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Abstract
The mechanisms of mercury accumula-

tion and distribution in fish tissues are relat-
ed to its high affinity for sulfhydryl groups
in proteins. There is evidence that mercury
is distributed unevenly based on the differ-
ent reactivity of these groups in the various
muscle proteins. Tuna fish also shows
numerous specialized anatomical features
including the structure of the swimming
muscles and some form of endothermy,
which generates variations in the mercury
content between dark and white muscle and
between muscle tissues with different lipid
content. The aim of the study is to verify,
through a suitable sub lot of Thunnus thyn-
nus caught by a static trap in south-western
Sardinia, the effective uneven distribution
of mercury in the various muscles and also
identify the sites representative of the entire
carcass.  In agreement with other authors,
the results show that even in the Bluefin
tuna of the Mediterranean, the site “anterior
extremity of upper loin (schienale in
Italian)” is representative of the mercury
average content of muscle tissues as a
whole.

Introduction
Mercury (Hg) is a global pollutant,

released in aquatic ecosystems by anthro-
pogenic actions or natural causes. This toxic
element is transferred to aquatic organisms
in different ways, leading to bioaccumula-
tion and biomagnification phenomena (De
Almeida Rodrigues et al., 2019). This is of
great concern in fish, especially for top-
level aquatic predators and for species of
large human consumption and high nutri-
tional value, such as tunas (EFSA 2012). Of
particular interest to the authors of the pres-
ent study is to determine Hg concentrations
in Thunnus thynnus caught in a specific area
of the Mediterranean, as already reported in
other studies on farmed and wild tunas

(Annibaldi et al., 2019).  In a previous arti-
cle (Piras et al., 2019), a case study on the
muscle sampling procedure for a lot of
Thunnus thynnus caught by a static trap in a
Mediterranean area was presented. The pur-
pose of this study was to evaluate the repre-
sentative levels of Hg in the lot, assuming
that, on the basis of the data available in the
bibliography for another large size
Scombrids (Balshaw et al., 2008; Bosch et
al., 2016), also in the species under study
Hg distribution was not uniform for each
carcass, as well as between the individual
specimens of the lot. Based on the indica-
tions reported in this study on the corrected
sampling procedure for Hg determination in
Tuna, the aim is to verify the different Hg
distribution in the various carcass sites. In
addition to ecosystem characteristics that
contribute to the variability in Hg concen-
tration in aquatic food webs, also correlated
with species (Camilleri et al., 2018) and lat-
itude (Houssard et al., 2019; Lavoie et al.,
2013), there is a further factor related to the
mechanisms of accumulation and distribu-
tion of Hg in fish tissues (Balshaw et al.,
2007). It is known that Hg has a strong
binding property to the sulfhydryl (SH)
groups and that cysteine is by a large mar-
gin the most likely candidate as the predom-
inant biological thiol, though it is likely part
of a larger protein (Balshaw et al., 2008;
Bradley et al., 2017; De Almeida Rodrigues
et al., 2019; Harris et al., 2003; Itano and
Sasaki, 1983; Kumar, 2017). So, the Hg that
comes into the muscle cells may unevenly
distribute itself according to the reactivity
of relative SH groups among muscle pro-
teins (actomyosin, sarcoplasmic protein,
subactomyosin and myofibrillar protein).
Consider also that among the high diversity
of fish, there are some, such as Tuna, which
are considered specialized in their swim-
ming performance (Altringham and
Shadwick, 2001). Their particular anatomi-
cal features include the structure of their
swimming muscles and some forms of
endothermy (Katz, 2002). Tunas are preda-
tors that have evolved numerous adapta-
tions necessary for their exceptionally
active lifestyle that requires large energy
consumption (Olson et al., 2016); in partic-
ular cruising tunas species that have spe-
cialized anatomical and physiological fea-
tures like a dark muscle, deeper than white
muscle and the regional endothermy
(Altringham and Block, 1997). These fea-
tures ensure a substantial slow muscle
power reserve, sufficient to supply a signif-
icantly higher and sustainable swimming
speed, at an energetic cost lower if fast
fibers intrinsically less efficient, were
recruited. The capacity to retain metabolic
heat in dark muscle and the elevated rate of

metabolic and other physiological functions
distinguish therefore tunas from most other
teleosts (Shadwick et al., 2013). The differ-
ences in muscle function and development
muscle rate cause variations in Hg content.
It has been observed that in ecologically
groupable tuna among the intertropical cos-
mopolite species of Scombrids, higher Hg
concentrations were found in dark muscles
than in white muscles as observed in
Thunnus albacares or “Yellowfin” tuna
(Bosch et al., 2016). This is due to the high-
er activity of dark muscle would cause a
higher rate of muscle fiber development and
consequently higher Hg accumulation (De
Almeida Rodrigues et al., 2019; Kumar,
2017). A similar difference in Hg concentra-
tion has also been observed between the
white and dark muscles of Katsuwonus
pelamis or “Skipjack tuna” (Vieira et al.,
2017). 

These differences could be explained by
the pathways of absorption and accumula-
tion in the fish muscles. Hg adsorbed into
fish tissue is bind to thiol groups of the pro-
tein fraction; since the distinct muscle types
(white and dark muscle) have a different
protein composition, that produces a varia-
tion in the total Hg accumulation. Finally,
consider that these muscles specializations
also support continuous, relatively fast
swimming by tunas and minimize thermal
barriers to habitat exploitation, permitting
niche expansion even at high latitudes
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(Graham et al., 2004). Among all large size
Scombrids (Collette et al., 1983), the tem-
perate and cold climate species are repre-
sented by the group of the “Bluefin” tunas
(Yamanaka et al., 1963). In addition to the
Thunnus thynnus (commercially called
Atlantic Northern Bluefin tuna) (Linnaeus,
1758), two other species, from other parts
of the world, show greater affinities: the
Thunnus orientalis (Temminck et al., 1842),
commercially called Pacific Northern
Bluefin tuna, and Thunnus maccoyii
(Castelnau, 1872), called Southern Bluefin
tuna. Even in these two species of Bluefin
tunas, Hg concentrations vary between inter
and intra muscle type. In addition to the
protein composition of the muscles, there is
another factor that determines a variation in
the concentration level and is represented
by the lipid content of the tissues, which has
a dilution effect on Hg. Therefore, the high-
er fat content for certain tissues may result
in lower concentrations of Hg (De Almeida
Rodrigues et al., 2019). Lower Hg level is
found in the anterior part of the abdomen
muscles respect to tail, as was observed in
Thunnus orientalis, the Pacific Northern
Bluefin tuna (Ando et al., 2008), or in the
caudal peduncle muscle than in the rest of
the body in the same Pacific Northern
Bluefin tuna (Kumar, 2017). Similarly,
other studies have also found a significant
decrease of total Hg in farmed Thunnus
maccoyii (Southern Bluefin tuna) with high
lipid content (Balshaw et al., 2008). For
humans, the tuna consuming represents the
most important contribution to Hg ingestion
(Bradley et al., 2017) and it is extremely
important to properly monitor contamina-
tion levels through appropriate sampling
procedures.  

Finaly, the evidence of uneven distribu-
tion of Hg in various muscles, performed on
a suitable sample of Thunnus thynnus
caught in a static trap in the Mediterranean
area, will allow to identify the representa-
tive muscular part of the Hg levels of the
whole carcass that could be sampled for Hg
routine food controls.

Materials and Methods
The study started with an “a priori”

sample size calculation. Assuming an aver-
age difference of the distributions of total
mercury (HgTot = inorganic and organic
mercury) of ± 0.3 mg/kg than the maximum
level of 1.0 mg/kg (European Commission,
2006) and a standard deviation of 0.4
mg/kg, with a type “alpha” error of 0.05 and
a power of 0.80 (type “beta” error of 0.20)
with a two-tailed test, the calculated sample
size was at least 14 tuna (equally divided
between males and females). This allowed

designing a data analysis and regression
model to correlate the Hg-Tot values
observed in the tuna samples and some col-
lected parameters (such as gender, weight,
and length of the tuna). Considered the
lower number of female tuna in the lot (with
6 specimens instead of 7), the sample size
was prudently increased to a total of 15 tuna
(9 males and 6 females), which constitute a
sublot obtained from the primary lots n. 61
e 62, register with BCD (Bluefin-tuna Catch
Document) IT-18-900577, caught on
28/06/2018 by static tuna trap of Isola
Piana, alongside the coast of Carloforte, in
south-western Sardinia. The two days fol-
lowing the catch of the mentioned sublot,
muscle portions of about 100 g were taken
from the left side of each specimen in 7 spe-
cific sites of the carcass. One of these was
dark muscle alongside the fishbone, the
remaining portions were taken in the white
muscle from three points (director A, dor-
sal) along with the upper loin (composed of
epaxial muscles) and from three points
along the full-thickness lower loin (director
B, ventral) (composed of all hypaxial mus-
cles), therefore including in the anteromedi-
al region also the belly flap (Figure 1). The
white muscle sampling points generally
overlaps to the tuna (sites) regions that, in
Japanese food culture, now widespread all
over the world, correspond to meat parts:
“se-kami”, “senaka”, se-shimo” (A-1, A-2,
and A-3 respectively) and “hara-kami”,
“hara-naka”, “hara-shimo” (B-1, B-2, and
B-3 respectively). Selection of these specif-
ic sampling sites was intended to follow
protocols applied in similar research on
other species of large size Scombrids (Ando
et al., 2008; Balshaw et al., 2008; Bosch et
al., 2016; Ross et al., 2015; Vieira et al.,
2017). Also according to the restrictions
legislative of Official Sampling (European

Commission, 2007), which specify that the
sampling “may be applied provided that it is
sufficiently representative”, and also that it
does not involve “unacceptable commercial
consequences”. Therefore, sampling points
A-1 and A-2 are located respectively at the
anterior and posterior edge of the entire cut,
locally called “schienale”. This sampling
was performed without damaging to the
meat. The same attention was applied for
points B-1 and B-2 locally called “bodano”
and “ventresca” in Japanese belly flap or
“o-toro”, and points A-3 and B-3 located
respectively in the anterior and posterior
edge of the “codella nera” (or black tail) and
of the “codella bianca” (or white tail). All
105 (15x7) muscle samples were immedi-
ately packaged, labeled in single bags, and
transferred at a controlled temperature to
the Istituto Zooprofilattivo Sperimentale
della Sardegna laboratory. All samples were
stored at temperatures below -20°C until
analysis. HgTot concentrations were deter-
mined by an inductively coupled plasma
mass spectrometry (ICP-MS), under com-
pliance with US EPA 6020B methods for
the instrumental analysis and with US EPA
3052 for the sample treatment. The analyti-
cal procedure involved the mineralization
of the sample (1g) in a glass vessel with 5
mL of ultrapure nitric acid, 70% (J.T. Baker,
Phillipsburg, USA), carried out in a
Discover SP-D microwave digestion system
(CEM Corp., USA) under monitored tem-
perature and pressure. The mineralization
process started with a heating-up phase at a
temperature of 200°C and continued at this
temperature for the other 5 minutes. At the
end of the process, the resulting solutions
were diluted to 50 mL with ultrapure water
MILLI-Q® and before the instrumental
analysis, they were diluted again to 1:20
mL. The instrumental analysis was per-
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Figure 1. Scheme of the sampling points selected for the analysis of Hg in bluefin tuna
caught by traditional static tuna traps in the Mediterranean. With “A” is indicated the
upper loin points (epaxial muscles), with “B” the full-thickness lower loin points (all
hypaxial muscles, including belly flap) and with “d.m.” the dark muscle.
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formed with an inductively coupled plasma
mass spectrometer ICP-MS/MS (Agilent
8800 Triple Quad) consisting of a collision
cell and two quadrupole mass analyzers. In
comparison to a single quadrupole ICP-MS
system, the triple quadrupole system signif-
icantly increases the accuracy of mass sepa-
ration. HgTot concentrations in the reading
solutions were determined by the interpola-
tion of the reading signal with multi-level
calibration curves, using 202Hg as the quan-
tification isotope and 209Bi as the internal
standard of the compensation signal. The
analytical procedure has a LOQ value of
0.005 mg/kg for HgTot. For the Quality
Control (QC) and the verification of con-
taminations and recoveries, the aforemen-
tioned system requires the blank process
test and the analysis of the certified refer-
ence materials: Fish muscle ERM-BB422
(0.601 ± 0.030 mg/kg) and Tuna BCR-463
(2.85 ± 0.16 mg/kg). The testing method
used is accredited according to UNI EN
ISO 17025/2017. 

Results
The HgTot results showed a normal dis-

tribution and a homogeneity of variances
(Shapiro-Wilk’s test and Barlett test respec-
tively). Therefore, the parametric statistical
method has been used to evaluate the data.
The highest mean concentrations were
found in the dark muscle, with statistically

significant differences (p=0.0001) from
weighted averages concentrations of the
white muscle. The averages were calculated
for the relative weight of the muscle sub-
strand (Table 1). These averages were
expressed as the values of a composite rep-
resentative of all the white muscle of each
carcass. Regarding the weighted averages
of HgTot distribution in the different car-
casses, statistically positive correlations
were found for the size of tuna, weight
(p=0.0069), and the length (p=0.0125).
Contrary no differences were established
for sex (p=0.0679) and nutritional status
(p=0.1128) evaluated with “Fulton’s condi-
tion factor (K)”. This factor linked, to the
trophic synchronization of the reproductive
phase, was in fact relatively homogeneous
with an average ratio of 1.638 ± 0.096.
Even the white muscle shows significant
differences, proceeding longitudinally for
both loins, and in particular for the lower
loin (p≤0.0001) and between the two loins
(p=0.0004) specifically, the muscle samples
taken in their anterior sites the sampling
point A-1 for the upper loin and the B-1 for
the lower loin, which is more fat due to the
presence of the belly flap or “ventresca”
(Figure 2). Finally, the values of the differ-
ent white muscle sampling points were
compared with the weighted average HgTot
concentration. Significant differences were
found in five of the six sampling points
although with different significance levels.

Point A-1, the anterior part of the upper loin
or “schienale”, (“se-kami”) has a concentra-
tion level representative of the average
HgTot content of each individual carcass.
So the analysis of this muscular part would
give results comparable to those obtained
from the analysis, more laborious and with
greater commercial consequences, of a
hypothetical composite sample formed by
multiple muscle portions of the carcass,
which should also take into account the rel-
ative weight of each muscle portion on the
total weight of the carcass.

Discussion
The results obtained in the present study

are comparable with data reported by other
authors for different species of tuna (Ando
et al., 2008; Balshaw et al., 2008; Bosch et
al., 2016; Ross et al., 2015), showing an
uneven distribution of HgTot in the
Thunnus thynnus muscles. This evidence
could affect results obtained for routine
analysis of HgTot control. Muscle part sam-
pled may not be representative of the levels
of the whole specimen and this could be a
critical condition when HgTot concentra-
tions are around the maximum value of 1.0
mg/kg (European Commission, 2006). As
suggested by other authors, the HgTot vari-
ation observed between dark and white
muscle may be due to differences in muscle
fiber development and composition (Vieira

                             Article

Table 1. Mercury levels (mg/kg fresh weight) for carcass and sampling locations in a lot of bluefin tuna caught in the south-western
coast of Sardinia in the 2018 fishing season.

COD         Sex        W.W.          S.L.           Fulton’s        Dark muscle White muscle                                      Weighted 
No                           (kg)         (cm)        factor (K)                                    A-1       B-1       A-2         B-2        A-3       B-3                  averages

876                   F              320.3               265                    1.721                       1.251                   1.315       0.831        1.289          0.908         1.221       1.131                            1.111
831                  M              315.4               262                    1.754                       1.537                   1.064       0.736        1.468          1.106         1.235       1.179                            1.120
812                   F              312.3               260                    1.777                       1.531                   1.008       0.808        1.245          1.167         1.132       1.176                            1.081
874                   F              258.5               258                    1.505                       0.649                   0.565       0.408        0.652          0.632         0.628       0.628                            0.579
867                   F              253.3               250                    1.621                       0.793                   0.633       0.465        0.736          0.656         0.797       0.776                            0.655
875                  M              251.6               248                    1.649                       0.884                   0.578       0.518        0.914          0.739         0.807       0.754                            0.707
881                   F              241.2               242                    1.702                       1.337                   1.052       0.807        0.906          1.029         0.934       0.941                            0.947
816                   F              224.4               240                    1.624                       1.438                   0.960       0.627        1.214          1.333         1.093       1.092                            1.047
821                  M              217.5               238                    1.613                       0.563                   0.434       0.321        0.594          0.496         0.569       0.558                            0.486
864                  M              212.6               233                    1.681                       0.458                   0.416       0.195        0.508          0.521         0.459       0.439                            0.420
827                  M              211.5               229                    1.761                       0.782                   0.652       0.366        0.696          0.659         0.642       0.652                            0.604
897                  M              175.4               225                    1.540                       1.216                   0.673       0.752        1.060          0.985         0.991       0.774                            0.870
802                  M              166.7               223                    1.503                       0.938                   0.859       0.438        0.909          0.959         0.853       0.880                            0.807
826                  M              140.2               205                    1.628                       0.486                   0.262       0.338        0.479          0.421         0.420       0.411                            0.383
818                  M              126.6               204                    1.491                       0.542                   0.453       0.380        0.510          0.522         0.452       0.474                            0.467
                                                                        Average concentration =     0.960                   0.728       0.533        0.879          0.809         0.816       0.791                                
                                                                            Standard deviation =      ± 0.392               ± 0.299   ± 0.210    ± 0.318     ± 0.280    ± 0.281  ± 0.268                              
COD = numeric code for carcass applied by the Port Authority for fishing; Sex (F = female, M = male); W.W. = whole weight; S.L. = standard (or “fork”) length; whole weight and standard length were used to deter-
mine the “Fulton’s condition factor (K)” of each tuna, using the following formula: K = (WW / SL3) x 105.
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et al., 2017). Furthermore, the areas that
accumulate higher levels of lipid show a
lower HgTot concentration than lean tissues
(Ross et al., 2015). Therefore, lipid content
appears to have a dilution effect on HgTot
already associated with fish tissues
(Balshaw et al., 2008), and also, there is a
longitudinal variation into muscle part in
addition to a variation between muscle
parts. Structural and functional features of
the different muscle types, especially dark
and white muscle, as well as the different
lipids content of some tissues over others,
resulting in a cross-carcass variation of
HgTot concentration of tuna muscular tis-
sue. This has clear implications for a com-
pliant assessment of batches. The choice of
the tissue sample to be analyzed becomes,
therefore, a very critical point in the sam-
pling procedures (Balshaw et al., 2008).
Concerning HgTot quantification in fish
samples for purposes of public health,
although tuna white muscle has generally
been indicated as the representative tissue
for the edible part of the fish (Bosch et al.,
2016), according to other authors, for better
monitoring of HgTot levels in the edible
muscle, also the dark muscle should be
taken in account and analyzed as the
“worst-case scenario” (Vieira et al., 2017).
Most authors believe that, in order to obtain
reliable results, the ideal action when evalu-
ating HgTot is to collect specific white mus-
cle samples (Bosh et al., 2016; De Almeida
Rodrigues et al., 2019).  As also reported in
this work, the most representative sampling

points can be found in the anterior part of
the upper loin (or “chu-toro” in Japanese)
and, in the upper area, between the first dor-
sal fin and the cranial extremity (“se-kami”
in Japanese) of the tissue cut locally called
“schienale” and identified with “A-1” in
Figures 2 and 3.

Conclusions
The study has shown that, as for other

species of large size Scombrids with tropi-
cal and temperate-cold marine habitats, also
for the Atlantic Northern Bluefin tuna
(Thunnus thynnus) caught in the
Mediterranean, the distribution of HgTot is
uneven in the various muscular parts. This
evidence may have legal implications, as
well as in risk assessment in the scientific
field. Although analysis of white meat may
give a most accurate measurement of repre-
sentative fish mercury levels, however pro-
ducing a composite sample of large size
tuna could also be expensive and time-con-
suming. The results of this study, in agree-
ment with other authors (Balshaw et al.,
2008), indicate that, also in Thunnus thyn-
nus, the anterior portion of the upper loin is
representative of the mercurial content
average of whole fish white muscular tis-
sues. Moreover, the indications of sampling
for this specific site of Tuna fish, consistent
with the indications given in the
Commission Regulation (EC) 333/2007
laying down in points B.2.2. and B.2.3. of
“Sampling plans” paragraph of sampling
and analysis for the control of the levels of
contaminants in foodstuffs, would provide
useful guidance even for the sampling of
very large fish, such as tuna.
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