasi pristine location in the San
Antonio River. After collection, shrimps were acclimated in the
laboratory, using free-MC water, and then transported to San Roque
Reservoir. The absence of cyanotoxins in a random selected pool of
shrimps (10 shrimp) was confirmed previous to field exposition.

Palaemonetes argentinus were exposed at the selected site in
two cages, with 40 individuals each, at a depth of 30-50 cm below
the water surface. Cages consisted of polyvinylchloride boxes
(48 cm x 20 cm x 20 cm) with 60 drilled holes of 0.4 cm diameter
at each side to guarantee regular water flow. Water samples (1.5 L)
and 16 exposed shrimps, taken randomly from both cages
(0.10 + 0.02 g), were collected at the beginning of exposure, and
once a week during one month. Collected organisms were pooled (3
groups; 4 individuals each), shock-frozen using liquid nitrogen,
transported to the laboratory and stored at —20 °C until MCs analysis.
For enzyme analysis, 4 shrimps were individually stored at —80 °C
until extraction. Water quality parameters were also determined at
the beginning of exposure, and once a week during one month.
Parameters measured include: cyanotoxins (g L™!), pH, tempera-
ture (°C), conductivity (wScm™!), dissolved oxygen (mgL™!),
chlorophyll (mg m~3), ammonia (mg L™'), nitrates (mg L~1), nitrites
(mg L") and phosphorus (mgL™!). Conductivity, pH, temperature
and dissolved oxygen were field measured during sampling. All the
parameters were measured in according to standard procedures,
considering our previous experience (APHA, 2005; Pesce and
Wunderlin, 2000; Amé et al., 2003).

2.5. Extraction of cyanotoxins from shrimps

Cyanotoxin extraction were carried out with two different
extraction solvents in order to evaluate the best recovery of MC
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from shrimps: MeOH 70%-TFA 0.01% (Lawton et al., 1994) and
BuOH:MeOH:H,0 (1:4:15) (Barco et al., 2005). Recovery percen-
tages were evaluated from spiked samples (0.3 +0.1 g WW for 4
pooled shrimp), added with pure MCLR (50 ng per sample).

Whole shrimps were homogenized with 25 mL of the extraction
solvent and sonicated for 5 min in an ultrasonic bath. The extract
was evaporated to dryness. Then, the residue was dissolved with
5% acetic acid and applied to a C-18 solid phase extraction cartridge
(LiChrolut RP-18, 500 mg, Merck), previously washed with
methanol and further conditioned with 5% acetic acid. Toxins
were eluted using methanol (3 mL, HPLC grade). The eluate was
evaporated to dryness at 40 °C under reduced pressure, suspended
in 500 wL methanol (HPLC grade), and analyzed by HPLC-MS/MS
(Amé et al., 2010). The evaluation of the recovery percentage was
performed in triplicate. The matrix effect was assessed by adding
MCLR standards to different shrimp pools before and after the
extraction procedure (either to shrimp homogenate or to the
MeOH elute after the procedure). Matrix effect was assessed
comparing the peak areas corresponding to MCLR from both
samples during analysis.

2.6. Extraction of cyanotoxins from water

For the evaluation of cyanotoxins in the residual water used
during laboratory assays, and in natural water from field exposure,
50 and 1000 mL of sample were processed, respectively. To
measure the total cyanotoxin content in natural water samples
(particulated plus dissolved toxins), three freeze-thaw cycles
followed by sonication for 5 min were made to 1L raw. This
procedure was repeated three times to ensure the break of
cyanobacteria, releasing MCs to the water. Then, the suspended
material was eliminated by filtration through a 0.45 wm filter. The
filtrated sample was brought to 5% acetic acid and applied toa C-18
solid phase extraction cartridge. Further work up was similar to
that used for the extraction of MC from shrimp (Section 2.5).

2.7. Quantification of cyanotoxins by HPLC-MS/MS

The quantification of cyanotoxins was made following the
method described by Amé et al. (2010). Briefly, toxins were
quantified by HPLC coupled a Varian 1200 triple quadrupole mass
spectrometer, equipped with an ESI source operated in positive
mode, using a column Varian Polaris 5pum C18-A
(50 mm x 2.0 mm). Solvent delivery was performed at
0.25 mL min~' by two pumps Varian Prostar 210 Dynamax using
water supplemented with 0.1% formic acid (A) and acetonitrile with
0.1% formic acid (B) (total run time 25 min). Samples and standard
solutions were introduced in HPLC using a Varian ProStar 410
autosampler equipped witha 20 p.Lloop, injecting 10 L on column.
The limit of detection (LOD)=1.5 wg L~ (15 pg on column) was
established considering a signal to noise ratio of 10 (S/N > 10); while
the limit of quantification (LOQ) = 4.5 g L' (45 pg on column) was
decided on the basis of linear regression results (S/N > 80), which
are in good agreement with values reported in the literature (Barco
etal.,, 2002), although slightly higher than reports using LC-ESI-MS/
MS (MRM) (Mekebri et al., 2009). Linear standard plots were
obtained between LOQand 1000 g L~ (R? > 0.9949). Both samples
and standard solutions were analyzed by triplicate. The LOD and
LOQ corresponding to different analytical matrixes (water or
shrimp), depend on the volume of water and the weight of shrimp
used during the extraction procedure.

2.8. Enzyme analysis

Enzyme extracts were prepared from individual organisms (not
pooled) in according to Monferran et al. (2011). Thus, cytosolic and

microsomal protein fractions were obtained from each analyzed
shrimp.

Enzymatic activities were determined by spectrophotometry,
using a UV/vis equipment (Lambda 25; Perkin-Elmer). The activity
of soluble and membrane bound glutathione-S-transferase (sGST
and mGST; EC 2.5.1.18) was determined using CDNB as substrate
(Habig et al., 1974). Glutathione reductase activity (GR; EC 1.8.1.7)
was assayed according to Tanaka et al. (1994). The activity of
glutathione peroxidase (GPx; EC 1.11.1.9) was determined as
reported by Drotar et al. (1985) using H,0; as substrate. Catalase
activity (CAT; EC 1.11.1.6) was also measured as previously
reported, using H,0, as substrate (Chang and Kao, 1998). The
enzymatic activity was calculated in terms of the protein content
of the sample, measured at 595 nm by the Bradford method
(Bradford, 1976), and it is reported in nanokatals per milligram of
protein (nkat mg prot™!), where 1 kat is the conversion of 1 mol of
substrate per second. Each enzymatic measurement was carried
out in triplicate.

2.9. Statistical analysis

All data are reported as mean + standard deviation. Normal
distribution for data was analyzed by Shapiro-Willks test, while
Levene test was used to check the homogeneity of variance. One-way
ANOVA followed by Duncan’s test were carried out for comparing
different treatments when normal variables were analyzed. When
data were not normally distributed, they were subjected to non-
parametric statistical analysis on ranks (Kruskal-Wallis) followed by
Dunn'’s post-test. Pearson correlation test was used to establish the
association between different variables. Significance was accepted for
p < 0.05. The InfoStat/P software (2001) was employed in all cases.

3. Results

3.1. Test of solvent efficiency for microcystin extraction from P.
argentinus

Our current results reveal that the best solvent to extract MCLR
from Palaemonetes argentinus was methanol 70%:TFA 0.1%
(recovery = 112 + 7% of MCLR spiked). On the other hand, extraction
using BuOH:MeOH:H,0 (1:4:15) resulted in recoveries below 10-
20%.

The extraction solvents used for the extraction of MCs from
animal tissues vary greatly in the literature (Barco et al., 2005;
Smith and Boyer, 2009). The solvent selected for Palaemonetes
argentinus was successfully used also in the mussel (Mytilus edulis;
Kankaanpda et al.,, 2007), in fish (Corydoras paleatus, Jenynsia
multidentata, Odontesthes bonariensis and Cyprinus carpio; Caze-
nave et al., 2005; El Ghazali et al.,, 2010), in Lesser Flamingo
(Phoenicopterus minor; Krienitz et al.,, 2003) and in blue crabs
(Callinectes sapidus; Garcia et al., 2010) with similar percentages of
recovery.

3.2. Laboratory assay

3.2.1. Accumulation

The concentration of MCLR diminished in control and residual
water at every concentration tested. The toxin decay was similar in
both control and exposure medium, recovering between 60 and
79% of the added MC (Table 1).

The uptake and accumulation of MCLR in shrimp under
laboratory conditions was only detectable when animals were
exposed during 3 days at 50 pgL™! (0.73 £0.02 pg MCLR g !
shrimp). It was not possible measuring the accumulation of MCLR at
50 wg L~ after 7 days exposure due to the death of all exposed
shrimps. No LDso information has been previously established for this
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Table 1
Percentage of recovered MCLR in water and MCLR in P. argentinus during 7 days
exposure to dissolved MCLR (LOD in P. argentinus=0.0025 pgg ).

Concentration Day % MCLR recovery MCLR pgg™! P.
water argentinus
Control 1 Residual Control 2 Exposed
1pgl™! 1 102+5 101+6 ND <LOD
2 ND ND ND <LOD
3 ND ND ND <LOD
7 73+7 76+6 <LOD <LOD
10pgL™! 1 98+3 102+5 ND <LOD
2 ND ND ND <LOD
3 ND ND ND <LOD
7 60+2 706 <LOD <LOD
50 pJgL’1 1 105+ 14 98+4 ND <LOD
2 ND ND ND <LOD
3 ND ND ND 0.7+0.2
7 75+5 79+7 <LOD ND

<LOD, below detection limit; ND, no data.

species. Previous laboratory studies, conducted with other aquatic
crustacean, suggest that these species are tolerant at ecologically
relevant concentrations of MCs, at least for short periods of time (Liras
et al., 1998; Smith et al., 2008). However, exposure conditions used
during the present work produced deleterious effect on Palaemonetes
argentinus. Thus, a shorter exposure time was selected for the
accumulation-detoxification assay.

Similar accumulation values (0.7 + 0.1 pg MCLR g~! Palaemo-
netes argentinus) were obtained when the dynamic accumulation-
detoxification test was run at 50 gL' for 3 days. After the
detoxification period (3 days in MCLR-free water) the amount of
MCLR in shrimps decreased by about 74% (0.18 + 0.01 g MCLR g~ !
P. argentinus; Table 2).

3.2.2. Enzymatic activities

Antioxidant and detoxification enzymes (GST, GR, GPX and CAT)
were evaluated in Palaemonetes argentinus during laboratory
assays (Fig. 1). So, when shrimps were exposed to 50 pgL™!
MCLR, the activity of GST (cytosolic and microsomal) was
increased after 3 days-exposure, being this rise only significant
for the microsomal fraction. After the detoxification period, GST
showed a significant increased activity in both fractions (Fig. 1). A
similar response was observed for GR, with a threefold increment
(with reference to the control) after 3-days detoxification. On the
other hand, the GPx did not show significant changes throughout
the studied period (exposure + detoxification), while CAT activity
only showed a significant decay after 3 days exposure (Fig. 1).

3.3. Field assay

3.3.1. Cyanotoxins soluble
Water quality parameters in addition to concentrations of MC-
LR, -RR, -LA, -YR and Nod were measured in both water and

Table 2
MCLR in water and MCLR in P. argentinus after accumulation-detoxification assay
(LOD in water=0.03 wgL~"; LOD in P. argentinus=0.0025 pgg").

Day MCLR water (ugL™") MCLR pgg™!
P. argentinus
Control 1 Residual Control 2 Exposed
0 ND 50.0+0.2 ND ND
3 (accumulation) <LOD 38+1 <LOD 0.7+0.1
6 (detoxification) <LOD <LOD <LOD 0.18£0.01

<LOD, below detection limit; ND, no data.
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Fig. 1. Enzymatic activities of detoxification and antioxidants systems in P.
argentinus during laboratory accumulation/detoxification assay. (A) Cytosolic
fraction of glutathione-S-transferase (sGST); (B) microsomal fraction of
glutathione-S-transferase (mGST); (C) glutathione reductase (GR); (D)
glutathione peroxidase (GPx) and (E) catalase (CAT). *Statistical significance was
inferred at p < 0.05 in reference to the control.
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Table 3

Water quality parameters, MC-LR, -RR, -LA, -YR and nodularin concentrations measured in water and in P. argentinus evaluated during the exposure in San Roque Reservoir.
Time 0 corresponding to the day when the assay begun (LOD in water=0.03 wgL~'; LOD in P. argentinus=0.0025 pugg ).

Samples Parameters Time O Week 1 Week 2 Week 3 Week 4

Water N-NOs (mgL™1) 0.9+0.1 0.82+0.01 0.44+0.01 0.17 £0.04 0.28 +£0.02
N-NO, (mgL~1) 0.0103 £ 0.0004 0.0069 +0.0001 0.00686 + 0.00002 0.0070 -+ 0.0005 0.01247 +0.00009
N-NH; (mgL™") 0.69 +0.04 0.26 +0.02 0.36+0.03 0.51+0.02 0.033+0.03
P-PO4 (mgL™1) 0.02 +0.01 0.78 +0.06 0.9+0.2 2.7+03 09+03
pH 9.54+0.2 8.5+0.1 7.95+0.1 7.82+0.1 8.51+0.2
T (°C) 2542 2241 21+4 24+2 22+1
Dissolved oxygen (mgL~1) 6.54+0.7 6.4+0.1 6.5+0.1 7.5+05 74+04
Conductivity (uScm™1) 223+10 214+18 216 +15 207 +£10 203+12
Nodularin (ugL™") 0.20+0.05 0.152+£0.003 0.145 £ 0.009 0.16 +0.03 0.10+0.02
MCLR (pgL™) <L0Q <LOQ <LOQ <LOD <LOD
MCYR (pgL™) <L0Q <L0Q <LOQ <LOD <LOD
MCRR (pgl™1) <LOD <LOD <LOD <LOD <LOD
MCLA (pgL™") <LOD <LOD <LOD <LOD <LOD

Shrimp Nodularin (pgg) <LOD <LOD <LOD 0.09 +0.02 0.08 +0.02
MCLR (pgg™ ") <LOD <LOD <LOD <LOD <LOD
MCYR (pgg ") <LOD <LOD <LOD <LOD <LOD
MCRR (pgg™1) <LOD <LOD <LOD <LOD <LOD
MCLA (pgg™) <LOD <LOD <LOD <LOD <LOD

Palaemonetes argentinus during field-exposure in the San Roque
Reservoir. Results are reported in Table 3.

Levels of nutrients and other physicochemical variables were
similar to those previously reported for this reservoir (Amé et al.,
2003; Cazenave et al., 2005). Therefore, San Roque Reservoir could
still be classified as eutrophic to hypereutrophic, with an
associated high biomass production. However, the concentrations
of diverse MCs evaluated in the water were below LOD or LOQ
throughout the studied period. The presence of MCRR and MCLA
during the exposition was not detected. MCYR and MCLR were
present when the exposure begun (during week 1 and 2), but
below quantification limits afterward. Nod was the only cyano-
toxin quantified in the water throughout the exposure time
(0.24 + 0.04 pg L"), showing significant differences among the first
and the last week (Fig. 2 and Table 3).

3.3.2. Accumulation

The individuals of Palaemonetes argentinus used for the field
exposure did not show accumulation of cyanotoxins before the
field exposure. It was also not possible to detect MCs in shrimps
after the exposure in San Roque Reservoir. This result is consistent
with the absence or low level of these cyanotoxins in the water
during the study period (Table 3). Conversely, bioaccumulation of
Nod in P. argentinus was observed during the third week
(0.09 + 0.02 g Nod g~ shrimp), with a similar level during the
fourth week (0.08 + 0.02 g Nod g~' shrimp, Fig. 2 and Table 3).

3.3.3. Enzymatic activities

Fig. 3 shows the mean values for the activity of biotransforma-
tion and antioxidant enzymes, measured in Palaemonetes argen-
tinus during the field exposure. GST activity showed a similar level
since the beginning of the experiment (Time 0) throughout three
weeks, with a significant increment during the fourth week in both
cytosolic and microsomal fractions (Fig. 3). Conversely, the activity
of GR was significantly increased in P. argentinus during the first,
second and fourth week, compared with the starting time (Fig. 3). A
similar response was observed for the activity of GPx, which was
significantly increased during the second and fourth weeks (Fig. 3).

Finally, CAT showed significant augmented activities during the
entire exposure period (Fig. 3).

Pearson correlation analysis was used to establish associations
between levels of Nod in either reservoir water or exposed shrimps
with the activity of antioxidant enzymes. However, no significant
correlations were obtained between levels of Nod in reservoir

water and the activity of antioxidant enzymes (data not shown).
Conversely, significant correlations were found between activities
of mGST and CAT and Nod levels in Palaemonetes argentinus
(r=045, p<0.05 and r=0.51, p < 0.05, respectively).

4. Discussion
4.1. Laboratory exposure

Exposure to cyanotoxins represents a health risk to aquatic
organisms, wild life, domestic animals, and humans upon drinking
or ingesting these compounds (Malbrouck and Kestemont, 2006).
Although these toxins are rarely ingested by human in quantity
high enough to reach a lethal acute dose, chronic toxic effects from
exposure through food need to be considered, especially if there is
long-term frequent exposure (Magalhdes et al., 2001). Palaemo-
netes argentinus in all life cycle stages were found in ponds, lakes,
rivers, and brackish-water systems (Spivak, 1997). Moreover,
young and adults shrimps form part of the aquatic trophic web.
They are preyed on by several fish and bird species (Montagna and
Collins, 2007). This means that these shrimps could be considered a
potential vector for transferring cyanotoxins to higher trophic
levels through the food chain. By integrating the hazard
identification, dose-response and exposure assessment informa-
tion, health guideline values for microcystins in chain food can be
derived, but it is important to first establish detoxification
accumulation dynamics in different trophic levels (Mulvenna
et al, 2012).

In the present study, the cyanotoxin MCLR was accumulated by
Palaemonetes argentinus after 3 days of exposure in laboratory
experiments. However, the bioaccumulation was evident only
when the concentration of the dissolved MCLR reached 50 g L.
The levels of MCLR measured in P. argentinus (0.7 pg g~ FW or
2.8 g g~ ! DW) are similar to MCs measured in Procambarus clarkii
during a laboratory exposure (2.9 g g~' DW; Vasconcelos et al.,
2001), but higher if compared with other crustacean species like
the Palaemon modestus (0.114 wgg~' DW) and Macrobrachium
nipponensis (0.051 g g~' DW) collected in an eutrophic lake of
China (Chen and Xie, 2005). Even when the accumulation in other
crustacean has also been reported, they will not be compared here,
since most of them have been measured in different tissues instead
of the whole body as in the present study (for a review see: Smith
et al., 2008; Gutiérrez-Praena et al., 2013). According to Chen and
Xie (2005) crustacean species in different genera of the same
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Fig. 2. HPLC-MS/MS detection of nodularin in water and P. argentinus samples,
extracted ion chromatogram = m/z 825.0. (A) Nodularin standard solution; (B) San
Roque Reservoir water sample; and (C) P. argentinus sample.

family may accumulate quite different levels of MCs and, therefore,
the accumulation pattern must be known for each species to
predict the bioaccumulation of MCs in various shrimps. Moreover,
MCs accumulation in aquatic organisms might also be affected by
various factors, such as the exposure route, exposure duration and
exposure concentration, which also need to be considered. Thus,
laboratory studies, using different approaches, can contribute to
understand the dynamic of cyanotoxins accumulation.
Vasconcelos et al. (2001) showed that after two weeks of
feeding with a toxic strain of Microcystis aeruginosa, Procambarus
clarkii accumulated up to 2.9 pgMCsg~! DW. During the
subsequent two weeks of depuration, a fast decrease in the toxin
level was recorded, in analogy with results reported in mussels
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(Shumway, 1990; Vasconcelos, 1995). Tricarico et al. (2008) also
showed that the concentration of MCs significantly decreased
with the time in the abdominal muscle of P. clarkii, but not in the
intestine, independently of the sex and the feeding regime, after
21 days of depuration. In the present study, MCLR dropped from
0.7 to 0.18 g g~ ' after 3 days (74%). According to Williams et al.
(1997), mussels rapidly eliminated MCs when transferred to
untreated salt water, showing that the total MCs content dropped
from 337 g to 11 wgMCg™' FW along 4 days, and was
undetectable after this time. Lance et al. (2010) found that, at
the end of the 3-week depuration period, the snail Lymnaea
stagnalis tissues still contained up to 21 wgg ! DW of MCs.
Moreover, Kankaanpdd et al. (2005) reported a reduction of 80% of
the original toxin concentration (130 g kg~! DW) measured in
the hepatopancreas of the prawn Penaeus monodon two hours
after injection of MC-LR. Whether the detoxification of MCLR in P.
argentinus is complete or not, would need the study of longer
detoxification periods.

GSTs are the most important enzymes for MCLR detoxification.
The formation of a MC-GSH conjugate via GST, which enhances the
water solubility, was observed in different aquatic organisms
(Pflugmacher et al., 1998). According to Gongalves-Soares et al.
(2012), the GSH conjugation can be an important MC detoxification
mechanism in shrimps, similar to that observed in mammals and
other invertebrates.

Increased activities of the GST system indicate a higher
metabolism rate of the cyanobacterial toxin, whereas a decreased
activity can be sign of saturation of this enzyme (Burmester et al.,
2012).

When Palaemonetes argentinus was exposed to MCLR, the
activity of mGST was significantly increased with relation to the
control group (Fig. 1). This increment was larger when the
crustaceans were relocated in free-MC medium. The mGST
enhanced response during the detoxification period could be
caused by an advantage taken by the detoxification system of the
shrimp to remove the residual toxins in this new favorable
situation.

The sGST activity of Palaemonetes argentinus showed a
significant increase only after the depuration period. Several
studies for other organisms reported different sGST and mGST
responses after MCLR exposure (Burmester et al., 2012). Pflug-
macher et al. (1999) observed an elevation of mGST activity in the
aquatic macrophyte Ceratophyllum demersum exposed to MCLR up
to 0.12 wg L1, followed by inhibition at higher concentrations,
whereas sGST activity was increased upon exposure to 1.5 g L™!
MCLR. In P. argentinus the activity of mGST showed higher changes
than the sGST after the accumulation-detoxification assay, with a
significant increase after the accumulation period and more
pronounced activity after the detoxification (Fig. 1).

On the other hand, the conjugation of MCLR and GSH mediated
by GST could be not the only detoxification pathway. For instance,
elevated expression and activity of P-glycoprotein (Mutixenobiotic
Resistance system - MXR) were found in the bivalve Dreissena
polymorpha as well as in the fish Jenynsia multidentata when
exposed to MCLR (Contardo-Jara et al., 2008; Amé et al., 2009). This
protein, also described in shrimps (Bard, 2000), could be favoring
the excretion of MCLR, yielding a minor requirement of GST
biotransformation activity.

More evidences have shown that oxidative stress, produced by
reactive oxygen species (ROS) may play a significant role in the
pathogenesis of MCs toxicity (Goncalves-Soares et al., 2012). So,
antioxidants are important cellular defenses against MC toxicity,
by inactivating ROS and repairing oxidized biomolecules (Halliwell
and Gutteridge, 2007). Thus, it could be expected that exposure to
MC and ROS generation, would modulate the antioxidant
enzymatic system at two levels: expression and activity.

In the preset study, the activities of antioxidant enzymes GPX,
GR and CAT have been measured during the accumulation-
detoxification assay. The methodology used to determine GST
activity includes the antioxidant action carried out by GST a-class
(catalyzing the reduction of organic hydroperoxides by GSH; Wang
and Ballatori, 1998). Thus, changes in GST activity could mean both
biotransformation and antioxidant function.

In addition to the induction of GST activity in shrimps, a
significant drop in the activity of CAT was observed after the
accumulation period, while GR activity was enhanced after the
detoxification period (Fig. 1).

So far, after the first experimental phase (accumulation), no
clear evidences of oxidative stress were observed.

On the other hand, the activation of GST and GR after the
detoxification period could indicate that these enzymes were
involved in the biotransformation of previously accumulated
MCLR and probably also coping with ROS species generated.

A satisfactory explanation for the enzymatic behavior observed
in shrimps during the accumulation-detoxification assay could be
that MXR is favoring the elimination of intracellular MCLR during
the accumulation period, with less intervention of GST. When the
exposure ends, intracellular (accumulated) MCLR seems to be
biotransformed by GST as described in other organisms. This
biotransformation requires consumption of GSH, which could be
regenerated by GR, with the concomitant increase in the activity of
this enzyme. It is worthy mentioning here that GR catalyzes the
reduction of oxidized glutathione (GSSG) to reduced GSH using
electrons from NADPH (Reed, 1986). Moreover, the augment in GR
activity despite no changes in GPx activity, support the idea that
enhanced GSSG amounts emerged by non-enzymatic reactions
with oxidant molecules. A similar pattern of antioxidant response
has been reported by Contardo-Jara et al. (2009) and Saenz et al.
(2010) in mussels naturally exposed.

4.2. Field exposure

Cyanobacterial blooms have occurred in the San Roque
Reservoir for about 40 years (Scarafia et al., 1995; Pizzolon
et al., 1997). Dolichospermum, Microcystis, Chroococcus, Oscillatoria,
Pseudoanabaena, Phormidium, Lyngbya and Nodularia are among
the cyanobacteria genus more frequently described in this
waterbody (Brandalise et al., 2007). MCs presence in the San
Roque Reservoir has been informed since 1997, with maximum
values in summer and autumn (Amé et al., 2003; Ruibal Conti et al.,
2005). However, to our knowledge, there are not previous reports
on the occurrence of other cyanotoxins (e.g. Nod) in the reservoir.

In the present study, MCYR and MCLR were detected during two
weeks after starting the exposure but always below quantification
limits. Conversely, Nod has been detected in all water samples
analyzed during our study. The concentration of Nod showed a
gradual decay along the exposure period (from 0.20 to
0.10 wg L™ 1). No guidelines have been set for Nod, but since its
toxicity resembles that of the MCs, the same guidelines can be used
for both of these toxins (Kuiper-Goodman et al., 1999). Therefore,
Nod concentrations did not surpassed the level suggested by WHO
for drinking water nor exceeded the suggested recreational
exposure guideline (WHO, 2003). Our current results are in good
agreement with Nod levels reported by other authors in the Baltic
Sea (0.004-565,000 wg L~'; Mazur and Plinski, 2003; Henriksen
etal., 2005). According to Dorr et al. (2010) the presence of Nod had
not been reported in South America.

Nod content in Palaemonetes argentinus in San Roque Reservoir
ranged from 0.06 to 0.11 p.g g ' FW. However, the shrimp needed 3
weeks exposure to accumulate Nod at detectable levels, which is
reasonable considering the low level found in the water. Bioaccu-
mulation of Nod has been previously reported in crustaceans. Van



L.N. Galanti et al./Harmful Algae 27 (2013) 88-97 95

Buynder et al. (2001) reported 0.022 and 6.4 ug Nod g~ ! FW in
muscle and viscera of prawns, respectively. Kankaanpdd et al. (2005)
found 2000 p.g Nod g~! of DW in the black tiger prawn (Penaeus
monodon), while Engstrém-Ost et al. (2002) measured 0.15-
0.70 g Nod g~ ! DW in the mysid shrimp Mysis relicta, after feeding
with copepods containing Nod. More recently, Wood et al. (2012)
reported 0.01-0.22 wgNodg~! in the hepatopancreas of the
freshwater crayfish Paranephrops planifrons. P. argentinus is not
habitually used as human food. However, this shrimp is preyed by
fish present in the reservoir, thus constituting an important link for
translating this toxin to humans through the food chain.

Hence, in addition to previous reports on the presence of MCs
(Amé et al., 2003; Cazenave et al., 2005; Ruibal Conti et al., 2005),
spatial and temporal variations of Nod should be determined in the
future, considering health risk for humans.

Although the accumulation of Nod in aquatic species appears
well researched, less is known neither on its detoxification
pathway nor on the health status of exposed organisms.

Previous studies showed that transplanting aquatic organisms
from a reference site to a polluted area can be a feasible strategy for
biomonitoring the effects of environmental changes in an aquatic
system (Smolders et al., 2004). The response of biomarkers can be
regarded as biological or biochemical effects after toxicant
exposure, which makes them useful as indicators of both exposure
and effects. According to van der Oost et al. (2003), most studied
biomarkers at this level correspond to enzymes involved in the
biotransformation and antioxidant systems.

During the field exposure conducted in the present study,
differential response was observed for measured enzymes (Fig. 3),
showing that Palaemonetes argentinus was able to reflect changes
in the surrounding environment. The induction of the enzymatic
antioxidant defenses (GST, GR, CAT and GPx) during the field
exposure could be considered as an adaptive response; that is, a
compensatory mechanism that enables the organism to overcome
the threat produced by adverse environmental conditions (Di
Giulio, 1991). Changes in enzymatic activities match changes in
dissolved oxygen, nitrites and phosphates content in water
(Table 3 and Fig. 3). However, the increase in antioxidant defenses
as the dissolved oxygen rise should be carefully considered, since
Palaemonetes is an oxyconformer (oxygen consumption varies
according water oxygen availability; Anderson, 1985). According
to Storey (1996), the ROS generation rate is closely related to the
oxygen consumption and the amount of mitochondrion in the
tissue. Thus, in a hyperoxic situation its oxygen consumption will
be higher, thus augmenting ROS generation (Da Rosa et al., 2005).

An indication of the oxidative stress associated to the presence
of Nod could be obtained correlating the cyanotoxin, either in the
exposure water or bioaccumulated in Palaemonetes argentinus,
with the activity of antioxidant enzymes measured in the shrimp. A
significant correlation was obtained between mGST and CAT
activities with Nod levels in P. argentinus.

Nodularin-GSH conjugates have been reported in the brine
shrimp Artemia salina (Beattie et al., 2003) and mussels (Sipid et al.,
2002). Conversely, Pflugmacher et al. (2001) and more recently
Lehtonen et al. (2003) reported no GSH conjugates of Nod in the
reed plant Phragmites australis and clam Macoma balthica,
respectively. Enhanced GST activity in addition to oxidative stress
due to Nod exposure were described in laboratory exposures in the
mussel Perna viridis (Davies et al., 2005), in the mussel Mytilus
edulis (Kankaanpada et al., 2007), in the brown alga Fucus vesiculosus
(Pflugmacher et al., 2007), in the red alga Furcellaria lumbricalis
(Pflugmacher et al., 2010) and in the spinach Spinachia oleracea
(Lehtimadki et al., 2011) among others.

Based on these previous studies and considering our current
results, we could suggest that the conjugation of GSH to Nod could
be an important Nod’s detoxification mechanism in shrimp,

similarly to that observed in other animals. The elevated CAT
activity observed (Fig. 3) also suggests that oxidative stress could
be occurring during the field exposure.

The bioaccumulation dynamics of Nod as well as the associated
antioxidant response in Palaemonetes argentinus should be further
study in laboratory assays to confirm current field results.

5. Conclusions

The present study confirms the bioaccumulation of MCLR in
Palaemonetes argentinus. However, MCLR was partially eliminated
from the shrimp after transferring to free-MC medium (74% after 3
days). Increased GST activity suggests that GSH conjugation can be
an important MC detoxification mechanism also in P. argentinus.
However, during laboratory exposure, it seems that GST in not
mainly involved in the elimination of MCLR. Alternative mecha-
nisms, like MXR, could be responsible for MCLR removal during the
exposure period. After the exposure ends, GST and GR could be
implicated in both conjugation with and restoration of GSH within
the cell, leading to the detoxification of shrimps.

To the extent of our knowledge this is the first report of Nod in
freshwaters of South America. Even when the measured concen-
trations during the studied period never surpassed the WHO
guidelines, further monitoring should be conducted in San Roque
Reservoir to evaluate both spatial and temporal variability to
ensure that values remain within such limits of allowance.

The Nod was also detected in Palaemonetes argentinus after 3
weeks of exposure in this waterbody. This means that these
shrimps could be considered a potential vector transferring
cyanotoxins to higher trophic levels. Although the low internal
levels of Nod in P. argentinus, such amounts were enough to cause
biochemical disturbances in the shrimp.

Further controlled studies on Nod accumulation and molecular
responses in Palaemonetes argentinus are necessary to fully
understand this field results.
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