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Abstract
Specimens of the Cichla pinima are of ecological and economic importance in the Amazon region and are a good bioindicator
species of Hg bioaccumulation. Adult specimens of Cichla pinima were obtained by fisheries in the Tapajós river region’s
impacted gold mining area. Tissues such as muscle, liver, skin, and gill were submitted for total mercury (THg) analysis. For
hepatic bioavailability, assays were carried out in the whole liver and in the sub-cellular hepatic fraction. The weight–length
relationship showed an equation ofW = 2E − 06L3.3002 (R2 = 0.856) indicating an allometric growth. Themean THg values found
in the muscle tissue of 676 ± 258 μg kg−1 were below the maximum limit established for human consumption, but were similar to
Cichla fish from other areas impacted by Hg in the Amazon region. The trends of levels in the tissues were as follows:
liver>muscle>gonads>skin>gill, with no significant differences between the gills and skin. A significant and positive correlation
as rs = 0.65 was obtained between the THg contents in cytosolic fraction and the total hepatic THg (liver homogenate). However,
only 7% of the THg were found and were available to the sub-cellular hepatic fraction. This profile can be an indicative of a
hepatic cellular transference in fish exposed to high Hg levels in the Amazon region now that low concentrations of Hg have been
found in the sub-cellular fraction. However, data of differential THg partition in the subcellular compartments should be
considered, since others’ hepatic fractions can act in the Hg linkage into the cell.
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Introduction

Mercury is a very toxic element (Clarkson 1997), and in the
natural environment, it may occur in the oxidation form
Hg0, Hg+1, and Hg+2. However, various anthropic activities,
such as the burning of fossil fuels, gold mining, sewage

incineration, and disposal of manufactured goods such as bat-
teries, fluorescent lamps, thermometers, thermostats, dental
amalgam, paints, and pesticides release this metal into the
aquatic system, causing a significant increase in its concentra-
tion therein (Smith et al. 1991; Jackson 1997; UNEP 2013).

The methylation process is very important to mercury tran-
sit into the aquatic food chain (Barbosa et al. 2003; Nevado
et al. 2010) as in its organic form (CH3CH2Hg

+, CH3Hg
+) it

tends to cross cell barriers more easily. Although most of the
mercury in biological systems is found in the form of
methyl mercury (MeHg), which is highly absorbable by
diet (95–100%), the inorganic form (Hg+2), is absorbed to a
lesser extent (5–10%), which may also bioaccumulate and
have a toxic effect on aquatic organisms (Heath 1990;
Dias et al. 2008).

Many countries have used gold mining activities to im-
prove their economy, for instance, in the Amazon region
where reports of mercury contamination in the Amazon basin
as a consequence of gold mining has been described since the
1980s (Smith et al. 1991; Hacon et al. 2008). Beyond the input
of mercury caused by gold mining due to gravel treatment, for
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example, other activities act to increase the mercury content in
the Amazon basin, such as the high natural mercury content in
Amazonian soils (Roulet and Lucotte 1995; Fadini and Jardim
2001; Wasserman et al. 2003) and atmospheric transport.
Human activities, such as deforestation and the intensification
of agriculture practices, also increase the erosion and lixivia-
tion of materials and chemical compounds, such as mercury,
along tributaries of the Tapajós River (Oliveira et al. 2001).

In the Amazon region, the human population and
aquatic organisms are exposed to the three inorganic
forms (Hg0, Hg+1, Hg+2), as well as to the organic forms of
mercury (Frery et al. 2001). Most of the gold mining activities
are found along the central area of the Tapajós river, the largest
tributary of the Amazon (Nevado et al. 2010), with a length of
843 km (DNIT 2017).

Organisms, such as fish, have an important role in the dis-
tribution of mercury between the different biotic compart-
ments, as disparate species tend to present differentiated levels
of mercury incorporation according to their position in the
trophic chain, also undergoing the biomagnification process
(Vieira et al. 2011; Azevedo-Silva et al. 2016). In addition, the
mercury uptake in fish may be a consequence of exposure by
diet or water, in which, with fish of demersal habits, there is
still an additional route of incorporation through sediments.

Most of the Hg occurring in the Brazilian Amazon is of
natural origin, since this element is a natural component of the
soil (Fadini and Jardim 2001; Oliveira et al. 2001). However,
in many cases, inputs by human actives such as gold mining
have increased these levels to toxic concentrations. In a pre-
vious study, we clarified some questions regarding Hg and its
effects on icthyofauna species such as the Cichlidae family in
the Brazilian Amazon as specified that Bthe intense gold min-
ing activity in the region has increased the levels of this toxic
metal, especially in the middle section of the Tapajós River.^
Specimens of the Cichla genus have great economic, ecolog-
ical, and environmental importance, as they are the most con-
sumed fish in the Brazilian Amazon region, are at the top of
the Amazon food chain, and are used as bioindicator species
of contamination due to their carnivorous feeding habits.

Cichlids have high levels of mercury and are one of the
most consumed fish in the Brazilian Amazon region
(Santos et al. 2000; Nevado et al. 2010). Therefore, they are
important food constituents for the local population.
Ecologically, they are at the top of the regional aquatic food
chain, being a good indicator for Hg bioaccumulation because
the concentrations of Hg in their tissues tend to reflect the
accumulation process of successive exposure (Barbosa et al.
2001; Castilhos et al. 2001).

Fish of the Cichlidae family (Actinopterygii) are distribut-
ed around South America in Suriname and French Guiana and
also in Guyana (Kullander and Ferreira 2006), with great
abundance in the north of Brazil in the Amazon basin, where
they are named Tucunare. They are sedentary and territorial

species and do not perform migration, living mainly in waters
with low flooding (Kullander and Ferreira 2006). As a com-
mon characteristic of the species, these fish have spheric ocelli
in the peduncle and rayed dorsal fin spines (Kullander
2003). In accordance with Arcifa and Meschiatti (1993),
the Cichla species have modifications in their feeding
habits due to their age, with juvenile fish feeding main-
ly on aquatic insects. On the other hand, adult speci-
mens are strictly carnivorous, feeding primarily on other
fish and less frequently on the debris of organisms and
crustaceans (Súarez et al. 2001).

Concerning fish biology, aspects such as metabolism,
length, weight, age, and growth can be affected by exposure
to several chemical substances, for instance, mercury (Hg).
Therefore, knowledge about the weight–length relationship
in fish species submitted to these compounds is ecologically
important, along with obtaining information about bioavail-
ability and the uptake rate in target detoxification organs, such
as the liver.

There is little information regarding the bioavailability of
THg concerning the fractionation of this metal in fish (Araújo
et al. 2015). Mercury toxicity can be influenced by sub-
cellular storage and partitioning because of the detoxification
mechanism in target organs, for instance the liver. In recent
years, some studies have contemplated the determination of
sub-cellular, and consequentially intracellular, metals to reveal
and understand aspects of the detoxification and bioavailabil-
ity of toxic metals. However, an absence of information still
exists with respect to Amazon fish that are submitted to high
Hg levels in aquatic systems, such as Cichla pinima from the
Tapajos River.

Previously, we had shown partial data concerning the THg
transference rate between the cytosolic and total hepatic tissue
in Cichla sp. (Azevedo et al. 2014). Therefore, to improve
these results, the aim of this study was to investigate the Hg
fate in Amazon fish from the Tapajós River assessing biolog-
ical and ecological drivers to Hg fate in Cichla pinima.
Additionally, the bioavailability of total mercury (THg) by
sub-cellular evaluation in the liver to improve the knowledge
concerning the transference rate between the total hepatic con-
tents and cytosolic THg was made, and addressed a relatively
novel approach to mercury distribution in fish.

Material and methods

Sample collection and biometric data acquisition

Twenty-six specimens of adults Cichla pinima were collected
close to the Itaituba municipality (Fig. 1). Gold mining along
the central Amazonwas very common, particularly around the
tributaries of the Tapajós river. Fish were sampled in July of
2011 in accordance with the permissible Brazilian period for
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acquisition of this species, with the help of local fishermen using
gill nets and harpoons. Fish species were identified in accordance
with Kullander and Ferreira (2006). After collection, fish were
kept in a box at −4 °C and transported to the laboratory of
chemical and isotopic characterization of the CQMA-IPEN for
further analysis. Fishwere also identified, andmorphometric data
were recorded for total length (L), body weight (W), and sex
identification using macroscopic observation. Later, fish were
dissected by the removal of the epaxial muscle from the dorsal
surface, liver, gonad, gill, and skin, washed with distilled water,
packed in polyethylene bags, labeled, and then stored at −20 °C
until subsequent analysis.

Total mercury determination in tissues
and in the sub-cellular hepatic fraction

The mercury content was measured in insoluble and soluble
(cytosol) fractions of liver. A total of 130 tissue samples and 26
hepatic cytosolic fractions were submitted to THg determination.
All mercury determinations were performed using the flow in-
jection cold vapor atomic absorption spectrometry (FI-CV-AAS)
technique. For THg analysis in the total tissues, the procedure
concerning the amount of individual tissues followed the de-
scribed inAzevedo et al. (2012). Hepatic cytosolic fractionswere

obtained by homogenization followed by ultracentrifugation as
described inAzevedo et al. (2009) inwhich samples of liverwere
weighed and homogenized in the Tris-HCl buffer (0.02 M) at
pH 8.6, 10%BHT, and centrifuged at 30,000g for 45min at 4 °C;
the aliquots obtained were used for Hg determination.

The analytical procedure for Hg quantifications followed the
methods described by Hortellani et al. (2005) with modifications
to biological samples, in which different samples were digested
in a concentrated solution of HNO3, H2SO4, and HClO (1:2:1)
using glass flasks. Mercury concentrations were reported in wet
weight.

Analytical control procedures

Detection and quantification limits were calculated in accordance
with theNational Institute ofMetrology, Quality and Technology
(INMETRO 2010), as DL=mean blank +3 × blank’s and QL=
mean blank +5 × blank’s standard deviation × dilution. The
obtained DL and QL were 0.527 μg kg−1 and 2.585 μg kg−1,
respectively. Quality control of the analysis was measured with
Hg concentrations in certified referencematerial (Dogfishmuscle
DORM-2, National Research Canada Council, NRCC). The
mean data obtained was 4.63 μg g−1 ± 0.04 (n = 3) with a
recovery of 99% at a 0.05 significance level within the

Fig. 1 Sampling sites showing the Tapajós River, close to Itaituba city, in the Brazilian Amazon region instead (adapted from wikmapia.org)
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confidence interval of the certified level, exhibiting, therefore,
good precision and accuracy. The technique used in this study
for total Hg (FIA–CV-AAS) is accredited by the
BCoordenação Geral de Acreditação do INMETRO^
(CGCRE/INMETRO 2013).

Statistical analysis

The normality of the data prior to analysis was checked, and
the Spearman correlation was used, since the data were not
normally distributed. Therefore, the Matrix correlation was
made through the use of the Spearman correlation (rs) and
significance at the 0.01 and 0.05 levels (two-tailed) was con-
sidered. For the box plot of the metal concentrations in differ-
ent tissues, the whisker length of one sigma with a rounding
quartile method was used.

Results

Biometric data of the Cichla pinima specimens showed a mean
length andweight of 395 ± 51mm and 840 ± 418 g, respectively.
In general, the individuals showedmore homogeneous biological
aspects with only eight fish showing a length higher than
400 mm (Fig. S1); however, regarding the standard deviation,
these organisms are within the range of variation. Individuals of
C. pinima, where 53% were males and 47% were females, the
weight–length relationship observed for the sampled specimens
(Fig. S1) showed an equation of W = 2E − 06L3.3002 (R2 =
0.856), revealing an allometric growth.

Due to the low sample number, sexual differences were not
considered. However, there was a similar proportion of males
(53%) and females (47%). Furthermore, homogeneous biometric
aspects of the individuals such as length and weight indicate no
significant biological influence on the metal data.

Although the THg values found in the muscle tissue of
C. pinima are close to the maximum limit established for Hg in
carnivorous fish limits of 1.0 μg g−1 (BRASIL 1998; USEPA
1997), only two specimens exceeded this limit. With respect to
the THg content in other tissues, in general, a larger variation in
the individual THg concentrations was observed in the liver,
muscle tissue, and skin, respectively, with a greater homogeneity
in the gills. Concerning comparisons with other fish from the
Amazon region (Table S1), in general, the obtained THg levels
forC. pinima in this work are in accordance with values found in
C. pinima from the Tapajós river, near Itaituba city. Additionally,
the obtained THg values were similar to the concentrations in
C. pinima fish from other areas impacted by Hg in the Amazon
region.

Figure 2 shows a box plot of the THg data with the median,
25th and 75th percentiles, and minimum and maximum THg
levels in tissues as muscle, liver, gills, skin, and gonad in the
C. pinima. The trends of concentrations in the tissues were as

follows: liver>muscle>gonads>skin>gill. Two outliers were ob-
served in the liver and one in the gills. Statically significant
differences among the tissues were found only with respect to
the liver (p < 0.05).

Although the gills had higher THg values than the skin, the
range of concentrations was not so different (gill 0.047–
0.373 μg g−1; skin 0.037–0.582 μg g−1). The THg contents
found in gonads had a minimum value of 0.162 μg g−1 and a
maximum of 0.709 μg g−1, with a mean value very close to
that observed in the skin. The levels found in muscle had a
range of 0.300 to 1.172 μg g−1. Finally, the THg concentra-
tions obtained in the liver ranged from 0.557 to 5.305 μg g−1

with two outliers of 6.480 and 8.604 μg g−1.
Table 1 shows the correlation matrix of biometric variables,

such as length and weight and THg contents in the liver, mus-
cle, gill, gonad, and skin of C. pinima. Regarding the biolog-
ical variables, a positive and significant correlation was found
between W versus L (rs = 0.893) and W versus muscle (rs =
0.442) and liver (rs = 0.463). Furthermore, high levels and
significant correlation was also observed of Hg contents in
muscle versus liver (rs = 0.817), muscle versus gill (rs =
0.747) and liver versus skin (rs = 0.464). Gonad tissue was
the only one without significant correlation to other tissues.

With respect to the hepatic bioavailability by the subcellu-
lar THg evaluation, a significant and positive correlation (rs =
0.650) was found between the cytosol and the full hepatic
tissue (Fig. 3). Furthermore, high levels were obtained in the
total liver ranging from 1.7 to 3.8 mg kg−1, but only circa of
7% of the THg were available to the cytosol hepatic fraction
(Fig. 4).

T
H
g
 (
m
g
/k
g
)

Fig. 2 Boxplot with median values of the total mercury (THg) data in
different tissues ofC. pinima sampled in the Tapajós river close to Itaituba
city. Outliers are indicated as circles above the boxplot
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Discussion

We aim to improve our understanding of Amazon fish with
economic and ecological importance; mercury contamination
is due to several different anthropogenic activities along trib-
utaries such as the Tapajós river due to gold mining and land
use changes, such as agriculture practices and lixiviation of
materials as a consequence of deforestation (Oliveira et al.
2001). In this study, some ecological knowledge of
C. pinima, as well as Hg fate including subcellular fraction-
ation and the human impact related to the consumption of this
species, are shown.

Regarding the human consumption data of THg in muscle
tissue, most individuals had concentrations below the national
and international established limits for human consumption.
In fact, the international maximum limit of 1.0 μg g−1 standard
was developed to protect interstate commerce in the USA, in
addition to human health. Thus, it has been rejected by federal

agencies in the USA (EPA and FDA) and Canada for use in
studies designed to protect human health, and, therefore, in-
ternational standards for protecting human health are typically
in the order of 0.5 μg g−1 (Health Canada 2007). Despite the
low sample size, about 70% of the analyzed fish showed THg
contents greater than 0.5 μg g−1 in the muscle tissue, which
could be a sign of health risk. Besides, it is important to pro-
mote a better management and encourage strategies and pro-
grams for environmental monitoring and diagnosis in the
Amazon region, as mining activities cause several distur-
bances in the aquatic system and in the integrity of the biota.

Concerning the biological and ecological aspects, in gen-
eral, the length of the first maturation (LFM) for fish from the
genus Cichla fluctuates depending on several factors such as
intraspecific changes, locality, being native or introduced, and
with the adaptation of the species to the new environments of
others. In fact, some authors consider that aspects such as food
abundance and absence or reduction in the natural predators

Table 1 Spearman correlation
matrix (rs) of total mercury (THg)
in different tissues (muscle, liver,
gill, and skin) and biological pa-
rameters as length (L) and weight
(W) of C. pinima from Tapajos
River. Analyzed samples = 182

Muscle Liver Gonad Gill Skin L W

Muscle rs 1

p

Liver rs 0.817** 1

p 0.0001

Gonad rs − 0.083 0.059 1

p 0.769 0.836

Gill rs 0.747** 0.549** − 0.170 1

p 0.0001 0.004 0.544

Skin rs 0.436* 0.464* − 0.426 0.380 1

p 0.026 0.017 0.114 0.055

L rs 0.339 0.319 0.255 − 0.081 0.158 1

p 0.09 0,112 0.359 0.694 0,441

W rs 0.442* 0.463* 0.255 − 0.062 0.158 0.893** 1

p 0.024 0.017 0.359 0.763 0.442 0.0001

**Correlation is significant at the 0.01 level

*Correlation is significant at the 0.05 level

Fig. 4 THg available level (%) between the total tissue and cytosolic
hepatic fraction of C. pinima from the Tapajós river

y = 0.1596x0.4533

R² = 0.65 (without outliers)
n=26
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Fig. 3 Metal contents in the total liver versus cytosolic hepatic fraction of
C. pinima from the Tapajós river
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are important factors that can influence reducing the length of
the first gonadal maturation (Gomiero et al. 2009). Luiz et al.
(2011) found 225 mm with LFM to males and females of
Cichla piquiti populations in the Cachoeira Dourada reservoir.
From the species Cichla ocellaris and Cichla monoculus from
southeast Brazil, a LFM of 200 mm and 215 mmwere obtain-
ed, respectively (Gomiero and Braga 2004). On the other
hand, in studies with C. ocelaris from Lake Gatun, Panamá,
322 and 332 mm LFM were obtained (Zaret 1980). In fact,
regardless of variations among species, all cichlids analyzed in
this work were adult, who certainly had reached the LFM, as
the smallest individual captured had 325 mm and 356 mm for
male and female, respectively.

Another important biological aspect that can be influenced
by metal exposure in natural environments, for instance Hg, is
the growth of the organism. Therefore, it is important to check
possible changes in the growth profile of individuals in asso-
ciation with the bioaccumulation and bioavailability studies of
toxic elements. Fish species may show isometric or allometric
growth, and from the eq. Y = axb, it is possible to estimate the
growth constant of species (b). This constant should vary be-
tween 2.5 and 4.0 and values equal or close to 3.0 are consid-
ered ideal, showing isometric growth. On the other hand,
values higher than 3.0 are considered to be negative allometric
growth and less than 3.0, they are considered to be positive
allometric growth (Vazoller 1996).

No studies were found in relation to biological variables in
C. pinima in natural environments in the Amazon region, such
as the Tapajos River, as shown in this study regarding the
length–weight relationship and type of growth, i.e., differ-
ences between allometric or isometric growth conditions.
Therefore, in this study, through observation, these biological
aspects were compared to other Cichla species. In a study
conducted with farmed Cichla temensis, the authors obtained
the equation to describe the weight–length relationship asW =
0.0073Lt3.1435, showing a relative allometric growth (Tavares-
Dias et al. 2011). Therefore, the data of weight–length ob-
served in specimens ofCichla sp. from Itaituba (Brazil) shown
in this work is in accordance with species such as C. ocellaris
and C. monoculus (farmed and wild) as the Cichla sp. with
allometric growth (Gomiero and Braga 2003), showing that it
is a characteristic of the genus. Due to the intra- and
interspecific competition and predation in natural condi-
tions, it is possible that the weight–length relationship
should be lower than that observed in farmed fish. However,
in situations using farmed species, as in stressful conditions, a
reduction in the weight–length relationship can also be
observed (Tavares-Dias et al. 2011).

Through the analysis of THg in a sample bank of 2538
specimens of freshwater Amazon fish from the Tapajos
River, Bastos et al. (2016) verified that there is a limited in-
fluence of sex on fish THg bioaccumulation. Therefore, in the
case of Amazon fish, such as Cichla sp., biological variables

such as sex are not determinants to drivers of the patterns of
THg. Although, in this study, the biological data in Cichla sp.
with homogeneous biometric aspects of the individuals indi-
cate no significant biological influence on the metal data, it is
reported in the literature that there is a significant correlation
between fish size and total Hg concentrations in carnivorous
fish such as Cichla sp. (Bastos et al. 2015). These patterns are
probably not observed in this study due the relative low sam-
ple number necessary to make this biological inference.

Regarding the organotropism, it is important to consider
the differences between the species, sites, and sampling pe-
riods once these aspects interfere in the Hg uptake in the
tissues of the fish. The individual variability observed in the
Hg contents for the bioaccumulation pattern, for instance, with
outliers for Hg levels on the liver and gills, may be influenced
by biological factors, such as the age of individuals, since no
significant differences in length, weight, and sex were ob-
served. However, to corroborate this hypothesis, it is neces-
sary to increase the sample number to make populational
inferences.

Mercury concentrations in gills probably cannot indicate an
input by changes and adsorption process in the branchial la-
mellas. In fact, species from the Cichla genus are carnivorous,
feeding mainly on other fish. Thus, the main input route of
mercury in the analyzed fish in this study can be via feeding
and trophic transfer, and not the gills, as corroborated by the
other studies in which the mercury exposure and uptake in
aquatic organisms occurs mainly by trophic pathways
(Harris and Bodaly 1998). When compared to the THg con-
centrations in the gills, similar THg levels in the skin, with the
absence of differences being statistically significant (p > 0.05),
suggest that the skin does not have an important contribution
of mercury uptake inC. pinima. The fish’s skin has mucus that
has some functions, such as the reduction of friction with
water, protection against bacterial and fungal infections, and
some studies still report that in association with the skin, these
barrier systems have a great contribution to make against the
exposure of xenobiotics, such as trace metals (Tao et al. 2000;
Al-Weher 2008; Jovičić et al. 2016), containing enzymes and
antibodies that can act in defense of the organisms. In fact,
chemical compounds with the ability to remove or weaken the
mucus/skin layer have a toxic potential to the cell, as, along
with the gills and food, these are the first input routes of
xenobiotics, such as mercury into the organism.

There is still insufficient knowledge with respect to the
subcellular determination and linkage with the total mercury
contents of cytosolic mercury concentrations in Amazon fish.
An evaluation of THg concentrations in liver homogenate and
in sub-cellular compartments such as nuclei, plus cellular de-
bris (N +D), granules (Gran), mitochondria (Mit), lysosomes
plus microsomes (Lys +Mic), heat stable protein (HSP), and
heat denaturable proteins (HDP), in the wild fish Liza aurata
is found in a recent study about THg hepatic bioavailability
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(Araújo et al. 2015). The authors indicated that when mercury
is high in the liver, it is partitioned intoMit and HDP fractions,
with an absence of evidence for the saturation of mercury
detoxification mechanisms, as the fractions HSP and granules
had low mercury levels (below the detection limit).

Araújo et al. (2015) found a positive and significant corre-
lation between the sub-cellular THg contents as granules
(Gran), mitochondria (Mit), lysosomes plus microsomes
(Lys +Mic), heat denaturable proteins (HDP), and the whole
liver (homogenate). In this study, a corresponding correlation
was obtained between the THg contents in cytosolic fraction
and the total hepatic THg (liver homogenate) as r = 0.65.
Additionally, a similarity concerning the range of THg varia-
tion in the sub-cellular fractions was observed with THg in
cytosol of C. pinima. In fact, the sub-cellular fraction reflects
the concentration of soluble SH groups, since the protocol of
ultracentrifugation and thermocoagulation excludes high-
weight proteins, ensuring the permanence of low-weight,
cysteine-rich proteins (with SH groups).

Bioavailability in the hepatic tissue, considering the trans-
ference between the total liver and the cytosolic fraction, has a
great contribution to make towards understanding some as-
pects of the transference of THg into the hepatic compart-
ments in a bioindicator species from the Amazon region, for
instance, Tucunare. For the C. pinima from the Tapajós river
analyzed in this study, a difference of 7% of THg found in the
sub-cellular fraction (cytosolic) was observed when compared
to the THg concentrations in the whole liver. This profile is
very interesting as the low concentration obtained in the sub-
cellular fraction suggests an effective hepatic cellular transfer-
ence in fish exposed to high mercury levels in the Amazon
region. On the other hand, this is an initial point that can be
reinforced by data of differential THg partitions in subcellular
compartments, mainly the HSP fraction that was not deter-
mined in this study, but is responsible for major metal ligands,
such as metallothionein.

Finally, these data are interesting to comprise some aspects
of the transference of THg in different tissues of C. pinima, an
important fish for consumption and ecological relevance,
being the species at the top of the food chain. Therefore,
this study is an important key to understanding the fate of
Hg in such an important fish group in the Amazon, ad-
dressing a relatively novel approach to mercury distribution
in fish.

Acknowledgements The authors would like to thank the São Paulo
Foundation for Research Support (FAPESP) for the Post-Doc fellowship
to J.S. Azevedo (Process 2008/58261-6), and the Institute of Energy and
Nuclear Research for supporting this research.

Compliance with ethical standard

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed. This
article does not contain any studies with human participants performed
by any of the authors.

References

Al-Weher SM (2008) Levels of heavy metal Cd, Cu and Zn in three fish
species collected from the Northern Jordan Valley. Jordan J Biol Sci
1:41–46

Araújo O, Pereira P, Cesário R, Pacheco M, Raimundo J (2015) The sub-
cellular fate of mercury in the liver of wild mullets (Liza aurata) –
contribution to the understanding of metal-induced cellular toxicity.
Mar Pollut Bull 95:412–418. https://doi.org/10.1016/j.marpolbul.
2015.03.036

Arcifa MS, Meschiatti AJ (1993) Distribution and feeding ecology of
fishes in Brazilian reservoir: Lake Monte Alegre. Interciencia
18(6):302–313

Azevedo JS, Serafim A, Company R, Braga E, Fávaro DI, Bebianno MJ
(2009) Biomarkers of exposure to metal contamination and lipid
peroxidation in the benthic fish Cathorops spixii from two estuaries
in South América. Brazil Ecotoxicol 18:1001–1010. https://doi.org/
10.1007/s10646-009-0370-x

Azevedo JS, Sarkis JES, Oliveira TA, Ulrich JC (2012) Tissue-specific
mercury concentrations in two catfish species from the Brazilian
coast. Braz J Oceanogr 60(2):211–219

Azevedo JS, Hortellani MA, Sarkis JES (2014) Hepatic Bioavailability of
Total Mercury (THg) in Cichla sp from Tapajós River Region,
Brazilian Amazon. In: Society of the Environmental Toxicology
and Chemistry Europe (SETAC Europe) 24th annual meeting
TH103. pp 360–361. https://c.ymcdn.com/sites/www.setac.org/
resource/resmgr/Abstract_Books/SETAC-Basel-abstracts.pdf

Azevedo-Silva CE, Almeida R, Carvalho DP, Ometto JPHB, Camargo
PB, Dorneles PR, Azeredo A, Bastos WR, Malm O, Torres JPM
(2016) Mercury biomagnification and the trophic structure of the
ichthyofauna from a remote lake in the Brazilian Amazon.
Environ Res 151:286–296

Barbosa AC, Jardim W, Dórea JG, Souza J (2001) Hair mercury specia-
tion as a function of gender, age and body mass index in inhabitants
of the Negro river basin, Amazon, Brazil. Environ Contam Toxicol
40:439–444

Barbosa AC, Souza J, Dóreia JG, JardimWF, Fadini OS (2003) Mercury
biomagnification in a tropical black water, Rio Negro, Brazil. Arch
Environ Contam Toxicol 45:235–246

Bastos WR, Dórea JG, Bernardi JVE, Lauthartte LC, Mussy MH,
Lacerda LD, Malm O (2015) Mercury in fish of the Madeira river
(temporal and spatial assessment), Brazilian Amazon. Environ Res
140:191–197

Bastos WR, Dórea JG, Bernardi JVE, Manzatto AG, Mussy MH,
Lauthartte LC, Lacerda LD, Malm O (2016) Sex-related mercury
bioaccumulation on fish from the Madeira River, Amazon. Environ
Res 144:73–80

BRASIL, LEIS, DECRETOS (1998) Divisão Nacional de Vigilância
Sanitária de alimentos DINAL – Portaria n° 685 de 27 de agosto
de 1998. Diário Oficial da União. Brasília. Séc. 1, pt 1, p. 1415–
1437, 24 set

Castilhos ZC, Bidone ED, Hartz SM (2001) Bioaccumulation of mercury
by Tucunaré (Cichla ocellaris) from Tapajós River region, Brazilian
Amazon: a field dose-response approach. Bull Environ Contam
Toxicol 66:631–637

CGCRE/INMETRO (2013) Accredited testing and calibration laborato-
ries (RBLE and RBC). www.inmetro.gov.br/laboratorios/rble/docs/
CRL0242.pdf, revised in 2015. Accessed 18 Dec 2016

Environ Sci Pollut Res (2019) 26:21363–21370 21369

https://doi.org/10.1016/j.marpolbul.2015.03.036
https://doi.org/10.1016/j.marpolbul.2015.03.036
https://doi.org/10.1007/s10646-009-0370-x
https://doi.org/10.1007/s10646-009-0370-x
https://c.ymcdn.com/sites/www.setac.org/resource/resmgr/Abstract_Books/SETAC-Basel-abstracts.pdf
https://c.ymcdn.com/sites/www.setac.org/resource/resmgr/Abstract_Books/SETAC-Basel-abstracts.pdf
http://www.inmetro.gov.br/laboratorios/rble/docs/CRL0242.pdf
http://www.inmetro.gov.br/laboratorios/rble/docs/CRL0242.pdf


Clarkson TW (1997) The toxicology of mercury. Crit Rev Clin Lab Sci
34(4):369–403

de Vazzoler AEA (1996) Biologia da reprodução de peixes teleósteos:
Teoria e Prática. EDUEM, Maringá 169 p

Dias ACL, Guimarães JRD, Malm O, Costa PAS (2008) Mercúrio total
em músculo de cação Prionace glauca (Linnaeus, 1758) e de
espadarte Xiphias gladius Linnaeus, 1758, na costa sul- sudoeste
do Brasil e suas implicações para a saúde pública. Cad Saude
Publica 24(9):2063–2070

DNIT (2017) Departamento Nacional de Infraestrutura de Transportes.
In: Hidrovia do Tapajós. http://www.dnit.gov.br/hidrovias/
hidrovias-interiores/hidrovia-do-tapajos. Accessed 17 Feb 2017

Fadini PS, Jardim WF (2001) Is the Negro River Basin (Amazon)
impacted by naturally occurring mercury? Sci Total Environ
275:71–82

Frery N, Maury-Brachet R, Maillot E, Deheeger M, de Merona B,
Boudou A (2001) Gold-mining activities and mercury contamina-
tion of native Amerindian communities in French Guiana: key role
of fish in dietary uptake. Environ Health Perspect 109:449–456

Gomiero LM, Braga FMS (2003) Relação peso-comprimento e fator de
condição para Cichla cf. ocellaris e Cichla monoculus (Perciformes,
Cichlidae) no reservatório de Volta Grande, Rio Grande - MG/SP.
Acta Sci Biol Sci 25:79–86

Gomiero LM,Braga FMS (2004) Feeding of introduced species ofCichla
(Perciformes, Cichlidae) in Volta Grande reservoir, river Grande
(MG/SP). Braz J Biol 64:787–795

Gomiero LM, Villares GA Jr, Naous F (2009) Reproduction of Cichla
kelberi introduced into an artificial lake in southeastern Brazil. Braz
J Biol 69:175–183

Hacon S, Barrocas PRG, de Vasconcellos ACS, Barcellos C, Wasserman
JC, Campos RC, Ribeiro C, Azevedo-Carloni FB (2008) An over-
view of mercury contamination research in the Amazon basin with
an emphasis on Brazil. Cad Saude Publica 24(7):1479–1492

Harris R, Bodaly RA (1998) Temperature, growth and dietary effects on
fish mercury dynamics in two Ontario lakes. Biogeochem 40(2):
175–187

Heath AG (1990) Water pollution and fish physiology, 2a edn. CRC
Press, 245p

Heath Canada (2007) Human health risk assessment of mercury in fish
and health benefits of fish consumption. Bureau of Chemical Safety
Food Directorate Health Products and Food Branch. 76p

Hortellani MA, Sarkis JES, Bonetti J, Bonetti C (2005) Evaluation of
mercury contamination in sediments from Santos - São
Vicente estuarine system, São Paulo state. Braz J. Chem
Soc 16(6A):1140–1149

INMETRO (2010) Orientações sobre Validação de Métodos de Ensaios
Químicos, Instituto Nacional de Metrologia, Normalização e
Qualidade Industrial, DOQ-CGCRE-008

Jackson TA (1997) Long-range atmospheric transport of mercury to eco-
systems and the importance of anthropogenic emissions–a critical
review and evaluation of the published evidence. Environ Rev 5:99–
120

Jovičić K, Janković S, Višnjić-Jeftić Z, Skorić S, Đikanović V, Lenhardt
M, Hegediš A, Krpo-Ćetković J, Jarić I (2016) Mapping differential
elemental accumulation in fish tissues: importance of fish sampling
standardization. Arch Biol Sci 68(2):303–309

Kullander SO (2003) Cichlidae (Cichlids). In: Reis RE, Kullander SO,
Ferraris CJ Jr (eds) Checklist of the Freshwater Fishes of South and
Central America. EDIPUCRS, Porto Alegre, pp 605–654

Kullander SO, Ferreira EJG (2006) A review of the south American
cichlid genus Cichla, with descriptions of nine new species.
Ichthyol Explor Freshw 17(4):289–398

Luiz TF, Velludo MR, Peret AC, Filho JLR, Peret AM (2011) Diet,
reproduction and population structure of the introduced
Amazonian fish Cichla piquiti (Perciformes: Cichlidae) in the
Cachoeira Dourada reservoir (Paranaíba River, Central Brazil).
Rev Biol Trop/Int J Trop Biol 59(2):727–741

Nevado JJB, Martín-Doimeadios RCR, Bernardo FJG, Moreno MJ,
Herculano AM, do Nascimento JLM, Crespo-López ME (2010)
Mercury in the Tapajós River basin, Brazilian Amazon: a review.
Environ Int 36:593–608

Oliveira SMB, Melfi AJ, Fostier AH, Forti MC, Favaro DIT, Boulet R
(2001) Soils as an important sink for mercury in the Amazon. Water
Air Soil Pollut 126:321–337

Roulet M, Lucotte M (1995) Geochemistry of mercury in pristine and
flooded ferralitic soils of a tropical rain forest in French Guiana,
South America. Water Air Soil Pollut 80:1079–1080

Santos LSN, Muller RCS, Sarkis JES, Alves CN, Brabo ES, Santos EO,
Bentes MHS (2000) Evaluation of total mercury concentrations in
fish consumed in the municipality of Itaituba, Tapajos River basin,
Para, Brazil. Sci Total Environ 261:1–8

Smith NJH, Alvim P, HommaA, Falesi I, Serrão A (1991) Environmental
impacts of resource exploitation in Amazonia. Global
Environmental Change. Butterworth-Heinemann Ltd., In, pp 313–
320

Súarez IR, Nascimento FL, Catella AC (2001) Alimentação do tucunaré
Cichla sp. (Pisces, Cichlidae) – um peixe introduzido no Pantanal,
Brasil. Corumbá: Embrapa Pantanal. Embrapa Pantanal, Boletim de
Pesquisa, 23p. ISSN 1517–1981

Tao S, Li H, Lui C, Lam KC (2000) Fish uptake of inorganic and mucus
complexes of lead. Ecotoxicol Environ Saf 46:174–180

Tavares-Dias M, Monteiro AMC, Affonso EG, Amaral KDS (2011)
Weight-length relationship, condition factor and blood parameters
of farmed Cichla temensis Humboldt, 1821 (Cichlidae) in Central
Amazon. Neotrop Ichthyol 9(1):113–119

UNEP (2013) Global mercury assessment 2013: sources, emissions.
Releases and environmental transport. UNEP Chemicals Branch,
Geneva

USEPA (1997) Guidance for assessing chemical contaminant data for use
in fish advisories. Volume 2 - risk assessment and fish consumption
limits - second edition. U.S. Environmental Protection Agency.
Office of Water, Washington, DC

Vieira C, Morais S, Ramos S, Delerue-Matos C, Oliveira MBPP (2011)
Mercury, cadmium, lead and arsenic levels in three pelagic fish
species from the Atlantic Ocean: intra- and inter-specific variability
and human health risks for consumption. Food Chem Toxicol 49:
923–932

Wasserman JC, Hacon S, Wasserman MA (2003) Biogeochemistry of
mercury in the Amazonian environment. Ambio 32:336–342

Zaret TM (1980) Life history and growth relationships of Cichla
ocellaris, a predatory south American cichlid. Biotrop 12:144–157

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

21370 Environ Sci Pollut Res (2019) 26:21363–21370

http://www.dnit.gov.br/hidrovias/hidrovias-interiores/hidrovia-do-tapajos
http://www.dnit.gov.br/hidrovias/hidrovias-interiores/hidrovia-do-tapajos

	Organotropism...
	Abstract
	Introduction
	Material and methods
	Sample collection and biometric data acquisition
	Total mercury determination in tissues and in the sub-cellular hepatic fraction
	Analytical control procedures
	Statistical analysis

	Results
	Discussion
	References


