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Abstract Aquatic organisms are considered excellent

biomarkers of mercury (Hg) occurrence in the environ-

ment. Selenium (Se) acts in antagonism to this metal,

stimulating its elimination, and reducing its toxicity. In this

paper, tilapia (Oreochromis niloticus) were chronically

acclimated in sub-lethal Hg2?, Hg2? ? Se4? and

Hg2? ? Se6? concentrations. Distribution and bioaccu-

mulation of both elements were evaluated in fish tissues.

The kidney was the main target of the Hg and Se uptake,

and the presence of Hg induced the Se hepatic elimination.

The Hg bioaccumulation in the gill, spleen and heart were

higher in the presence of Se6? than in the presence of Se4?.
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Mercury (Hg) is one of the most toxic chemical elements,

arising in the environment from natural and anthropogenic

sources, and accumulating in the biota (Akagi et al. 1995).

As a consequence, aquatic organisms are considered

important biomarkers of this metal fate. Selenium (Se) is

an essential micronutrient for humans and animals (Bey-

routy and Chan 2006). It interacts with toxic metals

metabolism, especially with Hg, minimizing their toxic

effects and stimulating it elimination and detoxification

(Gailer 2007).

In vivo studies using creek chub (Semotilus antroma-

culatus) showed that Se is an effective antagonist to Hg

(Kim et al. 1977). The presence of Se decreases the metal

tissue retention, as already described by Cabañero et al.

(2006), except in the liver, where the bioaccumulation of

Hg was not affected (Hansen et al. 1981). Experiments

conducted with blue mussels (Mytilis edulis) revealed that

Se bioaccumulation increases in the presence of Hg.

However, Hg retention was not affected by different con-

centrations and chemical forms of Se (Pelletier 1986).

Bioassays with sea mollusks did not show protective

effects of Se against the poisonous effects of Hg (Patel

et al. 1988). This work evaluated the effects of selenite

(Se4?) and selenate (Se6?) on mercury (Hg2?) uptake and

distribution in young tilapia (Oreochromis niloticus)

chronically exposed to these elements.

Materials and Methods

In vivo tests were carried out in agreement with the Stan-

dard Methods for the Examination of Water and

Wastewater (APHA 1998). Young tilapia were acquired

from a commercial fish farm, with an average weight of

32.04 g (±5.35) and an average length of 10.27 cm
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(±1.39). Fish were acclimated in chlorine free 250 L water

tanks and fed with commercial feed for one week. After-

wards, they were transferred to 40 L aquaria and

acclimated again for 48 h.

Physicochemical characteristics of the water such as

temperature, dissolved oxygen, pH and electric conduc-

tivity were monitored during the entire experiment.

Hardness was determined by EDTA volumetric method,

alkalinity by titration and total ammonium by color form

reagent, at the beginning and at the end of the experiment.

Aquaria (n = 8) were disposed with bioassays contain-

ing Hg2?, Hg2? ? Se4? and Hg2? ? Se6? at sub-lethal

concentrations, as follow: Control group (n = 2), free of

Hg and Se; 0.08 mg L-1 Hg2? (n = 2); 0.08 mg L-1

Hg2? ? 0.4 mg L-1 Se4? (n = 2); and 0.08 mg L-1

Hg2? ? 1.4 mg L-1 Se6? (n = 2). Sodium selenite

(Na2SeO3), sodium selenate (Na2SeO4) and mercury

chloride (HgCl2) concentrations were established accord-

ing to França et al. (2007). In all tests, the concentrations

tested were NOEL (No Observed Effect Levels). The

assays were carried out for 14 days, with 16 fish per

aquarium. At the end of experiment, one fish was sampled

per aquarium, resulting in two individuals per treatment.

Fish were sacrificed by deep sedation with benzocaine.

Samples of heart, liver, spleen, gill, brain, muscle and

kidney were obtained from each individual, and were

stored at -5�C until chemical analysis.

For total mercury determinations, 100 mg of wet tissue

were heated in a glass tube with an acid mixture of HNO3,

HClO4 and H2SO4 (1.0:1.0:2.5 mL) up to 210�C (Akagi

et al. 1995). The final volume was made with ultrapure

water (18.2 M X cm-1) up to 25.0 mL. Total Se was

determined by heating 7.5 mL of the former digested

solution with 7.5 mL concentrated HCl to 100�C for �
hour, reducing Se6? to Se4?. The volume was made up to

25.0 mL, with a final acidity of 30% (v/v) HCl (Que-

vauviller et al. 1993). Blanks and certified reference

material (CRM) were processed through an identical

procedure. Both, Hg and Se detections were carried out by

Atomic Fluorescence Spectrometry (AFS), PS Analytical

Ltd. (Kent, UK), coupled to a Merlin and an Excalibur

detectors respectively. Mercury was reduced by a 2.0% (m/

v) SnCl2 solution and Se, by a 1.3% (m/v) NaBH4 solution.

Accuracy was assessed by using a CRM, DORM-2,

constituted of lyophilized dogfish muscle tissue, produced

by the National Research Council of Canada, with a cer-

tified Hg and Se concentrations of 4.64 ± 0.26 and

1.4 ± 0.09 mg kg-1, respectively.

Statistical evaluation of the data was performed using

analysis of variance (ANOVA), Gauss and Markov model,

with split plot design. The hypothesis tests were made by

using Fischer and Snedecor F distributions. Tukey Multiple

Comparison Test was applied (Montgomery 2001). Hg and

Se concentrations were considered variables of response. In

the mathematic-statistical model, the acclimations (Hg2?,

Hg2? ? Se4?, Hg2? ? Se6? and control) were considered

primary treatments (located in the plots), and the organs as

secondary treatments (sub-plot levels).

Results and Discussion

Physicochemical parameters of the water used in the bio-

assays were similar among treatments (p = 0.05), being in

agreement with the limits recommended by APHA (1998)

for fish maintenance in cultivation systems (Table 1).

Fourteen days of sub-lethal exposure to either 0.08 mg L-1

Hg2?, 0.4 mg L-1 Se4? or 1.4 mg L-1 Se6? concentra-

tions produced no mortalities and all fish appeared healthy,

as already described (França et al. 2007).

Total mercury and selenium concentrations determined

in the CRM DORM-2 were 4.72 ± 0.21 and 1.38 ±

0.16 mg kg-1. Recoveries of 101 and 99% were achieved

for Hg and Se respectively and results were within the

interval of the certified standard deviation values

(Table 2).

Table 1 Physicochemical parameters of the water used in the chronic toxicity experiments with Oreochromis niloticus (mean values and

standard deviations)

Physicochemical parameters Treatments

0.08 mg L-1 Hg2? 0.08 mg L-1 Hg2? ?

0.4 mg L-1 Se4?
0.08 mg L-1 Hg2? ?

1.4 mg L-1 Se6?
Control

pH 7.80 ± 0.25 7.85 ± 0.20 7.76 ± 0.00 7.63 ± 0.38

Conductivity (lS cm-1) 136.56 ± 37.30 141.40 ± 36.50 130.30 ± 36.59 148.97 ± 42.46

Dissolved oxygen (mg L-1) 6.36 ± 1.03 6.50 ± 1.00 6.40 ± 0.80 6.52 ± 0.91

Temperature (�C) 23.72 ± 1.31 23.90 ± 0.90 23.80 ± 0.90 24.02 ± 1.32

Alkalinity (mg L-1 CaCO3) 22.3 ± 0.14 22.37 ± 0.07 21.65 ± 0.17 21.8 ± 0.14

Hardness (mg L-1 CaCO3) 22.52 ± 0.12 23.21 ± 0.09 21.11 ± 0.11 21.12 ± 0.06

Ammonium (mg L-1) 0.034 ± 0.01 0.032 ± 0.00 0.035 ± 0.01 0.034 ± 0.01
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High differences (C99% of confidence) for Hg con-

centrations among the several organs were observed.

According to the Tukey Test, these differences followed a

standard behaviour for the four treatments, e.g. kidney

always showed the highest Hg concentrations, while mus-

cular tissues the lowest.

Total Hg concentrations (lg g-1) in organs of young

tilapia submitted for 14 days to exposure to the elements

and control are presented in Table 3. As expected the

results indicated no significant differences between the Hg

concentrations in all fish organs in the control group, at

95% of confidence. Although no significant differences

(p [ 0.05) for Hg concentrations in the treatments were

identified, a great variation in magnitude in the arithmetic

mean concentrations was observed when all seven organs

were considered (Table 3). The three assays showed high

Hg means in comparison to the control one, being around

20 times (19.6) for Hg2?, 15.8 for Hg ? Se4? and 14.6 for

Hg ? Se6?, indicating a decreasing Hg burden induced by

the presence of Se (Gailer 2007; Cabañero et al. 2006).

In comparison to the control, the other treatments (Hg2?,

Hg2? ? Se4?, Hg2? ? Se6?) did not increase the Hg

concentrations in the spleen, gill, heart, brain, liver and

muscle (Table 3). As already described (Su et al. 2008 and

Chen et al. 2006), the kidney of tilapia (Oreochromis nil-

oticus) was the main target of the Hg accumulation,

indicating a significant Hg uptake in the 3 accomplished

treatments (Fig. 1). Kidney is involved in the self depura-

tion of toxic metals, which implies that microsome takes

part in the mercury metabolic process in the animal body

(Chen et al. 2006). Furthermore, a previous study reported

a copper and cadmium uptake in kidney of tilapias (Ore-

ochromis mossambicus) chronically exposed to 0.1 mg L-1

Cu and 0.005 mg L-1 Cd (Pelgrom et al. 1995).

The data pointed out that in the 0.08 mg L-1 Hg2?

acclimation, the concentration of Hg in the kidney was not

statistically different from the gill, heart and liver, which

were higher than in the spleen, brain and muscle (Table 3).

In the presence of selenium, in both oxidation states, Se4?

and Se6?, a systematic trend for increasing Hg concentra-

tion in kidney were observed (Table 3). For Se6?, the

significance of statistical analysis was between kidney and

muscular tissue, liver and brain only. In the case of Se4?,

differences were observed between kidney and all other

organs. Therefore, this finding may indicate the importance

of selenium speciation on mercury interaction with the

biota (Gailer 2007).

When considering Se as variable of response, significant

differences (95% of confidence) were observed for the

treatment and organs factor, and for the treatment times

Table 2 Accuracy for total Hg and Se (mg kg-1) in CRM – DORM-

2 (dogfish), obtained by the proposed method (data refer to triplicate

analysis)

Certified reference

material

Total Hg

(mg kg-1)

Total Se

(mg kg-1)

Dogfish: DORM-2

Certified values 4.64 ± 0.26 1.4 ± 0.09

Obtained 4.72 ± 0.21 1.38 ± 0.16

Recovered (%) 101.7 98.5

Table 3 Total average mercury concentrations in organs (lg g-1 Hg; wet weight basis) of Oreochromis niloticus chronically acclimated to

Hg2?, Hg2? ? Se4? and Hg2? ? Se6?(*)

Treatments Organs

Mean7** Muscle Kidney Liver Heart Spleen Gill Brain

– 0.9 b 85.3 a 7.1 b 12.2 b 7.4 b 28.9 b 2.7 b

0.08 mg L-1 Hg2? a 32.3 a 0.85 b a 106.1 a a 10.9 ab a 17.2 ab a 8.3 b a 79.7 ab a 2.8 b

0.08 mg L-1 Hg2? ? 0.4 mg L-1 Se4? a 23.4 a 1.3 b a 122.5 a a 6.8 b a 11.9 b a 4.9 b a 14.1 b a 2.4 b

0.08 mg L-1 Hg2? ? 1.4 mg L-1 Se6? a 25.3 a 0.9 b a 110.1 a a 9.8 b a 14.9 ab a 15.5 ab a 21.0 ab a 4.8 b

Control a 1.6 a 0.67 a b 2.5 a a 0.9 a a 4.7 a a 0.9 a a 0.8 a a 0.8 a

* Arithmetic means followed by any common letter do not differ for the Tukey Multiple Comparison Test with 95% of confidence. The letters

located at the left side of the arithmetic means refers to comparisons between treatments, and should be read in the vertical direction; the letters

located at the right side refers to comparison between organs, and should be read in the horizontal direction

** Mean7––average concentrations when all seven organs are considered

Kidney

0

40

80

120

160

A B C D

g gµ
1-

Liver

0

6

12

18

24

30

A B C D

g gµ
1-

Fig. 1 Total mercury (h) and selenium (j) uptake in kidney and

liver of O. niloticus chronically acclimated to Hg and Se. Legend:

A = control; B = 0.08 mg L-1 Hg2?; C = 0.08 mg L-1 Hg2? ?

0.4 mg L-1 Se4?; D = 0.8 mg L-1 Hg2? ? 1.4 mg L-1 Se6?
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organs interactions. In the Hg ? Se6? exposure, kidney

showed the highest average Se concentrations, being dif-

ferent (95% of confidence) of all other organs (Table 4).

When the treatment factor was analyzed for organs, sig-

nificant changes for the liver and kidney were observed.

The results indicated no differences between total Se

concentrations in tilapia organs acclimated to the Hg2? and

Hg2? plus Se4? treatments. The total Se concentrations

found in muscle, gill, spleen, brain and heart of tilapia

chronically exposed to both oxidation states of Se plus Hg

were similar to the control (Table 4). A significant (95% of

confidence) Se uptake was observed in the kidney, for fish

exposed to Se6?. A mechanistic basis for this observation

can be detailed (Gailer 2007; Cabañero et al. 2006; Chen

et al. 2006). The 0.08 mg L-1 Hg2? chronic exposures

provided a decrease in the total Se accumulation in tilapia

liver in comparison to the control (58.6% of control)

(Fig. 1). In this sense, according to Gailer (2007), a long-

term feeding study in which rats were exposed to mercury

(10 mg L-1 HgCl2) in drinking water and given

10 mg L-1 Se4? in the diet during 7 weeks, resulted in a

decrease of Se concentration in the liver (87% of Se-only

control).

The Hg detoxification process takes place in liver and

erythrocytes, with subsequent accumulation of Hg2? in the

kidneys (Gailer 2007; Cabañero et al. 2006). The decreased

concentration of Se in the liver of tilapia should be linked to

this mechanism. Therefore, the detoxification process of Hg

in liver and kidney could be attributed to the metal binding

to metallothioneins or other thiol moieties, like glutathione

and protein thiols (Gailer 2007; Chen et al. 2006). In this

work, a greater Hg uptake in kidney was obtained in all

tilapia chronically exposed to 0.08 mg L-1 Hg2?.

Experiments conducted by Pelletier (1986) with blue

mussels (Mytilus edulis) demonstrated that Hg retention

was not affected by different concentrations and chemical

species of Se. On the other hand, Se4? and Se6? did not

significantly affect the uptake of any mercury species by

the diatoms (Thalassiosira pseudonana) and by the green

mussels (Perna viridis) (Wang et al. 2004). In the present

study, the data indicated that the Hg accumulation in the

gill, spleen and heart were higher in the presence of Se?6

than in the presence of Se4?. Furthermore, when animals

were pre-treated with 3.0 mg L-1 Se4? the toxicity of Hg

was decreased, pointing selenium dioxide as an effective

antagonist to Hg2? (Kim et al. 1977). In addition, rats fed

with a diet containing 1.25 mg of methyl Hg/kg body

weight/day plus 1.0 mg kg-1 Se resulted in an increase in

post-natal survival when compared to methylmercury-

treated group (Beyrouty and Chan 2006).

The chronically exposure of tilapia to 0.08 mg L-1 Hg2?

did not affect the Hg accumulation in brain (Table 3). It

suggests that either a 14-day period of exposure, or the Hg2?

concentration used, were not enough to lead to a significant

Hg biomagnification in the nervous system. The mercury

accumulation in this organ could be affected in a longer

exposure condition. The results indicated that the average

Hg muscle concentrations were relatively lower than the

other organs (Table 3). This may constitute an interesting

finding in the public health and toxicology point of view,

because muscular tissue generally constitutes the edible fish

for human consumption. These results illustrate that

understanding the previous fish acclimatation conditions is

important not only for the metal of concern but also when

other metals and metalloids are considered.

In general, the kidney of tilapia was the main target for

both Hg and Se uptake. The data indicate that the Hg

accumulation in liver, heart, spleen, and gill was higher in

the presence of Se6? than in the presence of Se4?. For all

treatments, the experiments indicated that no changes in the

Hg uptake were observed in the brain, and the average Hg

muscle concentrations were relatively lower than other

organs. It was verified that a decrease in the Se concentra-

tion in the liver after Hg exposures, corroborated with the

mechanism of detoxification proposed by Gailer (2007).
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Table 4 Total average selenium concentrations in organs (lg g-1 Se; wet weight basis) of Oreochromis niloticus chronically acclimated to

Hg2?, Hg2? ? Se4? and Hg2? ? Se6?(*)

Treatments Organs

Mean7** Muscle Kidney Liver Heart Spleen Gill Brain

– 0.8 c 8.7 ab 10.1 a 2.0 bc 1.4 c 4.5 abc 0.5 c

0.08 mg L-1 Hg2? b 2.2 a 1.6 a b 3.8 a ab 7.0 a a 1.3 a a 0.5 a a 1.1 a a 0.1 a

0.08 mg L-1 Hg2? ? 0.4 mg L-1 Se4? a 5.4 a 0.2 a ab 10.0 a ab 12.9 a a 2.4 a a 0.6 a a 11.0 a a 0.6 a

0.08 mg L-1 Hg2? ? 1.4 mg L-1 Se6? ab 5.2 a 0.2 a a 19.7 a b 3.5 b a 2.9 b a 3.5 b a 5.4 b a 1.0 b

Control ab 3.2 a 1.1 b b 1.3 b a 16.9 a a 1.3 b a 1.0 b a 0.3 b a 0.2 b

* According to Table 3
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