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Abstract
The detoxification process of trace metals in the estuarine burrowing crabNeohelice granulata, after previously being exposed to
anthropogenic pressures in the field, is described for the first time. The objectives of this study were (a) to assess the metal content
(Cd, Cu, Pb, Zn, Mn, Ni, Cr, Fe) in the sediments and the uptake of these elements in the hepatopancreas of N. granulata; (b) to
quantify trace metal concentrations in the hepatopancreas before and after the detoxification experiment; and (c) to relate this
information to metallothionein (MT) induction or reversibility. The detoxification assay was performed for 25 days with artificial
seawater under controlled conditions in a culture chamber. The results showed higher uptake and bioaccumulation of Zn and Cu
from the sediments, and the hepatopancreas exhibited increased levels of Zn and lower concentrations of the rest of the metals and
MTs after the assay, mainly Fe and Mn that were significantly lower. We conclude that trace metals could be translocated to and
accumulated in the hepatopancreas, the main metabolic organ, and then eliminated under controlled conditions with correspond-
ing reversibility of MTs.
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Introduction

Within marine ecosystems, estuaries are among the most pol-
luted coastal areas because their chemical and physical condi-
tions provide an extraordinary capacity to accumulate different
materials that are discharged on their shores (Marcovecchio
et al. 2008). Industrial and domestic discharges are one of the
most problematic issues since they carry several pollutants,
such as heavy metals, microplastics, different persistent

organic compounds (OCs, OPs, PAHs), and other emerging
contaminants (Arias et al. 2010; Spetter et al. 2015; Fernández
Severini et al. 2019; Villagrán et al. 2019a). Among these
pollutants, trace metals are one of the main concerns for stake-
holders in marine and coastal environment conservation: their
deleterious effects on the biota have been well recorded in the
international literature, especially those elements that are not
essential and consequently can be accumulated, as they are not
easily eliminated in the environment (Rainbow 1995; Nesto
et al. 2007; Comoglio et al. 2011).

Concerning the indifference to information related to ocean
pollution in industrialized countries from the North, the South
Atlantic Ocean should be a significant concern because devel-
oping industries, rapid urbanization, and informal settlements
have developed on the shores of the emerging countries. The
increasing population levels, poor sanitary conditions, and a
rise in the consumption level that has dramatically accelerated
the waste generation rate, with toxic trace substances that are
transported straight into the ocean, resulting in sensitive envi-
ronments (Marcovecchio et al. 2008; Diodato et al. 2012). In
this respect, most of the studies that analyze the influence of
different effluent discharges in marine environments in the
South Atlantic have focused on the accumulation patterns of
metals in oysters like Crassostrea gigas (La Colla et al.
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2019a) and other bivalves such as Brachidontes rodriguezii
(Buzzi et al. 2017) and how they biomagnify through food
webs (La Colla et al. 2019b; Vilches et al. 2019). But there
are fewer studies on the response of the organisms to metal
concentrations in SW Atlantic coastal systems, and they are
mostly done in plants (Cressa truxillensis, Limonium
brasiliense) (Pollicelli et al. 2018; Idaszkin et al. 2019), bi-
valves (Nacella magellanica, Mytilus edulis chilensis,
Aulacomya atra atra) (Comoglio et al. 2011; Duarte et al.
2011; Giarratano et al. 2011, 2014; Di Salvatore et al. 2013),
and few crustaceans (Neohelice granulata) (Giarratano et al.
2016) and polychaetes (Laeonereis acuta) (Dolagaratz et al.
2019).

How organisms eliminate toxic substances has scarcely
been studied. However, analyses of the accumulation of trace
metals in aquatic invertebrates and their association with re-
active oxygen species (ROS) have been carried out (Chelomin
et al. 2005; Valavanidis et al. 2006; Alé et al. 2019). The
increase in ROS levels is mainly due to non-essential element
exposure that induces intracellular damage. Thus, understand-
ing the process of detoxification in organisms is fundamental
as it has been a significant pathway for eliminating several
toxic substances, especially in human-consumed species (El-
Gamal 2011; Anacleto et al. 2015; Birnstiel et al. 2019).
Studies have demonstrated that metallothioneins (hereafter
MTs) and MT-like proteins (MTLPs) can react as metal-
binding proteins that eliminate the excess of both essential
and non-essential metals. In this way, they protect organisms
from cellular damage, acting as specific biomarkers of these
elements (Won et al. 2008).

First, MTs and MTLPs were identified in invertebrates in
the digestive gland, hepatopancreas, and gills of marine mus-
sels and crustaceans as cysteine-rich metal-binding proteins of
low molecular weight, being essential for understanding the
trace element pathways inmetabolism andmetal sequestration
(Roesijadi 1981; Engel and Brouwer 1984; Viarengo et al.
1985). As a result, the invertebrates exposed to metals in the
environment, or under laboratory conditions, exhibit en-
hanced levels of metals that are commonly associated with
these metal-binding proteins. In invertebrates, the functions
of MTs are respectively bioaccumulation of toxic metals and
detoxification, homeostatic regulation of metals, and protec-
tion against oxidative stress, among others (Pedersen et al.
1994, Pedersen and Lundebye 1996, Pedersen et al. 1996,
Pedersen et al. 1997; Legras et al. 2000; Brown et al. 2004;
Pytharopoulou et al. 2008; Lemus et al. 2016; Capparelli et al.
2018), while in vertebrates, it has been less studied since most
of them have a higher range of mobility and are, therefore, less
representative in monitoring programs of the pollution in spe-
cific areas (Amiard et al. 2006). In marine vertebrates, MTs
were studied in the gills of fish and kidneys of mammals, and
recently in the brain of these groups (Wang et al. 2014). And it
has been established that MTs are involved in the homeostatic

processes of Cu and Zn and the protection against metal
toxicity—such as Cd—and oxidative stress, and they also
have a neuroprotective mechanism (Polizzi et al. 2014;
Wang et al. 2014), assuming some similar functions as those
reported for invertebrate species.

Nonetheless, other studies have discussed the use of these
proteins as specific metal biomarkers as they might also be
related to changes in other environmental factors or drivers,
such as salinity, sex, stages, body size, seasonality, and tissues
(Legras et al. 2000; Geffard et al. 2001; Morgan et al. 2004;
Ladhar-Chaabouni et al. 2011; Cenov et al. 2018). Hence, it is
also possible that the physiological response of detoxification
in organisms due to MT induction might differ according to
the physiology of each species and the different types of in-
puts and sources of metals within the environment (Establier
et al. 1985; Buzzi and Marcovecchio 2016; Campos et al.
2016), and therefore, their role as specific metal biomarkers
is still under discussion among scientists.

The uptake, biomarkers, mechanisms of sequestration, and
detoxification of trace metals have scarcely been studied in the
highly human-impacted coastal and estuarine environments in
the Southwest Atlantic (Buzzi and Marcovecchio 2016;
Negrin et al. 2019). Though the understanding of this process,
and how organisms cope with cleaner conditions, could gen-
erate essential information for stakeholders for coastal moni-
toring and remediation programs.

The burrowing crab Neohelice granulata is a resident ben-
thic varunid crab of the Southwestern Atlantic Ocean, and
there is a vast literature on its biological and ecological char-
acteristics. For that reason, it is known as an emergent model
crab in developing countries (Spivak 2010 and references
therein). Its biological characteristics make it a suitable
bioindicator for these countries since it has a wide distribution
throughout the year; it is easy to sample and has a high pop-
ulation recovery. As this widespread species is only found in
coastal estuarine areas in the SW Atlantic, it is a specific
indicator of these environments because they inhabit and eat
from detritus associated with the surrounding sediments
(Iribarne et al. 1997; Botto et al. 2011; Angeletti 2017).
Besides, this species is known as an ecosystem engineer due
to its high bioturbation abilities in the sediment-water inter-
face (Angeletti et al. 2018), which also modifies the availabil-
ity of resources and pollutants like trace elements (Andrade
et al. 2019). As a result, the anthropogenic disturbance due to
trace elements might be in their bioecology, accumulation
abilities, and physiological trade-offs (Ferrer et al. 2003;
Sabatini et al. 2009; Beltrame et al. 2010; Giarratano et al.
2016; Simonetti et al. 2018).

The hepatopancreas is a dynamic organ that is mostly re-
lated to digestive and detoxification functions, but also to
gonadal development processes as it is responsible for the
production of vitellogenins, the precursors of eggs (Vogt
2002; Negro and Collins 2017). It is also known to be a target
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organ for detoxification because different systems, such as
cytochrome P450, lysosomes, and MTs, were detected
(Pedersen et al. 1997; Vogt 2002; Ahearn et al. 2004).
Therefore, to study of the toxicity in this organ is of great
interest because previous studies have shown that metals can
cause injury to the hepatopancreas at the histopathological and
biochemical levels, with possible modifications of its principal
functions (Wang et al. 2008).

The aims of the present study were (a) to assess the metal
content (Cd, Cu, Pb, Zn, Mn, Ni, Cr, Fe) in the sediments and
the uptake of these elements in the hepatopancreas of
N. granulata; (b) to quantify the trace metal concentrations
in the hepatopancreas before and after the detoxification ex-
periment; and (c) to relate this information to MT induction or
reversibility. This information is fundamental for relating MT
expression to bioaccumulation and the concentration of trace
metals in sediments to generate approaches to entirely aboard
this process in this emergent bioindicator species.

Materials and methods

Study area and field sampling

This study was carried out in the Bahía Blanca estuary (BEE)
(38° 44′–39° 27′ S and 61° 45′–62° 30′ W), a mesotidal
Patagonian estuarine system located in Buenos Aires province
(Argentina) to the southwest of the Atlantic Ocean (Fig. 1). It is
the second largest estuary in Argentina after La Plata, with an
extension of almost 3000 km2, and is characterized by tidal flats
and channels with islands and a few salt marsh areas.Moreover,
it is a homogeneous estuary, and the sedimentology is based on
silty clays on the flats and sand inmost of the deeper parts of the
Main Channel (Perillo et al. 2001; Cuadrado et al. 2004). This
wetland has been the subject of different human impacts due to
the presence of a large petrochemical complex, a thermoelectric
power plant, and one of the largest deep ports in South
America, being regularly navigated by large cargo ships.
Also, it is an essential place for families of small-scale artisanal
fishing that carry out their small economies in the estuary
(Truchet et al. 2019a). Nevertheless, industrial and domestic
discharges are thrown directly into the estuary without any
pretreatment and with high concentrations of heavy metals
and other pollutants that are harmful to the biota (Berasategui
et al. 2018; Villagrán et al. 2019b).

The samples were taken in February 2018 (summer in the
southern hemisphere) from the middle part of the estuary at
Rosales Port (hereafter RP) (Fig. 1), a small-scale artisanal
fishery port and also a naval port. This port is located in the
coastal town of Punta Alta (General Rosales district with ~
60,000 inhabitants) and is characterized by maritime transport
and eutrophication caused by the untreated sewage plant in
Punta Alta with high impacts on the biota (Berasategui et al.

2018). RP has extensive tidal flats with siliciclastic deposi-
tions and fine sediments from fine sand to mud, the total
organic matter is low, and it ranges between 5 and 12% in
the tidal flats, whereas the pH and potential redox (Eh, mV)
ranges are between 5.5 and 8.5 and − 125 and 328, respective-
ly (Fernández et al. 2016). The upper intertidal and supratidal
zones are colonized by benthic microbial communities that
form biofilms and microbial mats; the presence of the toxic
bacteria Escherichia coli was detected in the sediments and
water from the area (Pan et al. 2013; Spetter et al. 2015). The
intertidal area is mainly vegetated by Spartina alterniflora and
also by Sarcocornia spp. in the supratidal zone. These tidal
flats and salt marshes are dominated by the varunid burrowing
crab N. granulata, followed by the rocky crab Cyrtograpsus
angulatus and C. altimanus and the southernmost population
of the fiddler crab Leptuca uruguayensis (Spivak 1997;
Truchet et al. 2019b).

The environmental parameters in the water column were
measured in situ with a HANNA HI 9828 multisensor probe
recording the following values: pH 8.05; salinity 32 psu, and a
temperature of 22.08 °C. One hundred twenty adult males of
N. granulata were collected by hand from a tidal flat at RP
with a width of carapace > 15 mm, according to Angeletti and
Cervellini (2015) for the BBE, and they were stored in plastic
containers with estuarine water and transported to the labora-
tory. Three replicates of sediment were also taken from the
intertidal zone and were stored in plastic bags and refrigerated.

Detoxification experiment

Once in the laboratory, 60 individuals were anesthetized by
freezing, and the biometric data (i.e., carapace, mm, and total
weight, g) were recorded. Then, the organisms were dissected
in ten pools of six individuals (n = 10, 6 organisms each) to
obtain the hepatopancreas (non-detoxified or untreated pools,
ND). Five pools were used for MT determination and the rest
for trace metal determination. The remaining crabs were
placed in 8 aerated glass tanks (8 per tank) with artificial
seawater in a chamber set for day/night temperatures, photo-
period, and humidity according to the summer climatic con-
ditions of the BBE.

Each tank was divided by perforated septums to avoid
fights between the males (a typical behavior in N. granulata)
and to allow circulation and oxygenation of the water. During
the detoxification experiment, the crabs were fed (food repre-
sented 1% of their total body weight) every 2 days. The tanks
were cleaned the day after they were fed to avoid any possible
contamination in the water due to the excretion and feces of
the organisms. This procedure was followed for 25 days until
the experiment was completed.

Finally, the organisms were randomly selected in ten pools
of six individuals (n = 10, 6 organisms each) (detoxified or
treated pools, D), biometric data was taken, and dissection
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was also performed to obtain the hepatopancreas for both trace
metal andMT determination, following the same procedure as
described above for the ND crabs. The material for trace metal
determination and MT assay was stored at − 20 °C and −
80 °C, respectively, until the analysis. Prevention was taken
to avoid cross-contamination during the whole process, and all
the materials were washed with non-ionic soap, HNO3 (5%),
and distilled water following the recommendations of APHA-
AWWA-WEF (1998).

Trace metal determination

For trace metal determination, the pools of the hepatopancreas
of ND and D crabs were lyophilized until constant weight, and
the sediment samples were dried in an oven at 60 °C until
constant weight. In the case of the sediments, large debris
and fragments of biota were removed before grinding and
sieving to obtain the finest fraction (< 63 μm). Tissue samples
were also grown and homogenized. Finally, subsamples of
approximately 0.5 g of dry material were digested with a mix-
ture of 5 ml of HNO3 and 1 ml of HClO4 (5:1) (Merck) in a
glycerine bath at 110 ± 10 °C until the digestion was

completed (Botte et al. 2010). The final extract was poured
into a centrifuge tube, and it was filled up to 10 ml with HNO3

(0.7%) for analytical metal determinations by inductively
coupled plasma optical emission spectroscopy (ICP-OES
Optima 2100 DV Perkin Elmer).

Reagent blanks, certified reference materials (CRM), and
analytical grade reagents were used for analytical quality con-
trol. Recovery percentages of all tracemetals in CRM (n°6, NIE
Tsukuba, Japan, mussel tissue flour) were higher than 90%.
The method detection limit (MDL) was calculated for each
metal by multiplying the standard deviation of 20 blank repli-
cates by Student’s t value at the 99% confidence level at n − 1
degree of freedom (Federal Register 1984; EPA 2016) resulting
in the following values (in μg g−1): Cd: 0.157, Cu: 1.366, Pb:
1.861, Cr: 1.654, Zn: 2.821, Mn: 17.341, Ni: 1.944, Fe: 31.102.
In the cases where metal concentrations did not exceed the
MDL, they were replaced with half of its value (MDL/2).

Metallothionein determination

For the MT determination, the method of Viarengo et al.
(1997) and Linde et al. (2001) was adopted with modifications

Fig. 1 Study area: Bahía Blanca estuary (BBE). The arrow indicates Rosales Port (RP) and the stars indicate the principal inputs of sewage discharge
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by Buzzi and Marcovecchio (2016). Pools of ND and D he-
patopancreas tissue were ice-cold homogenized (1:4) (in sac-
charose 0.5 M, Tris-HCl 0.02 M, DTT 1 mM, and PMSF
0.5 mM, pH: 8.6) and then centrifuged at 30,000g for
45 min at 4 °C. Then, MTs were purified by two successive
extractions with pure cold ethanol and chloroform. The
pellets were dried under a soft N2 flux (analytical quality)
dissolved in NaCl 250 mM and EDTA buffer 4 mM and
finally reacted with DTNB 0.43 mM in phosphate buffer
0.2 M. MT quantification was spectrophotometrically de-
termined at 412 nm, using a solution of reduced glutathi-
one (GSH, 307.32 g mol−1) as a reference standard. MT
concentrations were quantified based on the cysteine con-
tent of 18-cysteine residues per mol (Serra-Batiste et al.
2010), assuming a similar thiol SH group content in
N. granulata. And MT concentrations were reported as
nmol MT per gram (g) of wet tissue (wt).

Morphological analysis

The hepatosomatic index (HSI), condition index (CI), and
percentage of humidity (H) in the hepatopancreas were esti-
mated for the crabs in both treatments as follows:

HSI ¼ hepatopancreas wet weight gð Þ
body wet weight gð Þ � 100%

CI ¼ carapace width cmð Þ
body wet weight gð Þ

H ¼ hepatopancreas dry weight gð Þ
hepatopancreas wet weight gð Þ � 100%

Data analysis

For the trace metal analysis, ANOVA (p > 0.05) was used to
determine possible differences between the ND and D expe-
riences. Statistical differences between the MT concentrations
in both treatments (ND and D) were analyzed using the non-
parametric Mann-Whitney test (p > 0.05) because of the rejec-
tion of the homoscedasticity of variance assumption. Finally,
the biota-sediment factor (BSAF) was calculated as the ratio
between the metal concentrations in the hepatopancreas and
the fine fraction of the intertidal sediments (< 63 μm):

BSAF ¼ metal concentration in the hepatopancreas μg g−1ð Þ
metal concentration in the sediments μg g−1ð Þ

Results

The morphological indices evaluated showed similar results
for both conditions, and although the CI was 10% higher in D

crabs, it was not statistically significant (Table 1). All trace
metals except Cd were detected in the fine sediments in the
following order: Fe >Mn > Zn > Cu > Pb ≥ Cr > Ni (Table 2).
In the hepatopancreas of both the ND and D groups, the order
was different: Fe > Cu > Zn > Mn> Ni > Cd (Pb, Cr < MDL),
and only theMn concentrations were below theMDL after the
assay (Fig. 2). A significantly (p < 0.05) lower Fe concentra-
tion was observed after detoxification, whereas Mn became
undetectable. Besides, Zn significantly increased in value,
whereas metals, such as Cd, Cu, and Ni, did not show any
significant differences between the ND and D but tended to
decrease in D (Fig. 2).

The Mann-Whitney test between both treatments demon-
strated that MTs decreased significantly after the assay in D
organisms by almost 75% (Fig. 3), showing strong reversibil-
ity of these proteins (p < 0.05). Finally, the BSAF values
showed bioaccumulation and uptake of metals in the crabs
from the sediments as follows: Cu > Zn > Ni > Mn > Fe
(Table 2).

Discussion

The burrowing crab Neohelice granulata is a widespread spe-
cies in the South Atlantic Ocean. In this extensive marine
system, several developing countries are located, and there-
fore, in recent decades, it has been considered as an emergent
animal model for bioecological and ecotoxicological studies
in these countries (Spivak 2010). The burrowing ability of this
species produces the bioturbation of sediments, and conse-
quently, it can modify the metal fate and distribution by
mixing or resuspending subsurface and surface sediments or
altering biogeochemical processes. Hence, the bioturbation of
sediments might enhance the metal biodisponibility for organ-
isms and probably the uptake of toxic metals, causing enzy-
matic stress and other physiological damage, as it was proved
in other benthic invertebrates, such as annelids, amphipods,
and mollusks (Andrade et al. 2019).

Table 1 Morphological indices for both crab treatment: no detoxified
(ND) and detoxified (D). Condition index (CI), hepatosomatic index
(HSI), and percentage of humidity of the hepatopancreas (H)

Indexes Treatment Values

CI (%) ND 42.11

D 52.10

HSI ND 15.29

D 15.24

H (%) ND 2.24

D 2.36
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Regarding the sediments, and in comparison with the
worldwide PEL (probable effect level) and TEL (threshold
effect level) values (Table 2), the metal concentrations in the
fraction of fine sediments were of low to medium risk to the
biota but higher than in the inner part of the estuary (Buzzi and
Marcovecchio 2016; Buzzi et al. 2017; Buzzi and
Marcovecchio 2018), probably due to the input of untreated
sewage water (Spetter et al. 2015; Villagrán et al. 2019a). The
BSAF indicates that the organisms mostly uptake Cu and Zn
from sediments, and the same pattern was found by Simonetti
et al. (2018) in the total soft tissue (muscle, gills, hepatopan-
creas, reproductive, digestive, and nervous system) of the
same species of crab from the same region. However, trace
metal concentrations in the hepatopancreas were higher than
in soft tissue and this could be explained by a dilution factor
caused by using the total tissues and organs for the trace metal
analysis. Nevertheless, other studies by Beltrame et al. (2009,
2010), Giarratano et al. (2016), and Marinho et al. (2018)
detected higher values of toxic trace metals like Pb, Cd, Mn,
and Cr in the hepatopancreas of the same species from other
Southwestern Atlantic coastal systems. In other worldwide
estuarine and coastal regions in emerging countries, other spe-
cies of crabs have also tended to show higher levels of toxic
metals, such as Cd and Pb (i.e., Jewett and Naidu 2000; Legras
et al. 2000; Al-Mohanna and Subrahmanyam 2001), but the
essential metals, like Cu, Zn, and Fe, found in N. granulata in
this study were still higher than those reported in these studies,
probably due to untreated sewage discharges that carry high
levels of trace metals which are deposited in the sediments and
are bioaccumulated in organisms (Spetter et al. 2015).

The information mentioned above demonstrates the invalu-
able and accurate use of an organ like the hepatopancreas for
biomonitoring programs in this widespread and ecological
key species of the South Atlantic. Considering that the hepa-
topancreas is involved in detoxification and excretory activi-
ties, its functions and structure are likely to be affected when
the crustaceans are exposed to certain pollutants (Wu et al.
2008). In crustaceans, it is also responsible for the production
of vitellogenin, because the lipids that are transported to the

oocytes are stored in the hepatopancreas (Negro 2015).
Therefore, it is possible that the damage at the different levels
in this organ (enzymatic, metabolic, histological) due to dif-
ferent xenobiotic pollutants, like trace metals, might have a
persistent effect on reproduction and the next generation of
crabs (Simonetti et al. 2013; Negro and Collins 2017). In this
sense, it would be relevant to analyze the reactive oxygen
species (ROS), as a complementary biomarker of pollution
by trace metals that induce oxidative stress at a cellular level,
since it has been proven that MTs could reduce ROS activity
(Bocchetti and Regoli 2006; Freitas et al. 2012; Figueira et al.
2012; Alé et al. 2019).

Our results showed that morphological indices and body
condition are not suitable for assessing crab health status in
depuration experiments since the values were similar in both
treatments, and even for other authors, neither long (a year)
nor a short detoxification period reflect any significant differ-
ences (Arini et al. 2014; Anacleto et al. 2015). In this respect,
Buzzi and Marcovecchio (2018) and Villagrán et al. (2019b)
explained that in estuarine invertebrates, these indices would
be more associated with differences in the inputs and sources
of pollutants that are discharged to the estuary. Therefore, they
would be better for measuring the uptake of trace elements at
different sites with different xenobiotic discharges.

One of our main goals was to assess the recovery abilities
ofN. granulata after being relocated from the field where they
were exposed to untreated domestic discharges, to the labora-
tory. Variables, such as sex, temperature, salinity, and size,
were discounted in this study, which was to assess whether
MT reversibility or induction was only due to trace metal
excretion and if these proteins acted as metal-binding proteins
inN. granulata. After 25 days of detoxification, the MT levels
significantly decreased, following the same pattern found by
Buzzi andMarcovecchio (2016) in a different area of the same
estuary. The total levels of MTs in both conditions were lower
than those reported by Buzzi and Marcovecchio (2016), al-
though we found higher metal concentrations in the sediments
and tissues than those authors. These results could be ex-
plained by the effects of higher levels of metals in the sewage

Table 2 Summary of mean trace metal concentrations (μg g-1 dw) in fine sediments and biota-sediment accumulation factor (BSAF)

Metals Cd Cu Pb Zn Mn Ni Cr Fe

Sediments Mean < MDL 28.53 15.13 56.98 260.25 9.39 15.04 25,571.67

SD ± 1.64 ± 1.23 ± 2.98 ± 7.44 ± 0.65 ± 0.47 ± 2002.75

Min-Max 24.79–30.06 13.76–16.17 53.6–59.25 251.75–265.6 < MDL–9.83 14.54–15.47 23,475–27,465

BSAF nd 9.05 nd 1.50 0.14 0.64 nd 0.021

TEL-SQGsa 0.68 18.7 30.24 124 – 15.90 52.3 –

PEL-SQGsa 4.21 108.2 112.18 271 – 42.8 160.4 –

<MDL values below the method detection limit, nd no determined, TEL-Q threshold effect level quotients, PEL-Q probable effect level quotients of the
Sediments Quality Guidelines (SQGs)
a Buchman (1999)
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Fig. 2 Metal concentrations (μg g−1 dw) in Neohelice granulata before (ND) and after (D) the detoxification assay. The asterisk represents values <
MDL; different letters indicate significant differences (p < 0.05) between treatments
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waters on the enzymatic and protein activities that sometimes
are inhibited infield exposures (Santana et al. 2018). However,
trace metal concentrations in the sewage discharge from Punta
Alta city were not determined in this study.

Concerning the metal concentrations and possible metal
kinetics in N. granulata, Zn increased whereas Fe and Mn
decreased and most of the trace metals showed no statistical
differences but tended to diminish after the detoxification
assay slowly. Arini et al. (2014) explained that the regulation
of some trace elements, like Zn (an essential metal) in the
visceral mass of Corbicula fluminea, is rapid with high induc-
tion of MT synthesis: this element increased after 28 days of
depuration. They coincided with a significant MT increase,
whereas after a year of decontamination, theMTs and Znwere
significantly lower, with a quick regulation of this metal. In
our study, the values of Zn increased after 25 days of detox-
ification. Consequently, a process similar to that of the bi-
valves may occur in decapods, where Zn is translocated from
different parts of the body to the primary excretory organ,
increasing in concentration after 28 days of depuration, and
then it can be quickly expelled (Arini et al. 2014). This ele-
ment, along with Cu, is an essential enzymatic cofactor for
MT synthesis in invertebrates, playing a vital role in the ho-
meostasis of essential elements (Viarengo 1989; Anacleto
et al. 2015; Arini et al. 2015). Zn shows different behaviors
in benthic organisms: being reduced, increased, or maintained
after detoxification, even after a long-term period of detoxifi-
cation (do Amaral et al. 2005; Bergey and Weis 2007; Arini
et al. 2014; Anacleto et al. 2015). The ability to exhibit differ-
ent kinetics might be related to the metal bioavailability, indi-
cating a quicker depuration of metals in the dissolved form,
whereas metals present in amorphous granules are kept for a

more extended time in the tissues (Legras et al. 2000;
Mouneyrac et al. 2001; Wallace et al. 2003; Reichmuth et al.
2010; Lemus et al. 2016). Further studies should be carried out
to assess the affinity with Znmovements withMT induction at
different times of depuration and in different phases (metallic
granules or dissolved) of the metal in N. granulata.

Although it was not significant, N. granulata tended to re-
move almost 40% of the Cd content from the hepatopancreas.
Overall, the removal of Cd, as well as other non-essential or
toxic elements, by benthic organisms, such as C. fluminea,
Carcinus maenas,Mytilus sp., andGammarus pulex, is difficult
(Viarengo 1989; Pedersen and Lundebye 1996; Khan et al.
2012; Arini et al. 2014). However, Chiodi Boudet et al. (2015,
2019) recorded a significant decrease in Cd accumulation after
short-term detoxification in the crustacean Palaemonetes sp.
Thus, it is probable that some crustaceans might have quicker
mechanisms of detoxification of this element than mollusks,
enabled by MT or MTLP induction and the form of storing
Cd in the cells, which was not recorded in our study.

Fe andMn levels significantly decreased inD crabs, whereas
Cu and Ni tended to decrease but without any statistical differ-
ences. It is essential to point out that the mechanisms of uptake
and elimination of metals other than Cd and Zn have been
studied less frequently. Mn is an essential metal for cellular
metabolism, but in excess, it can act as a neurotoxin in marine
animals (Baden et al. 1995; Baden and Eriksson 2006), or it can
cause other effects such as shell disease in the blue crab
Callinectes sapidus (Weinstein et al. 1992) and intestinal mor-
phology damage in the prawn Macrobrachium nipponense
(Ding et al. 2020). Mohamad (2008) reported a significant de-
crease in Mn levels from the baseline values in the hepatopan-
creas of the crab Liocarcinus depurator after a short depuration
period. Though the hepatopancreas is the main detoxifying or-
gan in crustaceans, the high absorption rate exceeds the excre-
tion rate ofMn under conditions of high bioavailability, leading
to a net accumulation of the metal in the organ.

On the contrary, the significant decrease in the Mn concen-
tration in D N. granulata to values below the MDL may be
because, under depuration conditions, the excretion rate ofMn
far exceeds the absorption rate. Kobayashi et al. (2006) ex-
plained that Mn is a metal that induces the synthesis of MTs,
entirely depending on the production of glycoproteins in
mammals. Nevertheless, there is no information about the
molecular activity of MT synthesis with Mn in invertebrates,
but it is possible that this metal also binds to these proteins so
that it is quickly detoxified.

Conclusions

In the present study, we analyzed the uptake and detoxifica-
tion process of trace metals in N. granulata from RP. Cu and
Zn were the principal metals that were absorbed and

Fig. 3 Metallothionein (MT) concentration (nmol g−1 wt) in Neohelice
granulata before (ND) and after (D) the detoxification assay. Different
letters indicate significant differences (p < 0.05) between treatments
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bioaccumulated in the hepatopancreas of N. granulata.
Moreover, the levels of both metals in the sediments and the
crabs from RP were higher than the values reported at other
sites within the EBB, which is probably due to the discharge
of untreated sewage discharge at RP.

A short detoxification period of 25 days did not modify the
morphological indices in N. granulata, such as the humidity
or the hepatosomatic and condition indices. Under controlled
laboratory conditions, where sexual and environmental vari-
ables were not considered, it was possible to determine the
recovery capacities of MTs after trace metal detoxification.
Therefore, the property of these proteins as key biomarkers
of these pollutants was enhanced in N. granulata. Along with
the significant decrease in MTs in the hepatopancreas, signif-
icantly lower levels of Fe and Mn were observed, whereas the
other metals tended to diminish but not in a significant way.
However, the Zn value increased, suggesting that in this spe-
cies, the behavior of this element is probably related to metal
bioavailability and the storage form in the cells.

Finally, we consider that it is necessary to continue study-
ing the detoxification of this species in other places in the
estuary to find out how this organism copes with the different
sources of metal inputs in this human-impacted estuary (i.e.,
agricultural and cattle activities, industrial wastes, others)
from an ecotoxicological and physiological perspective.
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