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ABSTRACT

The whale shark (Rhincodon typus) is an endangered species that may be exposed to micro- and
macro-plastic ingestion as a result of their filter-feeding activity, particularly on the sea surface. In
this pilot project we perform the first ecotoxicological investigation on whale sharks sampled in the
Gulf of California exploring the potential interaction of this species with plastic debris (macro-,
micro-plastics and related sorbed contaminants). Due to the difficulty in obtaining stranded
specimens of this endangered species, an indirect approach, by skin biopsies was used for the
evaluation of the whale shark ecotoxicological status. The levels of organochlorine compounds
(PCBs, DDTs), polybrominatediphenylethers (PBDEs) plastic additives, and related biomarkers
responses (CYP1A) were investigated for the first time in the whale shark. Twelve whale shark skin
biopsy samples were collected in January 2014 in La Paz Bay (BCS, Mexico) and a preliminary
investigation on microplastic concentration and polymer composition was also carried out in
seawater samples from the same area. The average abundance pattern for the target contaminants
was PCBs>DDTs>PBDEs>HCB. Mean concentration values of 8.42 ng/g w.w. were found for PCBs,
1.31 ng/g w.w. for DDTs, 0.29 ng/g w.w. for PBDEs and 0.19 ng/g w.w for HCB. CYP1A-like protein
was detected, for the first time, in whale shark skin samples. First data on the average density of

microplastics in the superficial zooplankton/microplastic samples showed values ranging from 0.00
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items/m3to 0.14 items/m3. A Focused PCA analysis was performed to evaluate a possible correlation
among the size of the whale sharks, contaminants and CYP1A reponses. Further ecotoxicological
investigation on whale shark skin biopsies will be carried out for a worldwide ecotoxicological risk

assessment of this endangerd species.

Keywords: whale shark, plastic pollution, OCs, PBDEs, CYP1A, Gulf of California

1 Introduction

The whale shark (Rhincodon typus) has a circumequatorial distribution in all tropical and warm
temperate seas (Colman, 1997; Compagno, 1984). This species is epipelagic, oceanic, and coastal,
forming seasonal near-shore aggregations in many areas that are related to local seasonal
productivity (Rowat and Brooks, 2012; Sequeira et al., 2013). The presence and movements of whale
sharks have been linked to the spawning of corals and fishes, upwelling, plankton abundance, and
changes in the temperature of water masses (Heyman et al., 2001; Motta et al., 2010; Robinson et
al., 2013; Wilson et al., 2001). In the late 90s, some whale shark populations declined drastically
(Norman, 2005; Rowat and Brooks, 2012) and, in 2000, the species was listed as vulnerable on the
IUCN Red List (Norman, 2000). In 2016, the conservation status was assessed as endangered (Pierce
and Norman, 2016). This species has a k-selected life history that makes them vulnerable to
exploitation such as large size, slow growth, late maturation, production of few offspring and
extended longevity (Colman, 1997; Rowat and Brooks, 2012). Major threats to this species include
interaction with fishing activity (direct catches and bycatch), vessel strikes, inappropriate tourism
and climate change (Pierce and Norman, 2016). Furthermore, the increasing human activity in whale
shark grounds gives rise to chemical pollution from urban wastewaters, vessels, agriculture and
waste including plastic debris. During surface ram filter feeding, sharks swam at an average velocity
of 1.1 m/s with 85% of their mouth open below the water’s surface, as reported by Motta and
collaborators (Motta et al., 2010). Whale sharks spend, on average, approximately 7.5 h/day feeding
at the surface on dense plankton dominated by calanoid, copepods, sergestids, chaetognaths and
fish larvae (Motta et al., 2010). During the feeding, the whale shark could be exposed to the
ingestion of pollutants floating on the sea surface and associated to sea surface microlayer,
including floating plastic debris. However, these impacts on filter feeder sharks are largely unknown
(Fossi et al., 2014). Juvenile whale sharks (total length <9 m) aggregate seasonally in different areas
of the Gulf of California, specifically in coastal waters of “Bahia de Los Angeles”, off the north-central

coast of the Baja California Peninsula (Mexico) and “La Paz Bay” off the south-eastern coast of the
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peninsula (Ramirez-Macias et al., 2012b). Several studies have shown that most sighted
aggregations are composed of juvenile male whale sharks (Meekan et al., 2006; Ramirez-Macias et
al., 2012b, 2012a; Rowat and Brooks, 2012). In La Paz Bay, a high number of whale sharks aggregate
to feed in a predictable manner and for long periods. In this area, the juvenile sharks have showed
fidelity to the area remaining in the Bay during the season for up to 135 days and returning during
the years, in a season up to 38% of the sharks can be re-sighted from previous years. This shows the
importance of this habitat for juvenile sharks (Ramirez-Macias et al., 2012b). La Paz city is one of
the most highly populated coastal areas in the Gulf of California and has the highest growth rate
(2.6%) in the state. Boat traffic is increasing in the whale shark aggregation area with new marinas,
new tourist companies and fisherman’s boats. Whale shark tourist activity has also increased, with
the government authorizing 109 boats in 2014. Whale sharks represent an important part of the
tourist attraction, but their presence imposes also a challenge to protect them. The increasing
human impact in whale shark feeding grounds in this area gives rise to urban and industrial waste
waters, including macro and micro-litter.

Marine litter represents a serious concern for the marine environment (Eriksen et al., 2014; Kiihn et
al., 2015). Presence and distribution of plastic debris in the marine environment has been
documented and, it is widely known, that marine debris originates from land; however, the quantity
of plastic entering the ocean from mismanaged waste on land is unknown. Jambeck and
collaborators calculated that out of the 275 million MT produced by 192 coastal countries in 2010,
4.8 to 12.7 million metric tons (MT) entering the ocean (Jambeck et al., 2015). Along with the land
based sources, other inputs from ocean-based sources include maritime traffic, fishing activities
(both commercial and recreational) and aquaculture sites (Galgani et al., 2015). Among marine
litter, microplastics, generally defined as fragments less than 5mm in dimension (Arthur et al., 2009)
represents an emerging world-wide concern for marine organisms as a wide range of organisms,
from plankton to larger vertebrates such as turtles or whales, may ingest them (Wright et al., 2013).
Plastic particles can harm marine organisms, causing physical damages (Wright et al., 2013) and/or
transporting POPs and partitioning plastic additives (Rochman, 2015). Due to high sorption capacity
of plastics for hydrophobic organic chemicals, the chemicals can be transported by microplastics
and macroplastics traveling long distances (Lee et al., 2013). Therefore, plastic debris can serve as
carrier of persistent organic pollutants (POPs) in marine ecosystems (Besseling et al., 2013;
Rochman et al., 2013). In addition, several plastic additives (e.g.flame retardants, stabilizers, and

plasticizers) may leach out and become bioavailable to marine organisms (Rochman, 2015).
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Despite the growing scientific attention on this issue, little scientific investigation has focused on
the potential impact of micro- and macroplastics on large filter feeding marine organisms such as
baleen whale and planktivorous sharks (Fossi et al., 2014; Besseling et al., 2015; Fossi et al., 2016).
In particular, we lack information about inputs, spatial and temporal distributions and interactions
with biota in semi-closed basins, such as the Gulf of California.

In this paper, we perform the first ecotoxicological investigation on whale sharks sampled in the
Gulf of California exploring the potential interaction of this species with plastic debris (macro- and
micro-plastics), the levels of PBDEs and OCs and related biomarkers responses ( CYP1A) using skin
biopsies as target tissue due to the lack of stranded organisms and the protected status of the whale
shark. Skin biopsy samples were collected from twelve whale sharks in La Paz Bay and a preliminary
investigation on microplastic concentration and polymer composition was also carried out in

samples collected in the whale shark ground.

2 Material and Methods

2.1 Study area and collected samples

La Paz Bay is located in the south of the Gulf of California (BCS, Mexico), with shallow coastal (< 50
m) and deep oceanic (>200 m) areas. Juvenile sharks aggregate to feed in the coastal waters of the
bay, near to the city. Skin biopsy sample from 12 whale sharks (11 males and 1 female), ranging
from 3.5 to 8 m total length, were collected on January and February of 2014, in inshore waters of
La Paz Bay (Fig.1). Biopsies were sampled using biopsy tips mounted on a pole and immediately
placed in liquid nitrogen in order to prevent any degradation for biomarker analysis (Ramirez-Macias
et al., 2007, 2012b).

Each shark was geo-referenced using a Global Positioning System, and were photographed with an
underwater camera for future identification. The pattern of lateral markings behind the five gill slits
on the left side is unique to each individual and is an effective marker for capture-mark-recapture
studies (Taylor, 1994). Scars and other present markings were also recorded. Gender was
determined by the presence or absence of claspers. Total length was measured while swimming and

using a metric measuring tape. The Table 1 shows the characteristics of each shark collected.
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127 Figure 1. Gulf of California and La Paz Bay (BCS, Mexico), with grey spots representing juveniles whale shark

128  (Rhincodon typus) sampled.

129  Table 1. Size and sex of each whale shark (WS) collected in La Paz Bay (BCS, Mexico) in January and
130 February 2014.

Sample Date Sex Size
WS 1 30/01/2014 M 5.5
WS 2 30/01/2014 M 5
WS 3 30/01/2014 M 4.5
WS 4 30/01/2014 M 4
WS 5 30/01/2014 F 5
WS 6 31/01/2014 M 3.5
WS 7 31/01/2014 M 4
WS 8 31/01/2014 M 7
WS 9 01/02/2014 M 4
WS 10 01/02/2014 M 6
WS 11 01/02/2014 M 4
WS 12 01/02/2014 M 8

131
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2.2 POPs determination

2.2.1 Sample treatment
The analysis of HCB (hexachlorobenzene), DDTs (sum of dichloro-diphenyltrichloroethane (DDT) and

its main metabolites), PCBs (polychlorinated biphenyls) and PBDEs (polybrominated diphenyl
ethers) was carried out in the subcutaneous tissues of freeze-dried skin biopsy samples (n=12).
Initially, samples were spiked with isotopic labeled surrogates of HCB, DDTs, PCBs and PBDEs
(detailed list to be found at QA/QC) prior to soxhlet extraction for 24 h with a mixture of n-
hexane:dicloromethane (9:1, v:v). A subsequent clean-up process was achieved by using open
columns packed with neutral and acidic-modified silica gel and the same mixture of solvents as
eluting agent. Final extracts were evaporated using a TurboVap® system until ~1 mL, transferred to
vials, and dried under a gentle nitrogen steam. Samples were reconstituted in 20 pL of a solution of
13C12-p, p’-DDT, 13C12-PCB-111, 170, 178 and 13C12-BDE-139 in nonane as injection/internal

standards for instrumental analysis.

2.2.2 Instrumental analysis
Whale sharks biopsy samples were screened for the following compounds: HCB, six DDTs (p,p’- and

o,p’-isomers of DDE, DDD and DDT), twenty ortho and mono-ortho PCB congeners (# 28, 52, 95,
101, 105, 114, 118, 123, 132, 138, 149, 153, 156, 157, 167, 170, 180, 183, 189, 194) and 14 PBDEs
(# 28, 47, 66, 85, 99, 100, 153, 154, 183, 184, 191, 196, 197, 209). HCB, DDTs and PCBs were
qguantified by gas chromatography coupled to low resolution mass spectrometry (GC-LRMS) using a
7890N series gas chromatograph coupled with a 5975C quadrupole mass spectrometer (Agilent,
Palo Alto, CA, USA) operated in selected ion monitoring mode with electronic impact (El) ionization
at an electron voltage of 70 eV. Quantification of the target analytes was based on the isotope
dilution technique. PBDEs were quantified by GC-LRMS using a 6890N gas chromatograph coupled
with a 5975 quadrupole mass spectrometer (Agilent, Palo Alto, CA, USA) with electron capture
negative ionization (ECNI). Comprehensive details about instrumental methods of quantification for

each group of target compounds can be found in (Mufioz-Arnanz et al., 2016).

2.2.3 QA/QC in POPs determination
Quality criteria were based on the application of quality control and quality assurance measures,

which included the analysis of blank samples covering the complete analytical procedure (one
procedural blank in each set of four or five samples). Accordingly, reported values for POPs were
blank corrected. Special care was taken to minimize exposure to UV light throughout the whole
analytical procedure. Quantification of all target analytes was carried out according to the following

criteria: (a) ratio between the two monitored ions within +15% of the theoretical value, and (b)
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limits of quantification (LOQs) corresponding to S/N of 10. Calibration curves were checked daily.
Average recoveries values (% + SD) for the used surrogates were: 13C6-HCB (53+10), 2H8-p,p'-DDE
(112+13), 2H8-0,p'-DDT (107+12), 2H8-p,p'-DDT (115+14), 13C12-PCB-28 (78+12), 13C12-PCB-52
(87+13), 13C12-PCB-101 (106+13), 13C12-PCB-138 (109+13), 13C12-PCB-153 (114+13), 13C12-PCB-
180 (103+12), 13C12-PCB-209 (85+9), 13C12-BDE-138 (92+12).

2.3 Cytochrome P450 1A protein determination
Cytochrome P450 1A (CYP1A) protein, used in this study as marker of POPs exposure, was analyzed

in the dermal part of the skin biopsies of 8 out of 12 specimens of whale shark using western-blotting
(WB) techniques. Four samples were not analyzed due to their small size that could not allow
performing the analysis. Semi-quantitative analysis was performed for each WB (in triplicate) with
Quantity One software (Bio-Rad, 1-D Analysis Software) using Adjusted Volume (Intensity *mm?2) as
guantitative parameter. Homogeneous sub-samples of biopsies were homogenized in aryl-
hydrocarbon-receptor (AhR) buffer (Wilson et al., 2007) using a Tissue Lyser (Qiagen). The
homogenate was centrifuged twice and the supernatant (S9) was analyzed for total proteins and
then by WB. For WB analysis, S9 tissue homogenates (in duplicate) were separated by SDS—PAGE
(10% polyacrylamide gels) and blotted onto nitrocellulose; the membranes were saturated with
blocking solution for 1 h. Primary polyclonal antibodies were used from Biosense Laboratories AS
(Norway). There are no specific antibodies for this species, for this reason a Rabbit anti-fish CYP1A
peptide Polyclonal antibody (CP-226) from Biosense Laboratories AS (Norway) has been used. This
product consists of rabbit polyclonal antibodies (affinity-purified IgG fraction) against peptides 190-
204 and 282-296 of rainbow trout (Oncorhynchus myekiss) cytochrome P450 1A (CYP1A). Due the
detection of CYP1A with a heterologous antibody, the protein detected has been named hereafter
as CYP1A-like protein. The antibody was diluted 1:500 in TTBS-1% gelatin and it was incubated with
shark proteins overnight. Incubation with goat anti-rabbit IgG HRP-labelled secondary antibody (Bio-
Rad) (1:3000) was performed (1.30 h) and detected according to the Bio-Rad Immun-Star-HRP-
Chemiluminescent-Kit booklet. Semi-quantitative analysis was performed for each WB with
Quantity-One software (Bio-Rad) using Adjusted Volume (Intensity*mm2) as quantitative
parameter. The lane-based functions have been used to calculate molecular weights for CYP1A-like
peptide with multiple regression models using as a Precision Plus Protein™ Standards (Bio-Rad).
Precision Plus Protein All Blue Standards are a mixture of ten blue-stained recombinant proteins

(10-250 kDa), including three reference bands (25, 50, and 75 kDa).
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2.4 Sampling and characterization of microplastics

2.4.1 Sampling of microplastics
Microplastics samples (n=4) were collected in January and February 2014, in inshore waters of La

Paz Bay, in the whale sharks feeding ground. All zooplankton/microplastic samples were collected
during daylight hours and under calm weather and sea conditions. The samples were collected with
a manta trawl equipped with a flowmeter to measure the volume of filtered water (m3).

The net was towed horizontally in surface waters at a speed of approximately 1.5 knots for 20 min.
The net was washed on board and the collected sample preserved in a 4% formaldehyde-seawater

buffered solution for subsequent analyses of plastic particles.

2.4.2 Microplastics analysis
For the analysis of plastic particles, the samples were observed under a stereomicroscope (Stereo

Zoom NBS, mod. NBS-STMDLX-T) with a LED light and micrometer ocular lens for measuring the
fragments of plastic. During the laboratory procedure, particular care was taken to prevent airborne
contamination of samples by performing sample analysis in a clean air flow room. Microplastic
collected with the manta trawl (number of items) were normalized to the total water surface filtered
(S), calculated from the following formula and expressed as items/m3: S =N x A x C; in which N =the
number of propeller revolutions measured by the flowmeter; A is the mouth area of the net inside

the water; C = a constant value, typical of each flow meter.

2.4.3 Polymer identification: Fourier Transform Infrared Spectroscopy
The polymer composition was identified using Fourier transformed infrared (FT-IR) spectroscopy

technique (Hummel, 2002). Agilent Micro Lab FTIR software was used for the output spectra
elaboration. For each plastic fragment, depending on its heterogeneity, three measurements were
carried out. The samples were compressed in a diamond anvil compression cell and infrared spectra
were acquired using an Agilent Cary 630 spectrophotometer. Spectra were collected in transmission
mode in 16 scans, with a resolution of 4 cm™. For the identification of polymers, a similarity
algorithm was used searching in three different Agilent polymer spectral databases, followed by a
visual comparison analysis of characteristic bands in the reference spectrum. Only spectra matching
more than 80% with reference polymers were accepted, being this minimum hit quality greater than

the one adopted by (Lusher et al., 2013).
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2.5 Statistics on biomarker responses and contaminants

Focused Principal Component Analysis (FPCA) was used to analyzed biomarker responses and
contaminant levels in whale shark. This analysis allowed to show simultaneously both the
correlations between the set of variables in relation to a particular variable of interest, and also the
correlations within all set of variables. The graphical output of the FPCA analysis shows the
correlations in graphical format as concentric circles in which those with the lowest radius,
represented the highest correlations. The center of these circles (target variables) contains the
variable of interest on which the analysis is "focused." The interpretation of the position of the
variables within the correlation circle coincides with the interpretation of the PCA. In a specific way,
if a variable of the set is closest to the center of the circle it is most correlated to the target variable
in the correlation circle. The correlations among the variables contained in the set and the target
variable are plotted with different colors negative (yellow) and positive (green). The correlation is
considered to be significant at the level of p = 0.05 when the variable is placed inside the red circle.
Moreover, the FPCA can give information regarding the relation between two variables according
to their reciprocal positions in the graph regardless of the color: i) a positive correlation if the
variables are close, ii) a negative correlation if they are in opposite position and iii) independent if
they are perpendicular to each other. In addition, a hierarchical cluster analysis by the minimum
energy (E) distance method was also used to define clusters on the basis of variables, and canonical
discriminant analysis on PCA factors was performed to reveal clustering variables. The significance
of the analysis was tested using the Monte-Carlo test (a non-parametric version of Pillai's test) on
coinertia analysis with 999 permutations (Dray et al., 2003). All statistical analyses were performed
using the “ade4” (Dray and Dufour, 2007) and “energy” (Rizzo and Székely, 2010) packages of R

software (R Core Team, 2015).

3 Results

3.1 POP concentrations

Table 2 summarizes POP concentrations detected in whale shark skin biopsies expressed in ng/g wet
weight (w.w.) basis. It is noticeable the wide variability among the values measured (up to two
orders of magnitude for PCBs and PBDEs), partially explained by unknown dissimilarities on sex, age
and reproductive status of the specimens studied. The average abundance pattern for the target
contaminants in skin biopsies was PCBs>DDTs>PBDEs>HCB. Mean concentration values of 8.42 ng/g

w.w. were found for PCBs, 1.31 ng/g w.w. for DDTs, 0.294 ng/g w.w. for PBDEs and 0.192 ng/g w.w
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for HCB (Table 2). The PCB content was mostly dominated by congeners with medium-low chlorine
content such as PCB 95, 101 and 52 with contributions >10% (Fig. 2A). Other relevant contributions
(>5%) were presented by congeners 189>153>149>28>167. It is worth highlighting how this pattern
of abundance differs from what is usually reported in biotic matrices, where the most recalcitrant
PCB congeners (153, 138 and 180) made up the bulk for most PCB burdens. The relative contribution
to the total DDT content was: p,p”-DDT (~33%) > p,p’-DDE (~30%) > o,p’-DDT (~26%) > p,p’-DDD
(~7%) > o,p’-DDD (~3.15%) > o,p’-DDE (~0.06%) (Table 2). Ratios about different isomeric forms
might yield information concerning the age and origin of this pesticide (Mufioz-Arnanz and Jiménez,
2011). The average value of 1.47 obtained for ratio Rpp/pp(=[p,p’-DDE + p,p’-DDD]/[p,p’-DDT])

seems to indicate a relative recent input of DDT in this area.

Table 2. Average, median, range for target POP contaminants in whale shark skin biopsies. Values expressed
in ng/g w.w. Cytochrome P450 1A-like (CYP1A) was expressed as Adjusted Volume Intensity*mm?/pg

protein).
Average Median Range
HCB 0.192 0.104 0.018 - 0.659
DDTs (6 isomers) 1.31 0.545 0.201-6.36
ortho PCBs (20 congeners) 8.42 4.39 0.270-41.4
PBDEs (14 congeners) 0.294 0.253 0.028-1.14

CYP1A-like 1397.25 1365.05 439.85-2273.39
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Figure 2. A) Average PCB congener profile skin biopsies of whale sharks (n=12). Error bars represent standard
errors (SE). B) Average PBDE congener profile in skin biopsies of whale sharks (n=12). Error bars represent

standard errors (SE).

As with PCBs, the PBDE content was dominated by lower-medium brominated congeners such as
47 >99 >100. Not surprisingly, these are examples of predominant congeners found in aquatic food
webs. Unexpected, however, was the important contribution found for BDE-209 accounting for an

average of 12.6% of the total PBDE burden (Fig. 2B).

3.2 Western blot analysis of CYP1A-like protein

CYP1A-like protein was also detected for the first time, by WB techniques, in whale shark skin
samples and used as biomarker of POPs exposure. The European seabass liver was used as a positive
control.

The lane-based functions have been used to calculate molecular weights for CYP1A-like peptides,
with multiple regression models using as a Precision Plus Protein™ Standards (Bio-Rad), and two

possible isoforms at 58 kDa and 55 kDa were detected in whale shark skin biopsies (Fig. 3 A).
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The semi-quantitative analysis of whale shark’s CYP1A-like protein was performed with the Quantity
One software (Bio-Rad, 1-D Analysis Software) using Adjusted Volume (Intensity *mm2) as
quantitative parameter. The Adjusted Volume ranged from 439.85 (intensity*mm2/ug protein) in

WS10 to 2273.39 (intensity*mm2/ug protein) in WS9 (Tab.2 and Fig 3 B).
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Figure 3. A) Western blot analysis of CYP1A-like protein in skin biopsy of whale sharks (WS) (red) and
European seabass liver (green). Precision Plus Protein™ Standards (Bio-Rad) (blue). B) Semi-quantitative
analysis of WS’s CYP1A-like protein performed with Quantity One software (Bio-Rad, 1-D Analysis Software)
using Adjusted Volume (Intensity *mm?2) in skin biopsies of males and one female (red square).

3.3 Microplastic abundance and polymer identification

Preliminary investigations on the average of microplastic concentration in the superficial
zooplankton/microplastic samples collected from La Paz Bay during the whale shark sampling show
values ranging from 0.00 items/m?3 to 0.14 items/m?3.

Polymer identification, revealed that the most abundant polymer detected in the samples was

polyethylene (35%) (Fig. S1).
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3.4 Focused Principal Component Analysis on CYP1A-like protein, contaminants and whale
shark size

The data were analyzed considering the size of the specimens as a variable. In Figure 4 we report
the Focused Principal Component Analysis (FPCA) related to the whale shark’s size (total length) and
the contaminant and biomarker variables. The correlation circle at top left (A) indicated that the size

appears to be negatively correlated with CYP1A-like protein responses.
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Figure 4. Focused Principal Component Analysis (FPCA). Whale sharks total length (TL) as variable of interest
in relation to contaminant and biomarker set variables: A) CYP1A-like protein; B) PBDEs; C) PCBs; D) HCB; E)
DDTs. Red circles indicate the significant level of p = 0.05.

The correlation circle at the top right (B) indicated that none of the PBDE congeners is significantly
correlated with the size probably due to low sample size, except for congener PBDE 209 that show
a positive correlation with whale shark’s size. Other PBDE congeners are negatively correlated with
PBDE 209. None of the other parameters (POPs) (C, D, E) are correlated in a statistically significant
manner with the size, probably due to the low sample size (see the other circles).

In Figure 5, we report the Focused Principal Component Analysis (FPCA) related to whale shark’s

biomarker responses (CYP1A-like protein) and the contaminants variables. The correlation circle at
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top (A) left indicated that the biomarker CYP1A-like protein is correlated positively and statistically
significantly (p <0.05) with PBDE 183, which is negatively correlated with PBDE congener 196. The
other congeners are negatively correlated to biomarker responses except for PBDE 209. None of the

other parameters (POPs) is correlated in a statistically significant manner with the CYP1A-like

responses probably due to the low sample size (see the other circles).
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Figure 5. Focused Principal Component Analysis (FPCA). Whale sharks biomarkers response (CYP1A-like
protein) as variable of interest in relation to contaminants set variables: A) PBDEs; B) DDTs; C) HCB; D)

PCBs. Red circles indicate the significant level of p = 0.05.

4 Discussion

This study has generated data for the first time, to the best of our knowledge, about the

contamination status of POPs, CYP1A-like protein responses and the potential impact of plastic

pollution in this endangered shark species.
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Establishing comparative analysis among, either the abundance and pattern of chemicals
contaminants, becomes not feasible due to the absence of any data regarding POP presence in
whale sharks or any other filter-feeder shark species in the investigated area. Bibliographic research
on POP presence and concentrations in other shark species worldwide (Table 3), mainly top
predator species, showed levels of PCBs, DDTs, PBDEs and HCB, orders of magnitude higher than
those found in the planktivorous species investigated in this paper. The very short length of the
whale shark’s food chain may partially explain the lack of a heightened biomagnification of the
higher chlorinated congeners. On the other hand, the major abundance of lower chlorinated PCBs
is consistent with the fact that surface oceans are enriched in this type of congeners (Jurado et al.,
2004). The comparative analyses on POP levels cannot be easily performed also due to the lack of
information on the same tissues analyzed in this study (skin biopsy). Some of the bioaccumulation
patterns found in the whale shark analyzed seem to indicate recent inputs for the studied
contaminants (e.g. DDT) in the Gulf of California. Specifically, the value obtained for the ratio Rp,p/p,p
might be due to the use of the pesticide dicofol, still allowed in Mexico, and which contains traces
of DDT in its technical formulation, based on the average value of 0.97 calculated for Ro p/p,(=[0,p”-
DDT]/[p,p’-DDT]) (Mufioz-Arnanz and Jiménez, 2011). Dicofol is an organochlorine pesticide
(miticide) chemically related to DDT, very effective against red spider mite. Whale sharks sightseeing
reported that sharks aggregates to feed in La Paz Bay. Photo-identification has shown that they can
stay up to 135 days to feed in this area (Ramirez-Macias et al., 2012b) in front of gulf camps, Marinas
and hotels; the use of pesticides on these tourist facilities could be one of the main origin of dicofol
in the WS’s feeding ground. Although whale sharks migrate seasonally in area with agricultural
development such as Sonora and Sinaloa.

Interestingly, the unusual level of BDE-209, which distribution through the water column decrease
with depth (Salvadd et al., 2016), may result from the superficial filter-feeding activities of this
species. BDE-209 constitutes the 97-98% of the Deca-BDE formulation and it is used as flame
retardant in several type of plastic polymers (Alaee, 2003). This congener is rarely reported in
aquatic food webs; therefore, it seems plausible to link its presence in whale shark tissues with the
possible ingestion of plastics debris by this species. Previous research suggested that
bioaccumulation of higher brominated PBDEs is indicative of plastic ingestion (Gassel et al., 2013;
Tanaka et al., 2013). Rochman and coauthors (Rochman et al., 2014) observed a relationship between
the concentration of PBDEs in myctophid and plastic densities. In that study, the authors suggest

that BDE#s 183-209 were present in myctophids fish as a consequence of living in regions with
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larger plastic densities. The same authors concluded that higher brominated PBDEs might be
associated with plastic debris as an additive ingredient and not sorbed from ambient seawater,
suggesting that BDE#s 183—209 contaminants in myctophid sampled may be indicative, and
consequential, of plastic pollution in their habitat. A similar interpretation can be done for the whale
sharks in La Paz Bay in which relevant concentrations of BDE-209 can be attributed to plastic
pollution in their feeding ground.

The mean abundance of microplastics detected in the area (0.07 items/m?3) confirms previous data
from the same area (Fossi et al., 2016) and the low levels of accumulation in the area of the Gulf of
California within the Eastern Pacific Ocean (Cdzar et al., 2014; Law et al., 2014). The polyethylene is
the most abundant polymer found in the samples, as it is also the most abundant polymer in plastic
litter worldwide (Hidalgo-Ruz et al., 2012). This finding suggests the potential origin of microplastic
particles by degradation of packaging items in the investigated area (see Supplementary
information; Figl SI).

Based on calculated flow speed and underwater mouth area, proposed by (Motta et al., 2010), it
was estimated that a whale shark of 443 cm total length (TL) filters 326m3/h, and a 622 cm TL shark
614m?3/h. With an average plankton biomass of 4.5 g/m?3 at their feeding site, the two sizes of sharks
(similar in size of the WS investigated in this study) would ingest on average 1467 and 2763 g of
plankton per hour (Motta et al., 2010). Using these data, a theoretical number of daily ingested
microplastic items for whale sharks in La Paz Bay feeding ground can be calculated (Table 4). The
microplastic intake per day per shark is calculated between one and two orders of magnitude lower
than those calculated for other large filter feeders such as basking sharks and fin whales (Fossi et

al., 2014) feeding in microplastics polluted areas of the Mediterranean sea.

Table 4. Total volume filtered daily, total plankton daily consumption and theoretical number of microplastic

items ingested by whale sharks in La Paz Bay.

Average juvenile by length 443 cm total length (TL)
Filtration rate 326 m3/h

Total volume daily filtered 2445 m?

Total plankton hourly consumed 1467 g/h

Total plankton daily consumed 11002 g

Theoretical number of MP items ingested daily 171
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An additional hypothesis of potential plastic impact on this endangerd shark can be established
focusing on the macroplastics presence in La Paz Bay feeding ground (Fig 2 Sl). Whale sharks spend
there, as already mentioned, approximately 7.5 h/day feeding at the surface on dense plankton
dominated by a large amount of macro-plastic debris (see Supplementary Information; Fig 3 SI).
Several images were obtained of whale sharks ingesting macroplastics in the study areas (see
Supplementary Information; Fig. 3a Sl). The impact of macroplastics ingestion, as a main cause of
plastic debris intake during the continuous surface feeding activities, needs to be further explored
in the study areas, calculating with a dedicated survey the abundance of macroplastic in the shark
feeding ground. In addition to direct intake, whale sharks may also indirectly ingest microplastics
through consumption of large quantities of copepods, calanoid, chaetognaths and fish larvae
potentially contaminated with microplastics as, in La Paz Bay, juveniles sharks feed mainly on
copepods (Hacohen-Domene et al., 2006). Fossi and coauthors (2016) reported concentrations of
mono-(2-ethylhexyl) phthalate (MEHP), ranged from 13.08 ng/g to 13.69 ng/g in
zooplankton/microplastic samples collected in the same areas (whale shark feeding ground). These
data suggested a potential direct (trough plastic debris ingestion) and indirect (microplastic ingested
by copepods) input of plastic additive during the in whale shark feeding in La Paz Bay. Regarding
CYP1A-like protein responses, this research has generated data for the first time about the
identification of CYP1A-like isoforms and a semi-quantification of these proteins in this endangered
shark species. The usefulness of dermal CYP1A-like protein expression as a biomarker of POPs
exposure in sharks is further supported by studies showing the presence of CYP1A-like protein levels
in white sharks by Marsili et al. (2016). Interestingly, as reported in Figure 5, Focused Principal
Component Analysis indicated that the size of the sharks analyzed appears to be negatively
correlated with CYP1A-like protein levels, suggesting a variation of the protein expression related
to the shark development. Moreover, it is interesting to underline that FPCA (Fig. 6) reported that
CYP1A-like protein responses are positively correlated (p <0.05) with PBDE 183 and PBDE 209 levels,
suggesting, the signal of this biomarker induction as a potential warning of POPs and plastic
additives exposure in this endangered species. Further investigation need to be done to support
these findings.

5 Conclusions

In conclusion, this pilot project has generated the first data on organochlorine compounds (PCBs,
DDTs), plastic additives (PBDEs) and CYP1A-like protein in the whale shark. The first data on

microplastic abundance and characterization in Gulf of California whale shark feeding grounds were
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also showed, suggesting the potential impact of plastics pollution on this endangered shark species.
Some of the bioaccumulation patterns found seem to indicate recent inputs in the Gulf of California
for the study contaminants, such as DDT, related to the recent use of dicofol in the areas.
Moreover, the higher contribution of PBDE-209 may result from the superficial filter-feeding
activities of this species, responsible for plastics ingested both of micro- and macro-plastic in the
whale shark feeding ground. This finding it is also confirmed by a positive correlation between the
size of the sharks and the level of the congeners PBDE-209 in the tissues. Model-supported analysis
can be used in further investigation in order to define the flux of POPs and plastic additives in this
species.

Adverse physiological effects to marine organisms exposed to organochlorine pesticide and plastic
debris can pose a severe chemical hazard. DDTs are recognized as endocrine disrupting chemicals
(EDCs), on the other hand, plastic debris may have toxic components in their matrix, like persistent
brominated flame retardants and other chemicals (e.g. phthalates) with endocrine disruptor activity
which may leach into the environment when the plastic weathers or by ingestion. Particular
attention should be given to the role of these EDCs on species already seriously threatened by
human impacts such as the whale shark.

In conclusion, the presence and impact of marine litter in Gulf of California marine organisms
represent an issue that requires a series of mitigation actions in order to reduce future negative
effects on the extraordinary biodiversity of this region. Further ecotoxicological investigation on
whale shark skin biopsies and in other large filter feeder species inhabiting this area, such as baleen
whales and manta ray, should be carried out for an ecotoxicological risk assessment of these

endangered species.

Acknowledgments

This research was carried out under the general auspices of relevant Mexican authorities governing
all research actions on wildlife and protected animals and areas in Mexico: CONACYT (Consejo
Nacional de Ciencia y Tecnologia), DGVS (Direccion General de Vida Silvestre), SEMARNAT
(Secretaria del Medio Ambiente y Recursos Naturales). DGVS authorization number

SGPA/DGVS/03362/12.



458

459
460
461

462
463
464
465

466
467

468
469
470
471
472

473
474
475
476

477
478
479

480
481
482
483

484
485

486
487

488
489
490

491
492
493

494
495
496

497
498
499

500
501

References

Alaee, M., 2003. An overview of commercially used brominated flame retardants, their applications, their
use patterns in different countries/regions and possible modes of release. Environ. Int. 29, 683—689.
doi:10.1016/50160-4120(03)00121-1

Alves, L.M.F., Nunes, M., Marchand, P., Le Bizec, B., Mendes, S., Correia, J.P.S., Lemos, M.F.L., Novais, S.C,,
2016. Blue sharks (Prionace glauca) as bioindicators of pollution and health in the Atlantic Ocean:
Contamination levels and biochemical stress responses. Sci. Total Environ. 563-564, 282-292.
doi:10.1016/j.scitotenv.2016.04.085

Arthur, C., Baker, J., Bamford, H., 2009. NOAA Technical Memorandum NOS-OR&R-30. Proc. Int. Res.
Workshop Occur. Eff. Fate Microplastic Mar. Debris.

Beaudry, M.C., Hussey, N.E., McMeans, B.C., McLeod, A.M., Wintner, S.P., Cliff, G., Dudley, S.F.J., Fisk, A.T.,
2015. Comparative organochlorine accumulation in two ecologically similar shark species (
Carcharodon carcharias and Carcharhinus obscurus ) with divergent uptake based on different life
history: Organochlorine bioaccumulation in 2 shark species. Environ. Toxicol. Chem. 34, 2051-2060.
doi:10.1002/etc.3029

Besseling, E., Foekema, E.M., Van Franeker, J.A., Leopold, M.F., Kiihn, S., Bravo Rebolledo, E.L., HeRe, E.,
Mielke, L., lJzer, J., Kamminga, P., Koelmans, A.A., 2015. Microplastic in a macro filter feeder:
Humpback whale  Megaptera novaeangliae.  Mar.  Pollut.  Bull. 95,  248-252.
doi:10.1016/j.marpolbul.2015.04.007

Besseling, E., Wegner, A., Foekema, E.M., van den Heuvel-Greve, M.J., Koelmans, A.A., 2013. Effects of
Microplastic on Fitness and PCB Bioaccumulation by the Lugworm Arenicola marina (L.). Environ. Sci.
Technol. 47, 593—-600. doi:10.1021/es302763x

Cascaes, M.J,, Oliveira, R.T., Ubarana, M.M., Sato, R.M., Baldassin, P., Colabuono, F.I., Leonel, J., Taniguchi,
S., Weber, R.R.,, 2014. Persistent organic pollutants in liver of Brazilian sharpnose shark
(Rhizoprionodon lalandii) from southeastern coast of Brazil. Mar. Pollut. Bull. 86, 591-593.
doi:10.1016/j.marpolbul.2014.05.032

Colman, J.G., 1997. A review of the biology and ecology of the whale shark. J. Fish Biol. 51, 1219-1234.
doi:10.1111/j.1095-8649.1997.tb01138.x

Compagno, L.J.V., 1984. FAO Species Catalogue. Vol. 4. Sharks of the World. Part 1. Hexanchiformes to
Lamniformes. FAO Fish. Synop. 125 Food Agric. Organ. U. N. Rome 4.

Cornish, A.S., Ng, W.C,, Ho, V.C.M., Wong, H.L., Lam, J.C.W., Lam, P.K.S., Leung, K.M.Y., 2007. Trace metals
and organochlorines in the bamboo shark Chiloscyllium plagiosum from the southern waters of Hong
Kong, China. Sci. Total Environ. 376, 335—345. doi:10.1016/j.scitotenv.2007.01.070

Corsolini, S., Ancora, S., Bianchi, N., Mariotti, G., Leonzio, C., Christiansen, J.S., 2014. Organotropism of
persistent organic pollutants and heavy metals in the Greenland shark Somniosus microcephalus in
NE Greenland. Mar. Pollut. Bull. 87, 381-387. doi:10.1016/j.marpolbul.2014.07.021

Cézar, A., Echevarria, F., Gonzalez-Gordillo, J.I1., Irigoien, X., Ubeda, B., Hernandez-Leon, S., Palma, A.T,,
Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-de-Puelles, M.L., Duarte, C.M., 2014. Plastic
debris in the open ocean. Proc. Natl. Acad. Sci. 111, 10239-10244. doi:10.1073/pnas.1314705111

Cresson, P., Fabri, M.C., Miralles, F.M., Dufour, J.-L., Elleboode, R., Sevin, K., Mahé, K., Bouchoucha, M., 2016.
Variability of PCB burden in 5 fish and sharks species of the French Mediterranean continental slope.
Environ. Pollut. 212, 374-381. doi:10.1016/j.envpol.2016.01.044

Dray, S., Chessel, D., Thioulouse, J., 2003. Co-inertia analysis and the linking of ecological data tables. Ecology
84, 3078-3089. doi:10.1890/03-0178



502
503

504
505
506

507
508
509
510

511
512
513
514

515
516
517

518
519
520

521
522
523
524

525
526

527
528
529

530
531

532
533
534

535
536

537
538

539
540
541

542
543
544

545
546
547

Dray, S., Dufour, A.B., 2007. The ade4 Package: Implementing the Duality Diagram for Ecologists. J. Stat.
Softw. 22, 1-20.

Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F., Ryan, P.G., Reisser,
J., 2014. Plastic Pollution in the World’s Oceans: More than 5 Trillion Plastic Pieces Weighing over
250,000 Tons Afloat at Sea. PLoS ONE 9, e111913. doi:10.1371/journal.pone.0111913

Fossi, M.C., Coppola, D., Baini, M., Giannetti, M., Guerranti, C., Marsili, L., Panti, C., de Sabata, E., Clo, S.,
2014a. Large filter feeding marine organisms as indicators of microplastic in the pelagic environment:
The case studies of the Mediterranean basking shark (Cetorhinus maximus) and fin whale
(Balaenoptera physalus). Mar. Environ. Res. 100, 17-24. doi:10.1016/j.marenvres.2014.02.002

Fossi, M.C., Marsili, L., Baini, M., Giannetti, M., Coppola, D., Guerranti, C., Caliani, I., Minutoli, R., Lauriano,
G., Finoia, M.G., Rubegni, F., Panigada, S., Bérubé, M., Urban Ramirez, J., Panti, C., 2016. Fin whales
and microplastics: The Mediterranean Sea and the Sea of Cortez scenarios. Environ. Pollut. 209, 68—
78. d0i:10.1016/j.envpol.2015.11.022

Galgani, F., Hanke, G., Maes, T., 2015. Global Distribution, Composition and Abundance of Marine Litter, in:
Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer International
Publishing, pp. 29-56.

Gassel, M., Harwani, S., Park, J.-S., Jahn, A., 2013. Detection of nonylphenol and persistent organic pollutants
in fish from the North Pacific Central Gyre. Mar. Pollut. Bull. 73, 231-242.
doi:10.1016/j.marpolbul.2013.05.014

Gilbert, J.M., Baduel, C., Li, Y., Reichelt-Brushett, A.J., Butcher, P.A., McGrath, S.P., Peddemors, V.M., Hearn,
L., Mueller, J., Christidis, L., 2015. Bioaccumulation of PCBs in liver tissue of dusky Carcharhinus
obscurus, sandbar C. plumbeus and white Carcharodon carcharias sharks from south-eastern
Australian waters. Mar. Pollut. Bull. 101, 908-913. d0i:10.1016/j.marpolbul.2015.10.071

Hacohen-Domeng, A., Galvan-Magana, F., Ketchum-Mejia, J., 2006. Abundance of whale shark (Rhincodon
typus) preferred prey species in the southern Gulf of California, Mexico. Cybium 30, 99-102.

Haraguchi, K., Hisamichi, Y., Kotaki, Y., Kato, Y., Endo, T., 2009. Halogenated Bipyrroles and Methoxylated
Tetrabromodiphenyl Ethers in Tiger Shark (Galeocerdo cuvier ) from the Southern Coast of Japan.
Environ. Sci. Technol. 43, 2288-2294. doi:10.1021/es802999k

Heyman, W.D., Graham, R.T., Kjrefve, B., Johannes, R.E., 2001. Whale sharks Rhincodon typus aggregate to
feed on fish spawn in Belize. Mar. Ecol. Prog. Ser. 215, 275-282.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the Marine Environment: A
Review of the Methods Used for Identification and Quantification. Environ. Sci. Technol. 46, 3060—
3075. doi:10.1021/es2031505

Hummel, D.0., 2002. Atlas of plastics additives: analysis by spectrometric methods. Springer, Berlin ; New
York.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, R., Law, K.L., 2015.
Plastic waste inputs from land into the ocean. Science 347, 768-771. doi:10.1126/science.1260352

Jurado, E., Lohmann, R., Meijer, S., Jones, K.C., Dachs, J., 2004. Latitudinal and seasonal capacity of the surface
oceans as a reservoir of polychlorinated biphenyls. Environ. Pollut. 128, 149-162.
doi:10.1016/j.envpol.2003.08.039

Kihn, S., Rebolledo, E.L.B., Franeker, J.A. van, 2015. Deleterious Effects of Litter on Marine Life, in: Bergmann,
M., Gutow, L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer International Publishing, pp.
75-116.

Law, K.L., Morét-Ferguson, S.E., Goodwin, D.S., Zettler, E.R., DeForce, E., Kukulka, T., Proskurowski, G., 2014.
Distribution of Surface Plastic Debris in the Eastern Pacific Ocean from an 11-Year Data Set. Environ.
Sci. Technol. 48, 4732—-4738. doi:10.1021/es4053076



548
549
550

551
552
553

554
555
556

557
558
559
560

561
562
563
564

565
566
567

568
569
570
571

572
573
574

575
576
577

578
579

580
581

582
583

584
585
586

587
588
589

590
5901
592

Lee, H.-K., Kim, S.-J., Jeong, Y., Lee, S., Jeong, W., Lee, W.-C., Choy, E.-J., Kang, C.-K., Moon, H.-B., 2015.
Polybrominated diphenyl ethers in thirteen shark species from offshore and coastal waters of Korea.
Mar. Pollut. Bull. 95, 374-379. doi:10.1016/j.marpolbul.2015.04.018

Lee, J., Hong, S., Song, Y.K., Hong, S.H., Jang, Y.C., Jang, M., Heo, N.W., Han, G.M., Lee, M.J., Kang, D., Shim,
W.J., 2013. Relationships among the abundances of plastic debris in different size classes on beaches
in South Korea. Mar. Pollut. Bull. 77, 349-354. doi:10.1016/j.marpolbul.2013.08.013

Lusher, A.L., McHugh, M., Thompson, R.C., 2013. Occurrence of microplastics in the gastrointestinal tract of
pelagic and demersal fish from the English Channel. Mar. Pollut. Bull. 67, 94-99.
doi:10.1016/j.marpolbul.2012.11.028

Marsili, L., Coppola, D., Giannetti, M., Casini, S., Fossi, M.., van Wyk, J., Sperone, E., Tripepi, S., Micarelli, P.,
Rizzuto, S., 2016a. Skin Biopsies as a Sensitive Non-Lethal Technique for the Ecotoxicological Studies
of Great White Shark (Carcharodon carcharias) Sampled in South Africa. Expert Opin. Environ. Biol.
04. doi:10.4172/2325-9655.1000126

Marsili, L., Coppola, D., Giannetti, M., Casini, S., Fossi, M.., van Wyk, J., Sperone, E., Tripepi, S., Micarelli, P.,
Rizzuto, S., 2016b. Skin Biopsies as a Sensitive Non-Lethal Technique for the Ecotoxicological Studies
of Great White Shark (Carcharodon carcharias) Sampled in South Africa. Expert Opin. Environ. Biol.
04. doi:10.4172/2325-9655.1000126

Meekan, M., Bradshaw, C., Press, M., McLean, C., Richards, A., Quasnichka, S., Taylor, J., 2006. Population
size and structure of whale sharks Rhincodon typus at Ningaloo Reef, Western Australia. Mar. Ecol.
Prog. Ser. 319, 275-285. doi:10.3354/meps319275

Motta, P.J., Maslanka, M., Hueter, R.E., Davis, R.L., de la Parra, R., Mulvany, S.L., Habegger, M.L., Strother,
J.A.,, Mara, K.R., Gardiner, J.M., Tyminski, J.P., Zeigler, L.D., 2010. Feeding anatomy, filter-feeding
rate, and diet of whale sharks Rhincodon typus during surface ram filter feeding off the Yucatan
Peninsula, Mexico. Zoology 113, 199-212. doi:10.1016/j.z00l.2009.12.001

Munoz-Arnanz, J., Jiménez, B., 2011. New DDT inputs after 30 years of prohibition in Spain. A case study in
agricultural  soils from  south-western Spain. Environ. Pollut. 159, 3640-3646.
doi:10.1016/j.envpol.2011.07.027

Munoz-Arnanz, J., Roscales, J.L., Ros, M., Vicente, A, Jiménez, B., 2016. Towards the implementation of the
Stockholm Convention in Spain: Five-year monitoring (2008—2013) of POPs in air based on passive
sampling. Environ. Pollut. 217, 107-113. doi:10.1016/j.envpol.2016.01.052

Norman, B., 2005. Rhincodon typus (he IUCN), Red List of Threatened Species 2005: e.T19488A8913502.
Norman, B., 2000. Rhincodon typus (he IUCN), Red List of Threatened Species 2000.

Pierce, S.J., Norman, B., 2016. Rhincodon typus (IUCN), Red List of Threatened Species 2016:
e.T19488A2365291.

R Core Team, 2015. R: A language and environment for statistical computing. R Foundation for Statistical
Computing,. R Foundation for Statistical Computing, Vienna, Autria.

Ramirez-Macias, D., Meekan, M., De La Parra-Venegas, R., Remolina-Suarez, F., Trigo-Mendoza, M., Vazquez-
Judrez, R., 2012a. Patterns in composition, abundance and scarring of whale sharks Rhincodon typus
near Holbox Island, Mexico. J. Fish Biol. 80, 1401-1416. d0i:10.1111/j.1095-8649.2012.03258.x

Ramirez-Macias, D., Vazquez-Haikin, A., Vazquez-Juarez, R., 2012b. Whale shark Rhincodon typus populations
along the west coast of the Gulf of California and implications for management. Endanger. Species
Res. 18, 115-118.

Ramirez-Macias, D., Vdzquez-Juarez, R., Galvdn-Magafia, F., Munguia-Vega, A., 2007. Variations of the
mitochondrial control region sequence in whale sharks (Rhincodon typus) from the Gulf of California,
Mexico. Fish. Res. 84, 87-95. doi:10.1016/j.fishres.2006.11.038



593
594

595
596
597
598

599
600
601

602
603

604
605
606

607
608

609
610

611
612
613

614
615
616

617
618

619
620
621

622
623
624
625

626
627
628

629

630
631
632

633
634
635

636
637
638

Rizzo, M.L., Székely, G.J., 2010. DISCO analysis: A nonparametric extension of analysis of variance. Ann. Appl.
Stat. 4, 1034-1055. doi:10.1214/09-A0AS245

Robinson, D.P., Jaidah, M.Y., Jabado, R.W., Lee-Brooks, K., Nour EI-Din, N.M., Malki, A.A.A., Elmeer, K.,
McCormick, P.A., Henderson, A.C., Pierce, S.J., Ormond, R.F.G., 2013. Whale Sharks, Rhincodon typus,
Aggregate around Offshore Platforms in Qatari Waters of the Arabian Gulf to Feed on Fish Spawn.
PLoS ONE 8, e58255. doi:10.1371/journal.pone.0058255

Rochman, C.M., 2015. The Complex Mixture, Fate and Toxicity of Chemicals Associated with Plastic Debris in
the Marine Environment, in: Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine Anthropogenic
Litter. Springer International Publishing, Cham, pp. 117-140.

Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013. Ingested plastic transfers hazardous chemicals to fish and
induces hepatic stress. Sci. Rep. 3, 3263. doi:10.1038/srep03263

Rochman, C.M., Lewison, R.L., Eriksen, M., Allen, H., Cook, A.-M., Teh, S.J., 2014. Polybrominated diphenyl
ethers (PBDEs) in fish tissue may be an indicator of plastic contamination in marine habitats. Sci. Total
Environ. 476-477, 622-633. doi:10.1016/j.scitotenv.2014.01.058

Rowat, D., Brooks, K.S., 2012. A review of the biology, fisheries and conservation of the whale shark
Rhincodon typus. ). Fish Biol. 80, 1019—-1056. d0i:10.1111/j.1095-8649.2012.03252.x

Salvadd, J.A., Sobek, A., Carrizo, D., Gustafsson, O., 2016. Observation-Based Assessment of PBDE Loads in
Arctic Ocean Waters. Environ. Sci. Technol. 50, 2236—-2245. doi:10.1021/acs.est.5b05687

Sequeira, A.M.M., Mellin, C., Meekan, M.G., Sims, D.W., Bradshaw, C.J.A., 2013. Inferred global connectivity
of whale shark Rhincodon typus populations: oceanic movement patterns of rhincodon typus. J. Fish
Biol. 82, 367—-389. d0i:10.1111/jfb.12017

Storelli, M.., Barone, G., Santamaria, N., Marcotrigiano, G.., 2006. Residue levels of DDTs and toxic evaluation
of polychlorinated biphenyls (PCBs) in Scyliorhinus canicula liver from the Mediterranean Sea (ltaly).
Mar Poll Bull 52, 696—700.

Storelli, M., Marcotrigiano, G.., 2001. Persistent organochlorine residues and toxic evaluation of
polychlorinated biphenyls in shark of Mediterranean Sea (Italy). Mar Poll Bull 42, 1323-1329.

Storelli, M., Storelli, A., Marcotrigiano, G.., 2005. Concentrations and hazard assessment of polychlorinated
biphenyls and organochlorine pesticides in shark liver from the Mediterranean Sea. Mar Poll Bull 50,
850-855.

Strid, A., Athanassiadis, I., Athanasiadou, M., Svavarsson, J., Papke, O., Bergman, A., 2010. Neutral and
phenolic brominated organic compounds of natural and anthropogenic origin in northeast Atlantic
Greenland shark (Somniosus microcephalus). Environ. Toxicol. Chem. 29, 2653-2659.
doi:10.1002/etc.330

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M., Watanuki, Y., 2013. Accumulation of
plastic-derived chemicals in tissues of seabirds ingesting marine plastics. Mar. Pollut. Bull. 69, 219—-
222. doi:10.1016/j.marpolbul.2012.12.010

Taylor, G., 1994. Whale sharks: the giants of Ningaloo Reef. Angus & Robertson, Pymble, N.S.W.

Weijs, L., Briels, N., Adams, D.H., Lepoint, G., Das, K., Blust, R., Covaci, A., 2015. Bioaccumulation of
organohalogenated compounds in sharks and rays from the southeastern USA. Environ. Res. 137,
199-207. doi:10.1016/j.envres.2014.12.022

Wilson, J.Y., Wells, R., Aguilar, A., Borrell, A., Tornero, V., Reijnders, P., Moore, M., Stegeman, J.J., 2007.
Correlates of Cytochrome P450 1Al Expression in Bottlenose Dolphin (Tursiops truncatus)
Integument Biopsies. Toxicol. Sci. 97, 111-119. doi:10.1093/toxsci/kfm031

Wilson, S.G., Taylor, J.G., Pearce, A.F., 2001. The Seasonal Aggregation of Whale Sharks at Ningaloo Reef,
Western Australia: Currents, Migrations and the El Nifio/ Southern Oscillation. Environ. Biol. Fishes
61, 1-11. doi:10.1023/A:1011069914753



639  Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of microplastics on marine
640 organisms: A review. Environ. Pollut. 178, 483-492. doi:10.1016/j.envpol.2013.02.031

641



642

643

644

Table 3. Bibliographic research on POPs (PCBs, DDTs, PBDEs and HCB) presence and concentrations in other shark species world wide

Species ZPBDEs IDDTs ZPCBs ZHCHs HCB Tissue Geographic area References
+ + + + +
Present study 0.29 +0.32 1.31+1.76 ng/g 11.42 + 8.60 9.73 + 12.36 0.19+0.19 Biopsy La Paz Bay
ng/g wet w. wet w. ng/g wet w. ng/g wet w. ng/g wet w.
Tiger shark 26 / 480 / / Liver Southern Coast of (Haraguchi et al.,
(Galeocerdo cuvier) ng/g lipid w. ng/g lipid w. Japan 2009)
Silvertip Shark 12 / 280 / / Liver Southern Coast of (Haraguchi et al.,
(Carcharhinus albimarginatus) ng/g lipid w. ng/g lipid w. Japan 2009)
Sandbar Shark 17 / 280 / / Liver Southern Coast of (Haraguchi et al.,
(Carcharhinus plumbeus) ng/g lipid w. ng/g lipid w. Japan 2009)
850 / 35000 / / Liver Southern Coast of (Haraguchi et al.,
Bull Shark ng/g lipid w. ng/g lipid w. Japan 2009)
harhinus |
(Carcharhinus leucas) 14.6.7 27?1.0 51.70.0 / 9 . Liver Southeastern USA (Weijs et al., 2015)
ng/g lipid w. ng/g lipid w. ng/g lipid w. ng/g lipid w.
764 £ 962 0.195 £ 0.063 31.1+11.1 / 0.017 £0.023 Red Greenland (Corsolini et al.,
pg/g wet w. ng/g wet w. ng/g lipid w. ng/g wet w. Muscle 2014)
Greenland shark 1365 + 1845 0.594 + 0.664 57.8+419 0.011+0.013 0.026 £ 0.027 White Greenland (Corsolini et al.,
(Somniosus microcephalus) pg/g wet w. ng/g lipid w. ng/g lipid w. ng/g wet w ng/g wet w. Muscle 2014)
ng/g ?i;said w / / / / Muscle NE Greenland (Strid et al., 2010)
ng/gsli.;id w / / / / Muscle Korea (Lee et al., 2015)
Blue shark 0.0543 £ 0.0310 1.22+1.12 ng/g
(Prionace glauca) ng/g lipid w. / lipid w. / / Muscle | Southwest of Portugal | (Alves et al., 2016)
2392 + 1439 2482 + 1020 . Mediterranean Sea .
/ ng/g lipid w. ng/g lipid w. / / Liver (Italy) (Storelli et al., 2005)
Blacktip reef shark 11.6
(Carcharhinus melanopterus) ng/g lipid w. / / / / Muscle Korea (Lee etal,, 2015)
Spiny dogfish 1.34
Muscl K L l., 201
(Squalus acanthias) ng/g lipid w. / / / / uscle orea (Lee etal, 2015)
Pelagic thresher shark 1.47
(Alopias pelagicus) ng/g lipid w. / / / / Muscle Korea (Lee et al., 2015)
Shortfin mako 4.34
L ., 201
(Isurus oxyrinchus) ng/g lipid w. / / / / Muscle Korea (Lee etal., 2015)
Oceanic whitetip shark 0.55
(Carcharhinus longimanus) ng/g lipid w. / / / / Muscle Korea (Lee etal, 2015)
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Species IPBDEs IDDTs IPCBs ZHCHs HCB Tissue Geographic area References
+ + + + +
Present study 0.29 £ 0.32 1.31+1.76 ng/g 11.42 +8.60 9.73 + 12.36 0.19+0.19 Biopsy La Paz Bay
ng/g wet w. wet w. ng/g wet w. ng/g wet w. ng/g wet w.
Milk shark 1.21
(Rhizoprionodon acutus) ng/g lipid w. / / / / Muscle Korea (Lee etal, 2015)
Smooth hammerhead 2.07
(Sphyrna zygaena) ng/e lipid w. / / / / Muscle Korea (Lee et al., 2015)
Brazilian sharpnose shark 10.4+4.78 111+ 40 1019 + 267 ng/g <1.96 <3.48 Liver Southeastern coast of (Cascaes et al., 2014)
(Rhizoprionodon lalandii) ng/g lipid w. ng/g lipid w. lipid w. ng/g lipid w. ng/g lipid w. Brazil Y
1171 +471ng/g | 1292 +577 ng/g . Mediterranean Sea .
Small spotted dogfish / lipid w. lipid w. / / Liver (Italy) (Storelli et al., 2006)
Scyliorhi icul +18. i
(Scyliorhinus canicula) / / rl,;/g :cliéfylvt / / Muscle Medlte(:;::’;e)an Sea (Cresson et al., 2016)
Kitefin Shark 4554 + 2046 1827 +349 ng/g . Mediterranean Sea .
(Dalatias licha) / ng/g lipid w. lipid w. / / Liver (Italy) (Storelli et al., 2005)
20.4 38.5 0.02 0.2
Muscl h Afri B 1., 201
/ ng/g dry w. ng/g dry w. ng/g dry w. ng/g dry w. uscle South Africa (Beaudry et al., 2015)
White shark 3.8077 . South-eastern .
(Carcharodon carcharian) / / ug/g lipid w. / / Liver Australia (Gilbert et al., 2015)
86.76-1416.97 | 379.76-11284.31 6.80-21.26 . . .
/ ng/g lipid w. ng/g lipid w. / ng/g lipid w. Biopsy South Africa (Marsili et al., 2016)
Dusky shark 9.5 30.5 0.02 0.1 .
(Carcharhinus obscurus) / ng/g dry w. ng/g dry w. ng/g dry w. ng/g dry w. Muscle South Africa (Beaudry etal,, 2015)
Blackmouth Catshark 12.76 £ 31.14 Mediterranean Sea
(Galeus melastomus) / / ng/g dry w. / Muscle (France) (Cresson etal., 2016)
Whitespotted Bamboo Shark 2.3957 2.0901 0.022 . Southern waters of .
(Chiloscyllium plagiosum) / ng/g wet w. ng/g wet w. ng/g wet w. / Liver Hong Kong, China. (Cornish et al., 2007)
Gulper shark / 493+12.6ng/g | 28.3+11.3ng/g / 35+2.1 Muscle Mediterranean Sea (Storelli and
(Centrophorus granulosus) wet w. wet w. ng/g wet w. (Italy) Marcotrigiano, 2001)
Longnose Spurdog / 10.8+6.6 16.8+9.2 / 25+1.1 Muscle Mediterranean Sea (Storelli and
(Squalus blainville) ng/g wet w. ng/g wet w. ng/g wet w. (Italy) Marcotrigiano, 2001)
Atlantic stingray 2415 . "
L h A Wi l., 201
(Dasyatis sabina) / / ng/g lipid w. / / iver Southeastern US, (Weijs et al., 2015)
Bonnetheads shark 124 91550 . .
(Sphyrna tiburo) ng/g lipid w. / ng/g lipid w. / / Liver Southeastern USA (Weijs et al., 2015)
Lemon shark 98 816 1950
L "
(Negaprion brevirostris) ng/g lipid w. ng/g lipid w. ng/g lipid w. / / ver Southeastern USA (Weijs etal., 2015)
Medlterran.ean bask.mg shark / 1667._84 148_3..06 20..5_8 Muscle Mediterranean Sea (Fossi et al., 2014b)
(Cetorhinus maximus) ng/g lipid w. ng/g lipid w. ng/g lipid w. (Italy)
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Fig 1 — Sl - Polymer composition, identified using Fourier transformed infrared (FT-IR) spectroscopy technique, of
microplastic samples collected in inshore waters of La Paz Bay, in the whale sharks feeding ground.



Fig 2- SI -

La Paz Bay (Mexico).
Human impacts in
the whale sharks

feeding ground.




Fig. 3 SI - La Paz Bay, the whale sharks feeding ground. Images of whale sharks ingesting macroplastics in the study area.




	Fossi_ms26955_revised
	Supplementary Information (1)

