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ARTICLE INFO ABSTRACT

Keywords: The status of contamination by chemical pollutants on large filter feeding sharks is still largely unknown. This
PFAS study investigated for the first time the presence of legacy, emerging contaminants and trace elements in multiple
PCBs tissues of basking sharks. In general, skin showed higher concentration of legacy and emerging contaminants
;;Zii:lemems probably due to pollutants being adsorbed onto the dermal denticles of the skin rather than accumulated in the
Pollution tissue itself. Contaminants measured in both subcutaneous tissue and muscles appeared to strongly correlate with

Mediterranean Sea

each other, indicating that the former might be a good proxy of muscle contamination in basking sharks.

Considering the migratory nature of this species, longevity and feeding ecology, this species represents the
perfect candidate to act as early warning bioindicator of regional contamination. In this context, non-lethal
subcutaneous biopsies could allow the early detection of any temporal variation in the bioaccumulation of
pollutants in the Mediterranean Sea.

The basking shark (Cetorhinus maximus) is the world's second largest
fish species with a circumglobal distribution in temperate waters
(Compagno, 2001). This filter-feeder is susceptible to several threats and
considered Endangered on the International Union for Conservation of
Nature (IUCN) Red List throughout their range (Rigby et al., 2021). The
basking shark forms seasonal aggregations in several locations including
the Atlantic (Couto et al., 2017; Dolton et al., 2020; Miller et al., 2015;
Witt et al., 2012), and the Pacific Ocean (Dewar et al., 2018; Finucci
et al., 2021). An increasing body of ecological research on this species is
being collected at the worldwide level, but information about its status
of contamination is scarce. Being particularly prone to bioaccumulation
of contaminants, it is important to study pollutants in sharks so as to
understand the decline in their populations (Boldrocchi et al., 2019,
2021; Mull et al., 2012). As filter feeders, basking sharks are not ex-
pected to accumulate high levels of pollutants via food-web, but recent
findings show that even low trophic position species, such as the whale
shark, can bioaccumulate levels of contaminants that are comparable to
predatory shark species (Boldrocchi et al., 2020). Moreover, filter
feeders may act as early warning bioindicators of regional pollution, and
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therefore should deserve particular attention. In this context, the aim of
the present study is to investigate for the first time the presence of legacy
contaminants (PCBs and DDT), trace elements, and emerging contami-
nants (poli- and per-fluoroalkyl substances, PFAS) in multiple tissues of
basking sharks. To the best of our knowledge, the data presented here
are among the first providing the status of contamination of this species
by multiple chemical pollutants, and one of the few at the worldwide
level providing information on PFAS bioaccumulation in sharks. As
such, the results could serve as a benchmark for future evaluation of the
contamination in the basking shark.

A total of 4 juvenile basking sharks were collected between June
2006 and May 2020 from the Ligurian Sea (Mediterranean Sea) as result
of bycatch in trammel net (Table 1, Supplementary material).

Freeze-dried shark samples (skin, subcutaneous, muscle and liver
tissues) were digested and analyzed for trace elements following the
procedure reported in previous work (Spanu et al., 2020). Briefly,
samples were freeze dried for 48 h using a Telstar LyoQuest freeze-
drying equipment and grinded. Sample dissolution was achieved by
treating ~100 mg of each sample with 2 ml of ultrapure nitric acid,
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produced by sub-boiling distillation (Monticelli et al., 2019) in quartz
vials in a Milestone ETHOS One microwave under the conditions re-
ported in our previous work (Spanu et al., 2020). Samples were then
diluted to 10 g with ultrapure water using a Sartorius Arium Mini Plus
and analyzed by Inductively Coupled Plasma-Mass Spectrometry. The
resulting concentrations were expressed as mg kg~ dry weight (dw).
Quality control was performed by randomly including standard refer-
ence materials for muscle (ERM®-BB422) and liver (DOLT-5) in the
digestion and analysis batches. Recoveries were not statistically
different for all the certified elements as reported in our previous work
(Spanu et al., 2020).

Concerning the determination of PCBs and DDTs, an aliquot of 0.5 g
of freeze-dried shark samples (skin, subcutaneous, muscle and liver
tissues) was extracted with 50 ml of a 1:1 v/v acetone/n-hexane mixture
following Bettinetti et al. (2016). The extracted samples were then
reduced to a final volume of 0.5 ml and analyzed by gas chromatography
(GC Carlo Erba, Top 8000) coupled with %Ni electron capture detector
(Carlo Erba, ECD 80). The temperature program followed Boldrocchi
et al. (2019). Quantification was performed using external reference
standards of p,p'DDT, p,p'DDE and p,p’'DDD (Pestanal, SigmaAldrich,
Germany) in isooctane (Carlo Erba, pesticide analysis grade), and Aro-
clor 1260 (Alltech, IL, USA) with the addition of PCB 28 and 118,
respectively. The following congeners were determined: PCB 18, PCB 28
+ 31, PCB 44, PCB 52, PCB 101, PCB 118, PCB 138, PCB 149, PCB 153,
PCB 170, PCB 180, PCB 194 and PCB 209. Detection limits were 0.1 ng
g~! for PCBs and 0.05 ng g~! for DDT (dw). Quality assurance of the
analytical procedure was provided by analyzing the standard reference
materials BCR-598 and BCR-349 (Community Bureau of Reference,
Brussels) for DDTs and PCBs residues, respectively. The percentages of
recovery performed in triplicate were 91.3 &+ 1.1% and 102.2 + 1.6%
for PCBs, and 107.5 + 4% (p,p'DDE), 106.2 + 4% (p,p'DDD), and 106.2
+ 3% (p,p’DDT) for DDTs.

For the PFAS determination in tissues, few grams of pooled samples
were just homogenized, weighed into a 50 ml polypropylene (PP)
centrifuge tube and spiked with 100 pL of SIL-IS solution (40 pg/L)
before extraction. The extraction and analysis were carried out using the
method detailed in Valsecchi et al. (2021). Briefly, sonication extraction
was used with acidified water and acetonitrile solution and subsequent
purification with MgSO4/NaCl. To remove phospholipids, evaporated
(1 ml) extracts were filtered through HybridSPE®Phospholipid Ultra
cartridges. PFAS in the extract was determined by liquid chromatog-
raphy tandem mass spectrometry (UHPLC-MS/MS) coupled to a turbu-
lent flow chromatography (TFC) for the online purification of the
extracts. A procedural blank was carried out every extraction batch.
LODs ranged from 0.01 to 0.1 ng g~* wet weight (ww).

The concentrations of selected trace elements in skin, subcutaneous,
muscle and liver tissues are presented in Table 1. The Kruskal-Wallis

Table 1
Descriptive statistics (mean + standard deviation) of trace element concentra-
tions (mg kg~! dw) in basking sharks based on tissue type.

Trace elements Tissue

Skin Subcutaneous Muscle Liver

N=4 N=4 N=4 N=1
Cr 1.41 £1.02 0.41 £ 0.12 0.13 £ 0.07 0.11
Mn 4.83 £+ 3.14 0.50 £+ 0.38 0.33 £ 0.06 1.24
Co 0.07 + 0.03 0.04 + 0.02 0.01 + 0.03 0.02
Ni 0.59 + 0.49 0.18 + 0.05 0.09 + 0.03 0.06
Cu 9.26 +12.7 8.0 £10.5 0.95 + 0.20 1.79
Zn 72.7 £ 28.9 17.8 £ 6.55 23.3 £ 0.93 29.9
As 3.13 +1.61 1.96 + 0.97 2.57 +£0.93 18.2
Se 0.67 + 0.28 0.66 + 0.22 0.44 £ 0.10 0.57
Mo 0.09 £ 0.06 0.04 £+ 0.03 0.02 £ 0.01 0.20
cd 0.16 + 0.18 0.14 £ 0.18 0.03 + 0.04 5.77
Pb 0.89 + 0.85 0.10 + 0.07 0.03 + 0.02 0.06
Hg 0.27 £0.21 0.27 £ 0.20 0.20 £ 0.13 0.04
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ANOVA test was used to evaluate possible differences in the mean
concentration of trace elements between skin, subcutaneous and muscle
tissues. Liver tissue was excluded from this analysis as only one sample
was collected for this study. Skin tissue showed higher levels of Cr (y* =
8.35, df = 2, p = 0.015), Co (x2 = 8.35, df = 2, p = 0.015), Ni (x* = 7.04,
df =2, p=0.030), Cu (4% = 6.73, df = 2, p = 0.035), Zn (x> = 8.00, df =
2,p=0.018), Mo (3> =7.5,df = 2, p = 0.023), and Pb (y*> = 8.77, df = 2,
p = 0.013). The general higher concentration of trace elements in skin
tissue could be ascribed to external contamination, as the dermal den-
ticles of the skin are a rough surface that may easily accumulate sus-
pended or sediment particles (Boldrocchi et al., 2021; Corsolini et al.,
2014). As a consequence, pollutants may be adsorbed onto the skin
surface rather than accumulated in the tissue itself (Boldrocchi et al.,
2021; Corsolini et al., 2014).

As skin might be unreliable as a proxy for the internal contamination
in sharks (Boldrocchi et al., 2021), the Wilcoxon test has been applied to
determine differences in trace element mean values between subcu-
taneous and muscle tissues. Results showed that only Cr bioaccumulated
in higher concentration in subcutaneous tissue (3> = 5.33, df = 1, p =
0.021). Certain elements measured in both tissues appeared to strongly
correlate with each other. For instance, Cd levels in muscle strongly
correlated to those measured in the subcutaneous tissue at the 95%
significance level (Pearson's correlation, r = 0.99, p = 0.0072). Similar
relationships were observed also for other elements, such as Mn (r =
0.95, p = 0.0504), Ni (r = 0.92, p = 0.08), Hg (r = 0.93, p = 0.07) and Cr
(r = 0.86, p = 0.14), however the relationships were not significant
probably due to the small sample size, which call for caution when
interpreting these results. Nevertheless, this general tendency suggests
that subcutaneous tissue might serve as a proxy for muscle contaminant
loads in basking sharks.

The accumulation of 16 PFAS was also investigated. Among the
analyzed PFAS, PFUnA, PFDoDA, PFTrDA and PFTeDa were detected in
all tissues, PFDA in all except for the subcutaneous tissue, while PFHxA,
PFHpA, PFOA, PFNA, C604, PFHxS, PFOS, FOSA, 6:2 FTS and 8:2 FTS
were lower than the LODs in all samples.

This study showed a predominance of odd-chain length (PFTrDA and
PFUnA) versus even-chain compounds (PFDA, PFDoDA and PFTeDA)
(Fig. 1a). This supports the absence of PFCA-specific industrial pressures
and that atmospheric oxidation and microbial-mediated degradation of
fluorotelomers are the dominant sources of perfluoroalkyl carboxylic
acids (PFCA) in the feeding environments of the sampled sharks
(Casado-Martinez et al., 2021).

PFUnA accounted for a minimum of 0.18 ng g_1 ww in liver tissue up
t0 0.61 + 0.44 ng g~! ww in the skin, PFTrDA for a minimum of 0.24 +
0.1 ng g~! ww in the subcutaneous (Fig. 1a). Other commonly found
PFAS were represented by PFDoDA, PFTeDA and PFDA: in muscle, they
accounted for 0.09 + 0.03 ng g~! ww, 0.06 & 0.03 ng g~ ww and 0.02
+ 0.005 ng g~ ww respectively; in skin, they accounted for 0.22 + 0.72
ng g ' ww, 0.09 + 0.06 ng g~ ww and 0.07 + 0.01 ng g ' ww,
respectively; in the subcutaneous tissue, they accounted for 0.07 + 0.03
ng g1 ww, 0.02 + 0.01% and <LOD respectively (Fig. 1a). Similarly,
PFTrDA and PFUnA were the most abundant PFAS measured in the liver
tissue, 0.27 ng g+ ww and 0.18 ng g~ ww respectively, followed by
PFDoDA, PFTeDA and PFDA measuring 0.08 ng g’1 ww, 0.05ng g’1 ww
and 0.01 ng g~! ww respectively.

These results are consistent with the higher bioaccumulative abilities
of long chain PFAS (C > 8) versus short-chain ones (Chynel et al., 2021;
Kelly et al., 2009; Zafeiraki et al., 2019). Indeed, the bioaccumulation
factor of PFAS increases with increasing carbon chain length (Lee et al.,
2020), which explains the low levels of short-chain compounds found in
basking sharks.

Interestingly, previous study on PFAS showed a predominance of
PFOS, together with PFTrDA and PFUnDA, in elasmobranchs from Greek
waters (Zafeiraki et al., 2019), whereas PFOS has never been detected in
any specimens or tissues in the present study. Our results are in line with
the determination of PFOA and PFOS in big predator fish from the
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Fig. 1. Accumulation profiles of (a) PFAS, (b) PCBs and (c) DDTs in the basking shark liver (N = 1), muscle (N = 4), epidermis (N = 4) and subcutaneous tissue (N =

4) from the Mediterranean Sea.

Mediterranean Sea (Nania et al., 2009), in which these concentrations
were always lower than the LOD or very small, even in elasmobranch
species (Nania et al., 2009), and in swordfish caught in the Mediterra-
nean Sea (Alessi et al., 2006).

The Kruskal-Wallis ANOVA test showed a significant difference in
the mean PFAS concentrations among tissues (subcutaneous, muscle and
skin), with skin accumulating higher levels compared to the other two
tissue (X2 = 7.965, df = 2, p = 0.0186). Levels of PFAS correlated
significantly for each individual contaminant between tissue pairs
(Pearson's correlation, r = 0.88, p < 0.0001) indicating that the subcu-
taneous tissue might be a good proxy for muscle PFAS contamination in
basking sharks.

Among the 13 PCBs investigated in this study, muscles showed
higher levels of Tri-CB and Tetra-CB accounting for 18.4 + 7.7 ng g’1
dw and 110 + 21.1 ng g~ ! dw, respectively (Fig. 1b), which is in line to
what reported in shark muscles from the Indian Ocean (Boldrocchi et al.,
2019). Penta-CB and Hexa-CB were found in medium levels, with a
mean of 14.1 + 4.4 ng g~ dw and 7.3 + 3.4 ng g~ dw, respectively.
Hepta-CB, Octa-CB and Deca-CB were the less abundant congeners ac-
counting from 1.5 + 0.6 ng g~ dw (Hepta-CB) to 3.2 + 1.5 ng g~ dw
(Octa-CB) (Fig. 1b). Subcutaneous tissue showed high levels of Tetra-CB
with a mean of 110 + 32 ng g~! dw, followed by Hexa-CB, accounting
for 22.6 + 32.4 ng g~ dw, Hepta-CB and Tri-CB, measuring 16.3 + 33.9
ng g ! dw and 12.5 + 3 ng g~ dw respectively. Penta-CB, Octa-CB and
Deca-CB ranged from 7.4 + 7 ng g~ dw (Penta-CB) to 0.7 & 0.5 ng g !
dw (Deca-CB) (Fig. 1b). Liver tissue showed higher levels of Tetra-CB
(36.8 ng g~ dw), followed by Hexa (17.7 ng g~ dw) and Penta-CB
(10.8 ng g’1 dw), while less concentrations of Octa (1.0 ng g’l dw),
Hepta (4.2 ng g~ dw) and Deca-CB (4.3 ng g~ dw) were found.

Skin tissue showed great variability among specimens ranging from
<LOD to 36.1 ng g~ dw for Tri-CB, from 22.8 to 221 ng g~ ' dw for
Tetra-CB, from 1.9 to 32.9 ng ¢! dw for Penta-CB, from <LOD to 180
ng g~ ! dw for Hexa-CB, from 6.7 to 141 ng g~! dw for Hepta-CB and

from 0.2 to 33.5 ng g~ ! dw for Octa-CB. Deca-CB were never detected.
As reported for trace element accumulation, this great variability might
be explained by skin being a kind of passive sampler for external
contamination without the involvement of any internal, i.e., metabolic,
process.

A significant correlation was found between each PCB congener
levels measured in subcutaneous tissue with those in muscles (Pearson's
correlation, r = 0.89, p < 0.0001) indicating that the subcutaneous tis-
sue might be a good proxy of muscle PCBs contamination in basking
sharks.

With regards to DDT, the muscle was the tissues which accumulated
lower levels, with a mean of 9.8 + 4.5 ng g~} dw, while skin tissue
higher levels, with a mean of 45.6 + 69.7 ng g~ dw and up to 150 ng
g~! dw in a specimen. Liver and subcutaneous tissues showed inter-
mediate concentrations accounting for 24.2 ng g~ ! dw and 22.6 + 27.2
ng g~ ! dw respectively.

The predominant metabolite in liver was DDE measuring 12.5ng g !
dw, while DDT and DDD accounted for 4.8 ng g~ dw and 6.9 ng g~ dw,
respectively (Fig. 1¢). In muscles, DDE was the predominant metabolite
with a mean of 5.4 + 3.6 ng g~ * dw, followed by DDT, 1.4 + 0.34ng g !
dw, and DDD, 3.0 + 1.07 ng g’1 dw (Fig. 1c). In subcutaneous tissue,
DDE accounted for 11.4 + 18.3 ng g~ ! dw, while DDD for 8.9 + 8.2 ng
g1 dw and DDT for 2.3 + 1.4 ng g~ ! dw. Finally, in skin, DDE was the
predominant metabolite with a mean of 31.1 + 47.8 ng g ! dw, followed
by DDD and DDT with a mean of 11.2 + 18.3ng g~ ! dw and 3.2 + 3.8
ng g~ dw respectively (Fig. 1c). No significant correlations were found
between DDT levels in muscle and subcutaneous tissue.

In all the analyzed tissues, p,p’DDE was the major metabolite
reaching the highest level in epidermis with a mean value of 26.9 +
49.2 ng g1 dw, followed by liver with 12.5 ng g~ dw, subcutaneous
and muscle with a mean levels of 10.3 + 19 ng g ! dw and 3.9 + 2.6 ng
g~! dw. A p,p’-DDE/p,p/-DDT ratio can be used to establish whether
degradation of DDT occurred recently or in the past. Generally, a high
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ratio (>0.6) points toward past input of DDT, due to its significant
conversion to DDE at the time of analysis. A low ratio (<0.6) points
toward recent DDT input or inputs of non-degraded DDT (Yogui et al.,
2003). Considering only muscles, the relatively high p,p’ DDE/p,p’ DDT
ratio in basking sharks (0.6-3.1; mean 1.6 + 1.1) suggests that DDT
residues in the analyzed specimens derive mainly from old DDT input.

Basking sharks, together with the whale shark and the megamouth
sharks, are the only filter-feeding shark species in existence. With
regards to trace element accumulation, basking sharks from the Medi-
terranean Sea showed considerably lower levels compared to whale
sharks from the Indian Ocean. For instance, Boldrocchi et al. (2020)
found Cr levels up to 18.4 mg kg~' ww in the whale shark's subcu-
taneous tissue from Djibouti, while basking sharks in this study were
close to 0.12 mg kg~! ww, assuming 70% of moisture in the tissue
(Bergés-Tiznado et al., 2015). Similarly, Ni and Cd concentrations in
whale sharks were up to 31.5 and 0.1 mg kg ! ww respectively, while in
basking sharks only 0.05 and 0.04 mg kg ™! ww, respectively. In general,
trace elements were either in line or much lower than in whale sharks
from the Indian Ocean. Similarly, the megamouth sharks from Taiwan
appeared to accumulate higher levels of certain toxic elements in their
muscles (Ju et al., 2021). For instance, Cr, Ni and As measured 1.63 +
1.25 mg kg~! ww, 1.02 + 0.74 mg kg~* ww and 1.37 + 0.95 mg kg~
ww respectively, while in this study 0.04 + 0.02 mg kg~! ww, 0.03 +
0.01 mg kg~! ww and 0.77 + 0.28 mg kg~ ! ww, respectively.

With regards to OC contamination, only one study evaluated the
presence of PCBs and DDT in this species, sharing one sample with the
current study (Fossi et al., 2014), and reported mean PCBs value (1780
+ 147 ng g ! lipid weight, Fossi et al., 2014) comparable to those from
this study (1007 + 732 ng g~ ! lipid weight). DDTs level from this study,
however, was significantly lower (2 = 6.0, df = 1, p = 0.0143) with a
mean value of 75 + 67.4 ng g~ lipid weight versus 2001 = 417 ng g~
lipid weight (Fossi et al., 2014). With regards to PFAS, very few studies
have been carried out on sharks in general. Comparing basking sharks to
the giant devil ray, the only one filter feeder elasmobranch analyzed
from the Mediterranean Sea, levels measured in this study appear to be
lower. In giant devil ray, ZPFAS value was 1.5 ng g~! ww in muscle
(Zafeiraki et al., 2019) while in the basking sharks 0.8 + 0.2 ng g~ ww.

Several national, regional, and international biodiversity conserva-
tion and fisheries management measures protect the basking shark
throughout the territorial waters of EU, including multiple countries
within the Mediterranean region (Sims et al., 2016). For instance, the
basking shark is listed on numerous international agreements, including
Appendix II of the Convention on International Trade in Endangered
Species, Appendices I and II of the Convention on the Conservation of
Migratory Species and the CMS Migratory Sharks Memorandum of Un-
derstanding. Considering the migratory nature of this species, longevity
and feeding ecology, basking sharks represent the perfect candidates to
act as early warning bioindicator for regional contamination. However,
since most of the samples are collected opportunistically from stranding
or incidental captures, like in this study or in that by Fossi et al. (2014),
at present samples size does not allow to evaluate any temporal varia-
tion or general trend in the bioaccumulation of pollutants in the Medi-
terranean Sea. However, as showed in this study, subcutaneous tissue
could be used as a proxy for muscle contamination for most contami-
nants, which allows to collect samples in a non-lethal way and provide
an opportunity to monitor the general contamination of legacy and
emerging pollutants in the Mediterranean Sea.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2022.113466.
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