
Food Chemistry 190 (2016) 871–878
Contents lists available at ScienceDirect

Food Chemistry

journal homepage: www.elsevier .com/locate / foodchem
Heavy metal accumulation and toxicity in smoothhound (Mustelus
mustelus) shark from Langebaan Lagoon, South Africa
http://dx.doi.org/10.1016/j.foodchem.2015.06.034
0308-8146/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: lch@sun.ac.za (L.C. Hoffman).
Adina C. Bosch a,c, Bernadette O’Neill c, Gunnar O. Sigge a, Sven E. Kerwath b,c, Louwrens C. Hoffman c,⇑
a Department of Food Science, University of Stellenbosch, Private Bag X1, Matieland 7602, South Africa
b Department of Agriculture, Forestry and Fisheries, Private Bag X2, Rogge Bay 8012, South Africa
c Department of Animal Sciences, University of Stellenbosch, Private Bag X1, Matieland 7602, South Africa

a r t i c l e i n f o
Article history:
Received 29 January 2015
Received in revised form 26 May 2015
Accepted 15 June 2015
Available online 15 June 2015

Keywords:
Mercury
Methylmercury
Mercury speciation
Heavy metals
Arsenic
ICP-MS
HPLC–ICP-MS
Mustelus mustelus
Shark meat
Regulatory limits
a b s t r a c t

Together with several health benefits, fish meat could introduce toxins to consumers in the form of heavy
metal contaminants. High levels of mercury (Hg), especially, are frequently detected in certain predatory
fish species. Mustelus mustelus fillets were analysed for 16 metals and three individual Hg species (inor-
ganic Hg, ehtylmercury, methylmercury) with inductively coupled plasma mass spectrometry (ICP-MS)
and HPLC–ICP-MS respectively. Eleven of the 30 sharks had total Hg levels above the maximum allowable
limit with toxic methylmercury found as the dominant mercury species with a strong correlation
(r = 0.97; p < 0.001) to total mercury concentrations. Limited correlations between metals and shark size
parameters were observed; therefore metal accumulation in M. mustelus is mostly independent of
size/age. Average values for arsenic (28.31 ± 18.79 mg/kg) exceed regulatory maximum limits and Hg
(0.96 ± 0.69 mg/kg) is close to the maximum limit with all other metals well below maximum limits.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fish and seafood are considered to be a highly nutritious food
source providing high value proteins and several essential fatty
acids (Eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)) necessary for normal human development and continued
health (Domingo, Bocio, Falcó, & Llobet, 2006). Despite the numer-
ous health benefits of a diet high in fish and seafood, frequent con-
sumption of specific seafood may lead to an increased exposure to
chemical and metal contaminants which can pose a risk to human
health (Domingo et al., 2006) as numerous studies have shown that
seafood consumption in general is a major contributor to the
uptake and accumulation of heavy metals and other contaminants
in the human body (Castro-González & Méndez-Armenta, 2008).
Heavy metals of high concern such as mercury (Hg), lead (Pb), cad-
mium (Cd) and arsenic (As) have been found to accumulate in fish
meat in toxic quantities (Llobet, Falcó, Casas, Teixidó, & Domingo,
2003). Coastal communities that rely on fish as their main source
of nutrition therefore stand an increased risk of consuming and
bioaccumulating toxic quantities of contaminants which in turn
can lead to serious health issues such as development and birth
defects and detrimental effects on the nervous system and its
functions (Grandjean, Satoh, Murata, & Eto, 2010).

Mercury in particular has received growing attention in recent
years as it is seen as one of the most toxic metals in the environ-
ment (Storelli, Giacominelli-Stuffler, & Marcotrigiano, 2002).
Mercury is naturally present in the environment but can also be
artificially introduced through waste from industrial activities
(Castro-González & Méndez-Armenta, 2008). Although industrial
Hg pollution has been significantly decreased due to a greater
awareness of its toxicity and danger to human health (Harada,
1995), the presence of toxic metals persist in the environment
due to accumulation in water and sediment (Castro-González &
Méndez-Armenta, 2008).

The toxicity of heavy metals such as mercury is often dependant
on their chemical state or species such as the elemental, organic or
inorganic species (Hempel et al., 1995). However, species identifi-
cation is rarely considered in fish meat analysis, which can result in
inaccurate misrepresentation of toxicity. Mercury is introduced
into the environment in an inorganic form, but is converted to
organic forms (methyl and ethylmercury) by bacteria within the
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environment (Park, Jung, Son, et al., 2011). Methylmercury (MeHg)
is considered the most toxic form of Hg (Hempel et al., 1995) and is
also the most prominent Hg species in fish, accounting for 75–100%
of the total mercury (tHg) levels present (Burger & Gochfeld, 2004).
Methylmercury is a stable chemical form of Hg (Hempel et al.,
1995), binding to thiol complexes in proteins (Clarkson, Vyas, &
Ballatori, 2007; Spry & Wiener, 1991) and is therefore only
excreted in very small amounts, facilitating accumulation in fish
and human tissue over time (Clarkson et al., 2007). Due to the
bioaccumulation of Hg, levels are biomagnified up the food chain
where large predatory fish such as tuna, shark and swordfish con-
tain the highest levels (Burger & Gochfeld, 2004; Domingo et al.,
2006).

Monitoring of Hg and MeHg levels is becoming increasingly
important particularly in commercial marine species due to their
associated negative health effects. The current maximum allow-
able limit for Hg in predatory fish species (tuna, swordfish, shark)
is 1.0 mg/kg fresh weight for tHg (FAO, 2003) with regulations by
the South African Department of Health specifying this same limit
(1.0 mg/kg) as for MeHg (DOH., 2004) as the main toxic component
of tHg. A provisional tolerable weekly intake (PTWI) of 1.6 lg/kg
body weight is also specified for MeHg (JECFA., 2002).
Methylmercury is, however, rarely measured in fish species as
tHg measurements are normally considered sufficient for monitor-
ing Hg toxicity. This could however result in a misrepresentation of
the true Hg toxicity in fish if the MeHg to tHg ratio is not
sufficiently investigated.

The concentration and therefore toxicity of Hg and Hg species
can be identified using various laboratory techniques (Caruso &
Montes-Bayon, 2003). However, due to the variation in detection
limits and species detection between methods the continued
development of these techniques is required. The cold vapour
atomic absorption spectroscopy (CVAAS) technique is the most
commonly used method for measuring total Hg and other heavy
metals. Other alternative methods for measuring total metal con-
centrations have also been developed, such as inductively coupled
plasma mass spectrometry (ICP-MS), which can have a higher
detection sensitivity (Chen, Wu, Guo, He, & Hu, 2015) than
CVAAS (0.003 mg/kg compared to 0.01 mg/kg). Although these
methods are sufficient for the detection of total metals, it requires
an additional separation phase for the detection of the individual
metal species. Separation techniques such as liquid chromatogra-
phy (LC), gas chromatography (GC) or capillary electrophoresis
(CE) are often coupled to detection techniques such as CVAAS,
inductively coupled plasma mass spectrometry (ICP-MS), flame
atomic absorption spectrometry (FAAS), electron-capture detec-
tion (ECD), cold vapour atomic fluorescence spectrometry
(CVAFS) or atomic emission spectrometry (AES) in various combi-
nations. The combination of separation and detection techniques
depends on the required specifications such as speed, sensitivity,
cost and the substance analysed (Caruso & Montes-Bayon, 2003).

According to literature, ICP-MS is one of the detection tech-
niques which is currently most commonly used (Clémens,
Monperrus, Donard, Amouroux, & Guérin, 2012) and linked to
several separation techniques (mostly variations of LC and GC)
(Balarama Krishna, Chandrasekaran, & Karunasagar, 2010; Chen
et al., 2015; Deng et al., 2015). However, several other speciation
methods such as a rapid flow injection catalytic cold vapour atomic
absorption spectrometric (FI-CCV-AAS) method and liquid chro-
matography coupled to on-line UV irradiation and cold vapour
atomic fluorescence spectroscopy (LC-UV-CV-AFS) are also cur-
rently being used to accurately determine concentrations of Hg
species (Zhang & Adeloju, 2012; Zmozinski et al., 2014). No stan-
dardised method is yet specified for monitoring of Hg species con-
centrations in fish and seafood, however, certified reference
materials (CRM) with known total Hg and MeHg concentrations
are available to check validity of whichever speciation method
used.

In this study, inductively coupled plasma mass spectrometry
(ICP-MS) was used for the assessment of total mercury and other
metals. The ICP-MS system by itself is sufficient for total metal
analyses, but could also be used for metal speciation analyses
through a simple coupling with a high pressure liquid chromatog-
raphy (HPLC) separation apparatus (Caruso & Montes-Bayon,
2003). This study proposes to use ICP-MS for the assessment of
individual toxic and non-toxic Hg species in Mustelus mustelus
(smoothhound) samples.

M. mustelus is a commercial shark species commonly caught off
the Southern African coastline and has been targeted in South
Africa since the late 1980’s (Bosch, Sigge, Kerwath, Cawthorn, &
Hoffman, 2013; Smale & Compagno, 1997). It is a major export spe-
cies predominantly to Australia where it is commonly used in the
‘fish and chips’ and minced fish products trade (Da Silva &
Bürgener, 2007). Due to the long life expectancy of sharks (Smale
& Compagno, 1997) they can potentially accumulate high levels
of heavy metals. Therefore, the high commercial importance and
longevity of M. mustelus make it a model species for Hg and
MeHg assessment and monitoring in South Africa.

The aim of the present study was to: determine the levels of
MeHg, ethylmercury (EthHg), inorganic mercury (iHg) and total
mercury (tHg); assess the relationship between tHg and MeHg;
and evaluate the concentrations and interactions of mercury and
15 other common heavy metals from a single population of M.
mustelus caught in the Langebaan lagoon on the South African
West Coast.
2. Materials and methods

2.1. Sampling

M. mustelus were caught by rod and line in the Langebaan
lagoon, Western Cape, South Africa (DAFF ethics clearance num-
ber: 2009V17CA). The overall catch consisted of males and females
from juvenile to fully grown individuals (minimum total
length = 570 mm, maximum total length = 1650 mm). A represen-
tative subsample of 30 sharks was randomly selected from the
total catch (n = 63) for total heavy metal analysis and culled by
percussion stunning and bleeding on board the vessel.

Live weight and length were recorded after which the heads of
the sharks were cut off behind the last gill slit and the tails were
removed at the precaudal pit. Carcasses were filleted and belly
flaps removed. One muscle sample per shark was cut from the
cephalic region (up to the first dorsal fin) of the dorsal right mus-
cle. This entire meat sample was homogenised and a 10 g sample
taken for analysis. Homogenised tissue was stored in vacuum
sealed polyethylene bags at �20 �C. Total metal concentrations of
16 metals were measured in all 30 samples while a subsample of
18 was used for Hg speciation (MeHg, EthHg and iHg).
2.2. Analytical

2.2.1. Total metals
ICP-MS was used to measure the concentrations of 16 metals

(aluminium (Al), manganese (Mn), cobalt (Co), nickel (Ni), molyb-
denum (Mo), tin (Sn), iron (Fe), copper (Cu), chromium (Cr), zinc
(Zn), selenium (Se), arsenic (As), antimony (Sb), cadmium (Cd),
mercury (Hg) and lead (Pb)) in M. mustelus muscle.
Approximately 0.3 g of the homogenised meat samples (n = 30)
were digested in 2 ml HCl and 8 ml HNO3 (Merck Suprapur� acids)
in a Mars 240/50 microwave digester (produced by CEM) at 160 �C
and for 20 min. After cooling, the solutions were diluted to 50 ml



Table 1
Lowest detection limits for individual metals as measured on ICP-MS.

Metal Lowest detection limit (mg/kg)

Al 0.555
Cr 0.030
Mn 0.020
Fe 0.068
Co 0.001
Ni 0.018
Cu 0.006
Zn 0.050
As 0.006
Se 0.242
Mo 0.006
Cd 0.003
Sn 0.006
Sb 0.003
Hg 0.003
Pb 0.002
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with deionised water in sample bottles cleaned with 5% HNO3. The
digested samples were then analysed on an Agilent 7700 ICP-MS,
with metals measured in no-gas mode using the unique HMI func-
tion of the instrument, which provides robust conditions and
online dilution with argon gas. The instrument was tuned to opti-
mise sensitivity and minimise oxides to <1% and calibrated with
NIST-traceable standards (Inorganic Ventures, 300 Technology
Drive, Christiansburg, VA 24073, USA), with quality control checks
performed to verify accuracy of results. Results are given as mg/kg
meat sample. The method detection limits for all individual metals
are as in Table 1.

2.2.2. Mercury speciation
Two certified reference materials (CRMs) from the Institute for

Reference Materials and Measurements (IRMM) in Belgium were
used as standards for validation of the Hg speciation method.
These CRMs (BCR�-463 and ERM�-CE464) are both made from
tuna muscle with known tHg and MeHg concentrations of
2.85 ± 0.16 lg/g and 3.04 ± 0.16 lg/g, respectively, for BCR�-463,
and 5.24 ± 0.10 lg/g and 5.50 ± 0.17 lg/g, respectively, for
ERM�-CE464.

2.2.2.1. Instrumentation and equipment. An Agilent 7700 ICP-MS
connected to an 1100 HPLC was used to measure iHg, MeHg and
EthHg. The instrument was tuned to optimise sensitivity and
minimise oxides to <1%, with Hg analysed in no-gas mode. The
Hg species were separated on a C-18 column (2.1 � 50 mm) with
particle size of 5 lm (ZORBAX Eclipse XDB) and mobile phase of

L-cysteine solution (0.1% w/v L-cysteine + 0.1% w/v L–cysteine�HCl�
H2O) + 2% methanol at 1 ml/min. Calibration standards of the
individual species (iHg, MeHg and EthHg) were run at the
beginning of the analysis, with control standards every 8–10
Fig. 1. Chromatographic peaks showing ret
samples. The MassHunter workstation software was used for the
setup and control of the coupled HPLC–ICP-MS system. All glass-
ware used for sample preparation was soaked in 15% HNO3 for
24 h and rinsed with deionised water before every use to avoid
sample contamination.
2.2.2.2. Sample preparation. The extraction process used is based on
a study by Hight and Cheng (2006), with a subsample of 18 sam-
ples prepared for mercury speciation. Of the homogenised tissue,
0.5 g was extracted with L-cysteine hydrochloride monohydrate
(L-cysteine�HCl�H2O) solution in a waterbath at 60 �C for two hours.
The extraction was filtered through a syringe filter (0.2 lm with a
0.8 lm prefilter, Acrodisc) and one to two millilitres of the filtrate
collected in a glass autosampler vial and kept in the dark to be
analysed immediately after extraction. The same procedure, mea-
suring 0.52 g BCR�-463 and 0.28 g ERM�-CE464 lyophilised mate-
rial, was used to prepare CRMs for measurement of total Hg and
MeHg. Both BCR�-463 and ERM�-CE464 extracts were diluted to
a 10� dilution before analysis to avoid carry-over from high
concentrations.
2.2.2.3. Analysis. The HPLC–ICP-MS system was calibrated with
inorganic Hg (iHg), MeHg and EthHg standards at five different
concentrations from 1 lg/L to 20 lg/L to set up calibration curves
for the measurement of Hg species in meat samples. The chromato-
graphic peaks for iHg, MeHg and EthHg were eluted as follows: iHg
at 95 s, MeHg at 155 s and EthHg at 340 s (Fig. 1) with detection
limits at 0.03 lg/L, 0.03 lg/L and 0.05 lg/L for iHg, MeHg and
EthHg respectively. Detection limits were reported as 2� back-
ground equivalent concentration, calculated by the Agilent
ICP-MS Mass Hunter data processing software. All results were
read as lg/L and converted to mg/kg wet weight for meat samples
and mg/kg dry mass for CRMs.

To test whether speciation results were accurate and true and
whether contamination could occur during sample preparation
and analysis, the following trials were run. Firstly duplicate sam-
ples from CRMs and all reagents and blanks used (including water,

L-cysteine�HCl�H2O solution and 20% methanol solution used for
dilutions), were analysed for total Hg on the ICP-MS to ensure all
reagents were Hg free. The tHg values for BCR�-463 measured by
ICP-MS were within 0.001% of the certified values. Total Hg levels
in water and methanol solution samples used as solvents and dilu-
tants were below 0.01 mg/kg and therefore considered clean.
Average total Hg levels of 0.033 mg/kg were detected in

L-cysteine�HCl�H2O solution. To minimise quantitation errors from
minor Hg contamination, standards and extracts were prepared
with the same batch of L-cysteine�HCl�H2O solution.

Four sample blanks were prepared and run on the HPLC–
ICP-MS. No measurable Hg species were detected in any of the
blanks which indicated no Hg contamination from glassware or
ention times for individual Hg species.



Table 2
Recovery of iHg and MeHg in fish muscle samples with HPLC–ICP-MS speciation.

Fortication
added (lg/L)

Unfortified
sample (lg/L)

Fortified sample
(lg/L)

Recovery (%)

iHg MeHg iHg MeHg iHg MeHg iHg MeHg

10 – 0.209 6.049 10.039 – 98 –
– 10 0.209 6.049 – 12.622 79
10 – 0.243 6.545 10.243 – 99 –
– 10 0.243 6.545 – 13.139 – 81

3.000
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other sources during the extraction process. Additionally, the effi-
ciency of the extraction method and quantity of Hg lost (if any)
during the process were measured. Again two reference material
(BCR�-463 and ERM�-CE464) samples were prepared and mea-
sured on the HPLC–ICP-MS to compare the speciation results with
the CRM certified values. MeHg and Hg measurements were within
10% and 1% of the certified MeHg and Hg values, respectively. One
sample of each CRM was further run with each sample batch and
samples were reanalysed if MeHg measurements for CRMs were
not within 10% of the certified values.

Two different meat samples fortified separately with 10 lg/L
iHg and 10 lg/L MeHg prior to extraction were used to measure
the recovery percentage after Hg extraction (Table 2). The average
recovery percentage of iHg (99 ± 0.7) was higher than for MeHg
(80 ± 1.4). For all samples analysed, the total of the individual Hg
species measured (iHg, MeHg and EthHg where detected) by speci-
ation, when compared to the total Hg concentrations measured
with ICP-MS, gave an average recovery of 96%, indicating that all
Hg species present were extracted and detected by HPLC–ICP-MS.

One meat sample was prepared and analysed in 5 replicates to
measure consistency of the results and repeatability of the method.
All replicates had MeHg measurements within 10% of the average
value for the 5 replicates with a standard deviation of 0.023 mg/kg.
Duplicate samples run at the beginning and at the end of the batch
had similar values within 10% difference from each other showing
consistency of measurements over time. Measurements were
therefore accurate within 10% error.

2.3. Statistics

Data were statistically analysed using STATISTICA 12.5. Because
normality of data was rejected, Spearman’s correlations were con-
ducted to assess the relationships between the 16 heavy metals;
total mercury and the three individual mercury species; as well
as the relationship between body parameters (total length and
weight) and the heavy metals (n = 16) and mercury species. The
correlation coefficient (r) was calculated together with p-values
to determine the significance and strength of each correlation.
The significance level was set at 0.05.
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Fig. 2. Individual Hg species (EthHg, iHg, MeHg) proportions of tHg concentration
per sample. *No tHg was obtained for sample nr 16.
3. Results and discussion

3.1. Mercury and mercury species

The average tHg concentration measured (n = 30) was
0.96 mg/kg (±0.69) and 11 of the 30 sharks analysed had tHg con-
centrations above the maximum allowable limit (1.0 mg/kg) for
tHg in shark (DOH, 2004; FAO, 2003). Subsamples taken from com-
mercial fish batches for routine analyses consist of individual fish
or portions of fish (EC No 333/2007). However, subsampling may
not lead to a true representation of the mercury level of the whole
batch as was observed in the present study, where only 36.7% of
the sharks had levels above the maximum limit, but the average
tHg concentration of the sampled sharks is almost equal to the
maximum allowable limit. However, the whole batch is declared
as not suitable for human consumption if the average tHg concen-
tration of the subsample contains tHg levels above the legal max-
imum limit (EC No 333/2007). Consequently wastage and loss of
revenue can occur due to unrepresentative subsampling and more
stringent sampling protocols are therefore required. In addition,
although total mercury can give an indication of the toxicity of a
fish, not all mercury species are toxic (Hempel et al., 1995) and
therefore the total mercury concentration may ill-represent total
fish toxicity. The separation and quantification of toxic mercury
species such as methylmercury may give a more representative
indication of fish toxicity.

The Food and Agriculture Organisation of the United Nations
(FAO, 2003) provides legislation for maximum allowable limits in
edible part of fishery products as follows: 1.0 mg/kg for mean total
mercury content in predatory fish. This same limit is applied by the
Foodstuffs Cosmetics and Disinfectant Act, 1972 (Act 54 of 1972)
for the average MeHg content of predatory fish (DOH, 2004).
When comparing MeHg measurements with this limit, only 3 out
of 18 sharks (16.7%) are considered above the maximum allowable
limit compared to the 36.7% when using tHg measurements to test
compliance with the maximum allowable limit. It is therefore
important to determine the MeHg concentration of fish samples
in order to avoid their inaccurate classification as unsuitable for
human consumption and the consequent wastage of discarded
stock.

A provisional tolerable weekly intake (PTWI) for MeHg of
1.6 lg/kg body weight has been recommended (JECFA, 2002).
When calculated for an average adult (70 kg body weight), none
of the 18 sharks analysed had MeHg concentrations over 30% of
the PTWI (mean = 9.5%; max = 28.1%; min = 1.0%) per 150 g por-
tion. A single portion of M. mustelus meat per week is therefore
well within regulatory guidelines with regards to mercury con-
sumption as long as other meals consumed are also within safe
limits.

Although other toxic mercury species identified (EthHg) were
present, their concentrations were very low, whereas MeHg
accounted for the majority (average 81.9%) of the total mercury
present (Fig 2). Similar results were found for numerous other fish
species (Branco, Neves dos Santos, Vale, & Canario, 2007; Campbell,
Balirwa, Dixon, & Hecky, 2010; Spry & Wiener, 1991; Storelli et al.,
2002), indicating that this is a common phenomenon in fish tissue.
Methylmercury’s rapid absorption into fish tissue and its persis-
tence within the muscle may be due to its high permeability across
cell membranes and its affinity to sulfhydryl groups of amino acids



Table 3
Summary of the average and standard deviation levels of 16 essential, nontoxic and
toxic metals in M. mustelus fillets (mg/kg wet weight). Regulatory maximum limits
are included for comparison. Letters denote regulatory limit references while the
numbers denote species specific maximum limits.

Metal Average ± std. dev.
(n = 30)

Range Maximum
value

Regulatory
maximum limit

Essential
Al 1.34 ± 0.52 2.11 2.86
Mn 0.09 ± 0.03 0.14 0.20
Co 0.003 ± 0.002 0.01 0.01
Ni 0.28 ± 0.45 2.25 2.29
Mo 0.04 ± 0.06 0.30 0.31

Essential but toxic in excess amounts
Sn 0.10 ± 0.06 0.23 0.28 50 mg/kgb,1

Fe 3.54 ± 1.54 6.82 9.07
Cu 0.31 ± 0.08 0.34 0.53 5 mg/dayd

Cr 0.09 ± 0.22 1.23 1.25 0.25 mg/dayd

Zn 4.38 ± 0.41 1.82 5.23 25 mg/dayd

Se 0.70 ± 0.44 1.36 1.56 0.3 mg/dayd

Toxic
As 28.31 ± 18.79 84.51 92.32 3.00 mg/kgb

Sb 0.02 ± 0.08 0.41 0.41 0.15 mg/kgb

Cd 0.04 ± 0.02 0.08 0.09 0.05 mg/kga,b,c,2

Hg 0.96 ± 0.69 3.61 3.78 1 mg/kgbb3

0.5 mg/kga,b,3

Pb 0.04 ± 0.06 0.30 0.32 0.2 mg/kga,4

0.5 mg/kgb

0.3 mg/kgc

a FAO, 2003.
b DOH, 2004.
c EC No 629/2008.
d SCF, 2006.
1 For all uncanned meat and meat products.
2 0.1 mg/kg for the following species: bonito (Sarda sarda), wedge sole

(Dicologoglossa cuneata), eel (Anguilla Anguilla), European anchovy (Engraulis
encrasicholus), louvar/luvar (Luvarus imperialis), horse mackerel or scad (Trachurus
trachurus), grey mullet (Mugil labrosus labrosus), common two-banded seabream
(Diplodus vulgaris), European pilchard or sardine (Sardina pilchardus), mackerel
(Scomber species), sardinops (Sardinops species), tuna (Thunnus species, Euthynnus
species, Katsuwonus pelamis). 0.2 mg/kg for bullet tuna (Auxis species) 0.3 mg/kg for
anchovy (Engraulis species) and swordfish (Xiphias gladius).

3 As total mercury (FAO, 2003) and as methylmercury (DOH, 2004). 1 mg/kg for
predatory fish including swordfish, shark, tuna.

4 0.4 mg/kg for the following species: Wedge sole (Docologoglossa cuneata), eel
(Anguilla Anguilla), spotted seabass (Dicentrarchus punctatus), horse mackerel or
scad (Trachurus trachurus), grey mullet (Mugil labrosus labrosus), common two-
banded seabream (Diplodus vulgaris), grunt (Pomadasys benneti), European pilchard
or sardine (Sardina pilchardus).
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(Storelli et al., 2002). These results suggest that although MeHg is
the largest component of tHg in M. mustelus, the levels present do
not pose a significant health risk when consuming not more than 3
portions (150 g each) per week.

The low levels of iHg (min: 0.00 mg/kg, max: 0.211 mg/kg) pre-
sent in the muscle are indicative of the low uptake and rapid elim-
ination rate (Spry & Wiener, 1991) resulting in only residual
concentrations retained within the muscle. The negligible amounts
of EthHg detected (min: 0.00 mg/kg, max: 0.0003 mg/kg) may be
due to de-alkylation and conversion to iHg in the presence of heat
during the extraction phase (Hight & Cheng, 2006). However, given
the small quantities of iHg detected, such conversion is not likely in
the current study. It is therefore suggested that the EthHg mea-
sured is the true EthHg concentration present in the shark muscle
and confirms that EthHg is not accumulated in fish muscle to any
great extent and does therefore not contribute to Hg toxicity of M.
mustelus meat.

Less is known about the accumulation and transport of EthHg in
the fish and human body than of MeHg, but it is assumed that the
EthHg pathway is similar to that explained for MeHg binding to
low molecular weight thiol complexes (Clarkson et al., 2007).
Nonetheless, EthHg does not seem to be significantly absorbed
and accumulated in fish tissue (Park et al., 2011), which may be
due to limited presence of EthHg in the environment.

3.2. Total metals

An overview of the total metal concentrations within a fish pop-
ulation can give an indication of environmental contamination and
potential effects on consumer health. The maximum allowable reg-
ulatory limits for metals can vary between metals and fish species
(Table 3) (FAO, 2003), and are predominantly determined by the
species’ position in the food chain, life span and frequency of con-
sumption. The concentration of the 16 heavy metals measured var-
ied between and among each of the heavy metals. All results are
presented in Table 4. In decreasing order, arsenic (As), zinc (Zn),
iron (Fe) and aluminium (Al) were the most predominant heavy
metals detected in M. mustelus (Table 3). However, it is worth not-
ing that toxicity varies between metals and those of high concen-
trations are not necessarily most toxic (DOH, 2004; FAO, 2003). A
number of heavy metals (Cd, Pb, Hg, As) present in minor or trace
quantities can have deleterious effects when consumed even in
small quantities (DOH, 2004; EC, 2008; FAO, 2003). Arsenic was
the only metal with average concentrations (As: 28.31 mg/kg;
n = 30) above the maximum allowable limit of 3 mg/kg (DOH,
2004) with all 30 sharks containing toxic levels of As.
Concentrations for As varied considerably between the M. mustelus
samples (As: 7.81–92.32 mg/kg) which demonstrates the difficulty
in extrapolating results to whole populations or a specific region.
Similar results have been recorded where As concentrations ran-
ged from 0.4 to 118 mg/kg in various marine fish (De Gieter
et al., 2002; WHO., 2011), however, reasons for this variation
within one species are still unclear.

Fish diet is the primary source of As accumulation (De Gieter
et al., 2002). In contrast to Hg, however, As is not biomagnified
up the food chain. It has been found that fish species feeding on
benthic organisms and smaller fish have higher levels of accumu-
lated As than those feeding on larger fish (De Gieter et al., 2002).
This could explain the toxic levels of As in all M. mustelus sharks
sampled as these are primary benthic feeders (Smale &
Compagno, 1997).

Fish is one of the major sources of human dietary exposure to As
(WHO, 2011). Similarly to Hg, the toxicity of As is dependent on the
presence and concentration of specific As species (De Gieter et al.,
2002). In terms of human consumption, inorganic As is considered
the most toxic form which can accumulate in the skin, bone, liver,
kidney and muscle; whereas elemental and organic As, which is
the most abundant form (up to 95%) in fish meat and other foods
(De Gieter et al., 2002; WHO, 2011), are completely eliminated
by the kidneys soon after ingestion (WHO, 2011) and are therefore
not considered toxic. These measurements of total As are therefore
not truly representative of the toxicity of the samples and future
research on As speciation is necessary to determine a more accu-
rate measure of toxicity (De Gieter et al., 2002).
3.3. Relationships between accumulated heavy metals

Correlations between various heavy metals have previously
been identified for a number of fish species (Carvalho, Santiago,
& Nunes, 2005; Rahman, Molla, Saha, & Rahman, 2012). These
accumulation relationships between metals could have negative
correlations where metals compete for binding sites, or positive
correlations where metals accumulate together and influence one
another. It has for example been shown that Hg and Se concentra-
tions in the muscle and/or liver can be positively correlated as Se
has a detoxifying effect on Hg (Branco et al., 2007; Carvalho
et al., 2005). Measuring the concentration of either one of the



Table 4
Concentrations in mg/kg for 16 metals and 3 individual Hg species.

Sample nr Al Cr Mn Fe Co Ni Cu Zn As Se Mo Cd Sn Sb Pb Hg iHg MeHg EthHg

3 1.505 0.042 0.101 4.045 0.007 2.288 0.409 4.528 26.305 0.574 0.308 0.008 0.284 0.025 0.025 1.307
4 1.028 0.042 0.082 3.333 0.003 1.106 0.375 4.638 12.023 0.228 0.111 0.013 0.152 0.007 0.022 0.965
5 1.296 0.052 0.070 2.655 0.003 0.465 0.347 4.460 16.327 0.292 <0.01 0.007 <0.06 <0.002 0.025 3.778 0.069 2.101 0.000
6 1.007 0.036 0.078 3.697 0.002 0.206 0.420 4.717 54.488 0.575 0.082 0.004 0.152 0.007 0.023 1.037 0.037 0.727 0.000
9 0.964 0.118 0.102 3.548 0.003 0.441 0.352 4.475 19.134 0.426 0.065 0.015 0.131 0.005 0.042 1.204 0.035 0.912 0.000

16 2.432 0.134 0.107 3.376 0.003 0.429 0.481 4.595 11.948 0.251 0.055 0.059 0.117 0.006 0.050 0.307 0.153 0.127 0.000
17 2.259 1.247 0.202 9.065 0.012 0.780 0.526 4.722 8.922 0.492 0.076 0.088 0.115 0.008 0.319 0.168 0.135 0.075 0.000
19 1.190 0.054 0.089 2.685 <0.002 0.044 0.328 4.797 20.591 0.676 0.054 0.057 0.108 0.004 0.033 0.396
20 0.840 0.034 0.059 3.535 0.002 0.408 0.325 4.915 7.811 0.264 0.036 0.038 0.093 0.004 0.025 0.569
22 1.250 0.018 0.114 3.066 0.002 0.241 0.313 5.231 32.068 1.385 0.028 0.078 0.098 0.005 0.022 0.440
23 1.492 0.027 0.077 4.050 0.005 0.078 0.295 3.411 22.369 1.423 0.011 0.053 0.093 0.410 0.022 0.852 0.211 0.632 0.000
31 1.753 0.022 0.085 2.918 0.003 0.055 0.191 4.028 39.503 1.016 0.016 0.070 0.073 0.007 0.037 1.261 0.108 0.956 0.000
36 1.073 0.013 0.063 2.265 0.002 0.065 0.237 3.997 15.192 0.372 0.011 0.050 0.059 0.071 0.022 0.388 0.000 0.267 0.000
38 1.367 0.030 0.066 2.244 0.002 0.091 0.224 3.996 30.039 0.197 <0.01 0.045 0.059 0.003 0.047 0.638
42 1.839 0.017 0.106 3.873 0.002 0.169 0.299 3.527 20.988 0.292 <0.01 0.075 0.280 0.006 0.043 0.512 0.004 0.365 0.000
43 1.253 0.029 0.068 2.286 0.002 0.063 0.228 4.321 40.371 0.286 <0.01 0.044 0.055 0.004 0.022 0.714 0.000 0.499 0.000
45 0.714 0.031 0.075 2.477 0.004 0.135 0.221 4.275 12.064 0.362 <0.01 0.062 0.076 0.003 0.065 0.844
46 1.543 0.031 0.068 2.346 0.003 0.160 0.273 4.583 12.553 0.274 <0.01 0.046 0.064 0.003 0.023 0.833 0.000 0.597 0.000
47 0.866 0.028 0.063 3.030 0.002 0.077 0.267 4.289 47.645 1.515 <0.01 0.040 0.081 0.003 0.020 1.000
48 2.104 0.044 0.077 4.091 0.003 0.103 0.326 4.601 60.785 1.270 <0.01 0.030 0.093 0.035 0.106 1.229 0.006 0.771 0.000
49 1.398 0.083 0.102 4.376 0.002 0.120 0.396 4.709 26.490 1.557 <0.01 0.027 0.055 0.044 0.024 1.416 0.029 0.941 0.000
50 0.945 0.044 0.086 4.484 <0.002 0.058 0.354 4.121 24.880 1.017 <0.01 0.027 <0.06 0.003 0.017 2.116
53 0.758 0.025 0.090 2.323 0.002 0.075 0.250 4.397 46.712 0.677 <0.01 0.020 <0.06 <0.002 0.026 0.682 0.024 0.481 0.000
54 0.952 0.041 0.091 2.614 <0.002 0.063 0.227 4.451 43.429 1.240 <0.01 0.020 <0.06 0.008 0.019 0.675
56 0.885 0.022 0.086 3.415 <0.002 0.128 0.281 3.768 92.323 1.128 <0.01 0.027 <0.06 0.003 0.033 1.006
58 1.064 0.072 0.084 3.626 0.002 0.097 0.255 4.284 39.944 1.109 <0.01 0.027 <0.06 <0.002 0.021 1.752 0.023 1.444 0.000
60 1.035 0.055 0.091 2.875 0.001 0.156 0.295 4.413 19.756 0.739 <0.01 0.017 <0.06 <0.002 0.019 0.424
62 2.825 0.069 0.170 8.222 <0.002 0.080 0.369 4.929 17.558 0.462 0.014 0.040 <0.06 <0.002 0.036 0.361 0.000 0.237 0.000
63 1.546 0.021 0.084 2.529 <0.002 0.043 0.217 3.903 14.096 0.396 <0.01 0.022 <0.06 0.006 0.021 0.742 0.008 0.589 0.000
64 1.055 0.077 0.074 3.029 0.003 0.054 0.235 4.443 12.898 0.410 0.015 0.019 <0.06 0.003 0.020 1.205 0.022 1.014 0.000

Av 1.341 0.085 0.090 3.536 0.003 0.276 0.311 4.384 28.307 0.697 0.063 0.038 0.112 0.027 0.961 0.041 0.048 0.708
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metals could, therefore, give an indication of the concentration of
the other corresponding metal. No such correlations (p > 0.05)
were, however, observed in fish muscle in the present study and
metal concentrations are therefore independent of each other
and should all be measured individually.

Relationships between metal concentrations and body parame-
ters are common in certain fish species including sharks (Campbell
et al., 2010; Canli & Atli, 2003; Endo, Hisamichi, Haraguchi, Kato, &
Ohta, 2008; Erasmus, Rossouw, & Baird, 2004; Kraepiel, Keller,
Chin, Malcolm, & Morel, 2003). In M. mustelus in Langebaan lagoon,
Mn and Se had weak negative correlations with both fish length
(Mn: r = �0.44, p < 0.05; Se: r = �0.46, p < 0.05) and weight (Mn:
r = �0.47, p < 0.01; Se: r = �0.48, p < 0.05), whereas Fe had a weak
negative correlation with fish weight (r = �0.41, p < 0.05). Similar
negative correlations between heavy metals (Cr, Cu, Fe, Cd, Ni, As
and Pb) and fish size have been observed in other studies (Canli
& Atli, 2003; Erasmus et al., 2004) which may be due to size depen-
dent variability in metabolic activity. Metabolic activity decreases
with fish growth resulting in higher metal accumulation in
younger fish with faster metabolic rates (Canli & Atli, 2003).

Positive correlations between metal concentration and fish size
have also been found for some metals (Mn, Zn and Hg) in certain
shark species (Galeocerdo cuvier, Squalus megalops and M. mustelus)
(Endo et al., 2008; Erasmus et al., 2004). Mercury bioaccumulation
in fish muscle with size has been well documented (Campbell
et al., 2010; Kraepiel et al., 2003; Storelli et al., 2002; Van den
Broek & Tracey, 1981) where certain Hg species such as MeHg
readily binds to thiol groups of proteins whose content increases
with fish age (Branco et al., 2007) and combined with a slow rate
of elimination results in an increase over time and subsequently
with fish size (Spry & Wiener, 1991). No such correlations
(p > 0.05) were however apparent in the current study. The
absence of such a relationship may be due to species specific meta-
bolic activities, prey preference and/or local environmental condi-
tions of M. mustelus in this study.

Mercury uptake through prey is the major route of Hg absorption
into the fish body (Spry & Wiener, 1991). M. mustelus broaden their
prey niche (19–44 prey taxa) and prey size as they grow and develop
and gradually shift prey type from crustaceans and polychaetes to
cephalopods (Smale & Compagno, 1997). This could therefore con-
tribute to the increased Hg concentrations in larger sharks as their
prey constitute a larger variety of higher trophic level species
already containing higher Hg concentrations than lower trophic
level crustaceans and organisms (Smale & Compagno, 1997).

M. mustelus can live up to 25 years giving it ample time to
bioaccumulate Hg in its flesh with a slow rate of Hg elimination.
The unexpected lack of tHg level correlation (P > 0.05) with shark
size in this study could possibly be accounted for by the environ-
ment and its effect on the prey composition of this specific M. mus-
telus population. Previous studies have shown that M. Mustelus in
the Langebaan lagoon, contrary to what has been reported for M.
mustelus in general (Smale & Compagno, 1997), feed mainly on
inshore crustaceans throughout their lifespan (Smale &
Compagno, 1997) with no significant difference seen in the stom-
ach contents between larger and smaller sharks (Bosch et al.,
2013). This could be due to a lack of availability in prey diversity
in the Langebaan lagoon. The constant nature of these sharks’ diet
could therefore be a major cause explaining the lack of correlation
between tHg levels and fish size, but further research on environ-
mental conditions and effects on Hg accumulation in this specific
population could provide better explanation of this finding.

Other cases, such as the study by Canli and Atli (2003), found no
significant correlations between various metals and fish size in
muscle tissue of certain species, which is also the case for most
metals in M. mustelus muscle, confirming that correlations
between metals and fish size are metal and species specific.
Shark size therefore does not give an indication of most of the indi-
vidual metal concentrations.

A strong correlation (r = 0.97; p < 0.001) was observed between
MeHg and tHg indicating tHg can give a good indication of the
MeHg levels present in M. mustelus muscle. However, given that
MeHg is the toxic form of Hg, MeHg measurement is still relevant
in the absence of a correction formula to accurately predict MeHg
concentrations from tHg measurements.

No significant correlations (p > 0.05) were observed between
tHg and the other two species (iHg and EthHg); between individual
Hg species (MeHg, iHg and EthHg); or between Hg species and
body parameters (total length and weight). All individual Hg spe-
cies therefore accumulate at their own rate. Where the concentra-
tions readings of individual iHg and EthHg concentrations in M.
mustelus meat are required, measurement of these individual Hg
species must be done, as no other Hg species or parameter would
give an indication of their concentrations.

4. Conclusions

Limited information is available on the accumulation and cur-
rent levels of several important heavy metals such as Hg and par-
ticularly methylmerucry (MeHg) in commercial fish meat in South
Africa. Methods for measuring MeHg are currently restricted due to
the limited availability and high cost of the analytical equipment
and methods. This study has confirmed the feasibility of using
accurate and effective analytical methods for determining mercury
speciation (HPLC–ICP-MS), total mercury and other heavy metals
(ICP-MS) as an alternative to the commonly used CVAAS method.

The fact that 36.7% of this subsample of the M. mustelus popu-
lation measured had tHg levels above maximum regulatory limits
means that any single M. mustelus caught from the Langebaan
lagoon is likely to contain toxic levels of Hg not suitable for human
consumption. Fishing M. mustelus for human consumption should
therefore be limited from this area. As M. mustelus in other areas
are known to shift their diet to higher trophic level species, it is
likely that the bioaccumulation of Hg is even more severe.
Further research is required on other M. mustelus populations in
order to investigate the degree to which Hg is accumulated to toxic
levels in M. mustelus in South Africa.

In terms of food safety, MeHg is the major Hg species of concern
and importance and should therefore be more carefully monitored
to determine true toxicity of fish consumed. Alternatively, ways of
accurately predicting MeHg levels from tHg concentrations should
be investigated as there is a strong positive correlation between
these two components which could allow this prediction.

Even though mercury is one of the major heavy metals of con-
cern in seafood, it is not the only heavy metal of concern in this M.
mustelus population as As has also been found in levels exceeding
the maximum guideline levels for human consumption. Further
detailed studies on speciation and analysis of this heavy metal
are therefore needed in order to more accurately estimate or deter-
mine the safety of commercial fish meat in South Africa with
regards to total heavy metal contaminants and toxicity.
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