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Abstract 20 

 21 

Plastics are widely diffused in the oceans and their ingestion by marine organisms is raising concern for 22 

potentially adverse effects. The risk of harmful interactions with marine plastic pollution depends on 23 

the biology of the species as well as the distribution and abundance of the different plastic types.  24 

The aim of this study was to assess the occurrence of plastic ingestion by the small-spotted catshark 25 

(Scyliorhinus canicula), one of the most abundant elasmobranchs in the Mediterranean Sea. The 26 

expression levels of genes indicative of total immune system function were analyzed to gather 27 

preliminary data for further investigation of any potential correlations between plastic presence and 28 

immune activation. 29 

One hundred catsharks were collected during the Spring 2018 in two geographic locations in the 30 

southern region of the central Mediterranean Sea: 1) near Mazara del Vallo, SW Sicily and 2) near 31 

Lampedusa island, Italy's southernmost. Standard measurements were recorded for each specimen and 32 

its organs and sex was determined. The gastrointestinal tract (GIT) was preserved for plastic detection 33 

and identification. Where present, plastics (macro- and micro-) were characterized in terms of size, 34 

shape and polymer typology through microscopy and µ-Raman spectroscopy. Spleen from a subset of 35 

thirty samples was preserved for RNA extraction, then used to quantify by real time PCR the 36 

transcripts of T cell receptor beta (TCRB), T cell receptor delta (TCRD) and IgM genes.  37 

The results indicated that ingestion of plastic is widespread, with microplastics (MP, from 1 µm to <1 38 

mm) abundantly present in nearly all samples and macroplasticplastic (MaP, > 1 cm) in approximately 39 

18% of the specimens collected. A significant increase in the expression of TCRB, TCRD and IgM was 40 

observed in the spleen of MaP+ specimens from Mazara del Vallo waters, in parallel with 67% increase 41 

in liver weight. 42 
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While the presence of MP alone is not enough to induce a strong activation of the immunity, some type 43 

of plastics falling into the MaP category may be more toxic than others and crucial in the activation of 44 

the immune response. 45 

The results of this study represent a first evidence that plastic pollution represents an emerging threat to 46 

S. canicula, the Mediterranean food web and human consumers. 47 

  48 
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1. Introduction. 49 

The abundance of plastic debris floating in Mediterranean waters was first reported in 1980 (Morris RJ 50 

1980). Later studies confirmed the distribution, abundance and characteristics of plastic debris in the 51 

basin thanks to visual counts supported by surface nets tows allowing detection and quantification of 52 

microplastics, (MP, from 1 µm to <1 mm) (Aliani et al., 2003; Suaria et al., 2014; Faure et al., 2015; 53 

Ruiz-Orejón et al., 2016; Zeri et al., 2018). Plastic particles are in fact typically grouped into categories 54 

from macro (MaP >1 cm) to nano (from 1 to <1000 nm) depending on their size (as measured by their 55 

diameter or by considering the larger dimension as classifier for irregular of fiber debris) according to 56 

the classification proposed by Hartmann et al., 2019.  57 

In the Mediterranean Sea, MP concentrations is ranging from tens to hundreds of thousands of items 58 

per square kilometer; this abundant presence of buoyant plastic debris is likely related to the high 59 

human pressure and the hydrodynamics of this semi-enclosed basin (Eriksen et al., 2014; Cozar et al., 60 

2015) which is also one of world’s busiest shipping routes, receiving waters from densely populated 61 

river shorelines (e.g., Nile, Ebro, Rhone and Po) while being connected to the Atlantic Ocean only by 62 

the Strait of Gibraltar. For its characteristics, the Mediterranean basin has a water residence time as 63 

long as a century (Lacombe et al., 1981) and its shores house10% of the global coastal population (ca. 64 

100 million people within the 10-km coastal strip (CIESIN, 2012)). 65 

MP are divided in two types: 1) primary, found in most commonly utilized products (e.g. cosmetic and 66 

personal care products, insect repellents, sunscreens, products for children), and 2) secondary, 67 

originating from the fragmentation of larger plastic debris through biological degradation, photo-68 

degradation, chemical deposition and physical fragmentation (Auta et al., 2017). Both primary and 69 

secondary MP are present in sea water where the most represented synthetic polymers 70 

are polypropylene (PP), polyethylene (PE), polystyrene (PS), polyvinylchloride (PVC)and polyethylene 71 

terephthalate (PET) (Rocha-Santos and Duarte, 2015). 72 
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MP in the marine environment are dispersed via oceanic currents and wind patterns throughout the 73 

water column (Lebreton et al., 2012), in a variety of colors, shapes, sizes and densities (Reisser et al., 74 

2014). Their persistence, availability and the biomagnification of the associated harmful chemicals, 75 

represent a potential hazard to marine life throughout the food web also if there is very few studies in 76 

field (Lusher et al., 2017; Romeo et al., 2015). MP interaction with marine organisms has been 77 

described for zooplankton (Botterell et al., 2019), invertebrates (Avio et al., 2015; Digka et al., 2018), 78 

fish (Digka et al., 2018; Compa et al., 2018; Renzi et al., 2019), turtles (Domenech et al., 2019), birds 79 

(Wilcox et al., 2015) and mammals (Fossi et al., 2016), including endangered species (Deudero and 80 

Alomar, 2016).  81 

Fish may accidentally ingest particulate while they are feeding on their prey or ingest plastic debris 82 

because of their resemblance to prey: the first report of MP ingestion in fish was in 1972 (Carpenter et 83 

al., 1972). Depending on plastic size and species, particles may be expelled or accumulate in the 84 

gastrointestinal tract (GIT), where could cause physical damage (e.g. block of feeding appendages or 85 

filters, and obstruction of GIT), and in some cases inflammation leading to death (Li et al., 2016; 86 

Werner et al., 2016). 87 

In the last few years, the presence of plastics debris in fish has been described in species captured in the 88 

oceans, seas and freshwater raising concerns on their potential negative effects (e.g Ory et al., 2018; 89 

Bessa et al., 2018; Pellini et al., 2018; Silva-Cavalcanti et al., 2017). In addition, several authors have 90 

studied in controlled conditions the effects of virgin MP intake or as vehicles of other toxic 91 

compounds. Potential damage is related to the physical properties, regarding the interaction of the 92 

particles with the organism tissues and to the chemical properties, concerning the transfer of 93 

contaminants or leaching of plastic additives (Rochman et al., 2013; Pedà et al., 2016; Limonta et al., in 94 

review). Indeed, plastics, due to their lipophilic nature, have the potential to adsorb many hydrophobic 95 

persistent organic pollutants which may increase their harmful effect on biota. Up to now, it has not 96 
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been completely elucidated the contribution of chemicals to plastic toxicity. Recent studies suggest that 97 

the two main routes of uptake in fish are represented by the ingestion and inhalation, since MP were 98 

found to accumulate and cause tissue damage in GIT and gills (Li et al., 2016, Pedà et al., 2016). 99 

Histological observations on exposed fish confirmed that MP were able to induce a strong 100 

inflammatory response in the target tissues (Limonta et al., 2019). The transcriptomic profiling of 101 

zebrafish larvae exposed to PS also suggested the activation of immune response, with the up-102 

regulation of genes related to the complement system (Veneman et al., 2017; Pitt et al., 2018). Lu et al. 103 

(2016) reported how the accumulation of PE in gills, gut and liver of zebrafish causes oxidative stress, 104 

inflammation in fish liver and a disturbed lipid and energy metabolism (Lu et al., 2016). 105 

Besides inflammation and metabolic disorders, MP absorption and distribution in different tissues and 106 

cells can result in several types of effects, such as behavior alterations, predatory performance 107 

reduction, neurotoxicity, decreased growth (Rochman et al., 2013; Rochman et al., 2014; Ferreira et al., 108 

2016; Pedà et al., 2016; Barboza et al., 2018a; Barboza et al., 2018b). Moreover, given the chemical 109 

properties, the MP uptake by aquatic organisms with other contaminants is a route to harmful 110 

chemicals including styrene, metals, phthalates, bisphenol A, polycyclic aromatic hydrocarbons 111 

(PAHs), polychlorinated biphenyls (PCBs) or polybrominated diphenyl ethers (PBDEs) (Koelmans et 112 

al., 2014; Barboza et al., 2018c). For example, the japanese medaka (Oryzias lapites), exposed for 113 

short-time to both virgin and marine PE fragments, showed bioaccumulation of PAHs, PCBs and 114 

PBDEs, with signs of liver stress and early tumor formation (Rochman et al., 2013; Rochman et al., 115 

2014). 116 

The small-spotted catshark (Scyliorhinus canicula, Linnaeus, 1758, SC) is a species of the family 117 

Scyliorhinidae. It is one of the most abundant cartilaginous fish in the central Mediterranean Sea 118 

(Ragonese et al., 2013) and inhabits the continental shelves of off the coasts of Norway and the British 119 

Isles up to Senegal. It is a small, shallow-water shark inhabiting waters of depths ranging from a few 120 
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meters (mt) down to 400 mt (Geraci et al., 2017; Rodriguez-Cabello et al. 2007). SC feeds 121 

opportunistically on a wide range of macrobenthic fauna, with Crustacea, Mollusca, Annelida, and 122 

Echinodermata as preferred prey. Feeding preference may depend on SC age and feeding intensity is 123 

highest during the summer due to the higher availability of living preys (Rodriguez-Cabello et al. 124 

2007). 125 

Given their low commercial value and abundance in the Mediterranean Sea (this species is currently 126 

listed as "Least Concern" on the IUCN Red List of Threatened Species), SC has been chosen as model 127 

in this study, as representative sample of the potential hazard fish in the southern waters of Italy are 128 

subject. 129 

Here we present the description and analysis of effects of plastics (MP and MaP) in SC from two 130 

different geographic locations in the southern region of the central Mediterranean Sea, near: 1) Mazara 131 

del Vallo (MDV), SW Sicily and 2) Lampedusa (LMP), Italy's southernmost island. Plastics have been 132 

isolated from the GIT of SC, quantified and analyzed with Raman spectroscopy to identify the polymer 133 

category. S. canicula was further investigated through the analysis of spleen transcripts of key genes 134 

involved in adaptive and innate immunity to evaluate the potential of future research hypothesis linking 135 

plastic presence to health status. 136 

 137 

  138 
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2. Materials and Methods. 139 

2.1 Samples collection. 140 

One hundred specimens of SC were collected on March 16, 2018 near Mazara del Vallo (N=48, N=25 141 

females, F, and N=23 males, M), SW Sicily, Italy and on May 7th, 2018, near Lampedusa island (N=52, 142 

N=14 females, F, and N=38 males, M), Italy’s southernmost island, in the FAO General Fisheries 143 

Commission for the Mediterranean (GFCM) areas marked as Geographical Sub-Area (GSA) 16 and 144 

GSA13 in Figure 1, respectively (Figure 1; Supplementary Table 1).  145 

 146 

2.2 Morphometric indices. 147 

Fish total length (TL), body weight (BW), spleen weight (SPL W), liver weight (LIV W) and GIT 148 

weight (GIT W), gender and maturity stage were recorded. Visceral weight (VW) was calculated 149 

subtracting the carcass weight (CW) to the BW. Fish were weighed after sampling, then spleen, liver 150 

and GIT were removed by dissection and weighted after evisceration. All the weights were measured 151 

using Sartorius balance (model: MSEE6202P-000-D0) to an accuracy of 0.01 grams.  152 

Sexual maturity was defined by 6 stages of gonadic development according to the Medits (International 153 

Bottom Trawl Survey in the Mediterranean) scale (Anon., 2016).  154 

Condition factor (CF) was calculated as follows: (BW*100)/TL^3. The hepato-somatic index (HSI), 155 

the spleno-somatic index (SSI) and the GIT somatic index (GSI) were calculated as follows: HSI = 156 

liver weight (g) × 100/body weight (g), SSI = spleen weight (g) × 100/body weight (g), GSI=GIT 157 

weight (g) × 100/body weight (g) (Supplementary Table 1). 158 

 159 

2.3 Chemistry: plastic isolation and identification in the GIT.  160 

After sampling, fish were quickly frozen and stored at -20°C. Successively, they were processed in the 161 

laboratory, where they were washed with MilliQ water, sectioned and the entire GIT (esophagus to 162 
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vent), liver and spleen were removed. Liver and spleen were fixed in RNAlater® and stored in 163 

separated closed container at -20°C for subsequent isolation of RNA, whereas GIT was wrapped in 164 

aluminum foil and then frozen at −20°C in a closed container. 165 

GIT samples were digested at 60°C for 24 h in 10% KOH (Merck) in MilliQ® water, filtered with 0.45 166 

µm nitrocellulose filter before use, according to the protocol published by Dehaut A et al. (2016). 167 

Following digestion, samples were filtered on 8 µm cellulose nitrate filters (Whatman). In the case of 168 

the presence of debris in the digestate, a density-based separation step using a ipersaline solution of 169 

NaCl (Sigma Aldrich) was performed. The solution was added to the digestate (2:1, v/v) and stirred for 170 

10 min before being left to settle for 1 h. The supernatant, containing the floating plastic particles was 171 

collected and filtered, as previously described. Plastic debris of big size that could not be digested nor 172 

filtered were isolated and analyzed as undigested MaP. The filters that by visual inspection contained 173 

plastic debris contaminated with undigested organic residues or minerals were subject to an additional 174 

basic digestion step according to the procedure reported in Roch et al. (2017) and washed by a dilute 175 

acid aqueous solution (HCl 0.1M); it was observed that even after this treatment plastic debris were not 176 

broken into smaller fragments.  Blank samples were prepared and analyzed in parallel as controls to 177 

account for MP contamination from the digestion and filtering processes (i.e., ‘digestion control’). In 178 

detail, digestion solutions were placed into a clean beaker, heated at 60 °C for 24 h, and vacuum 179 

filtered onto a nitrocellulose filter 0.45 µm, (the procedure was repeated ten times; n = 10). MP was 180 

quantified and characterized for fish samples (see below). The blank samples contamination (mean No. 181 

filter−1) consisted only of fibers with average values of 4.2 (± 0.5).  182 

Measure to avoid contamination were adopted during all the extraction procedure, cotton lab coat and 183 

nitrile gloves were used and glassware equipment were thoroughly washed and rinsed with MilliQ 184 

water before use, all materials were covered between use with aluminum foils, and filters were stored 185 

in glass petri dishes.  186 
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Filters were first examined and sorted by visual inspection with a stereo microscope following protocol 187 

(Dehaut A et al., 2016). Microscopic analysis of the filters was performed with a Nikon SMZ745T 188 

stereomicroscope, equipped with a Nikon Digital Sight DS-F12 camera.  189 

All the MaP, fragments and filaments, were analyzed with Raman spectroscopy. The size of the 190 

analyzed subset should insure a representative view of the particle size distribution and chemical nature 191 

as suggested by Kedzierski M et al. 2019. Spectra were generated with a LabRam HR800 micro-192 

Raman instrument from Horiba Scientific equipped with an air-cooled CCD detector at −70 °C, an 193 

Olympus BXFM microscope, a 600 groove/mm grating and a 50× objective were used to collect the 194 

Raman scattering signals. The excitation source was a He-Ne laser (632.8 nm line) with a maximum 195 

laser power of 20 mW. A minimal spectral accumulation of 10 times 1 s was used; if a high 196 

background was recorded the accumulations were increased to a maximum of 100 times 1 s to improve 197 

the signal-to-noise ratio. 198 

 199 

2.4 Gene expression analysis. 200 

RNA Extraction. Total RNA from spleen samples of thirty selected samples (Table 1) was extracted 201 

using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. 202 

Tissue (about 30 mg) lysis and homogenization was performed with T 10 basic ULTRA-TURRAX® 203 

(IKA, Staufen, Germany). Genomic DNA was removed through an in-column DNase I digestion 204 

(Qiagen). The RNA concentration and the quality of the extractions were assessed with a BioSpec-nano 205 

UV–Vis spectrophotometer (Shimadzu Italia S.r.l., Milan, Italy). The RNA samples that did not meet 206 

the absorbance ratio cutoff (1-8-2.0 for the 280/260; 2.0-2.2 for the 260/230) were extracted more than 207 

once.  208 
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Quantitative real time PCR (q-PCR). A panel of immunity genes [T cell receptor beta (TCRB), T cell 209 

receptor delta (TCRD) and immunoglobulin M (IgM)], and housekeeping genes [ribosomal protein 13 210 

(RPL13), actin beta 1 (ACTb) and ribosomal protein L29 (RPL29)] was selected from the literature. 211 

Primers for the selected genes were obtained from literature or designed with Primer 3 on different 212 

exons to exclude any genomic DNA co-amplification: ncbi accession numbers of the sequences used 213 

were KY434203 (TCRB); KY434205 (TCRD); JX555996 (µ heavy chain IgM) (Crouch et al., 2013; Li 214 

et al., 2015; Pettinello et al., 2017) (Table 2). Reverse transcription was performed using iScript™ 215 

cDNA synthesis kit (Bio-Rad, California, USA) according to the manufacturer's instructions using 1 µg 216 

total RNA. The qPCR reaction was performed in triplicates in 96 wells plates, using the EvaGreen Dye 217 

Master mix (Bio-Rad) on CFX Connect Real-Time Detection system (Bio-Rad). qPCR efficiencies 218 

were calculated using the equation from Dhar et al. (2009). The amplification efficiency of each primer 219 

couple was checked through the creation of a five points standard curve with serially diluted 1:5 cDNA 220 

from 5 samples (MDV: SC7, SC9, SC11 and LMP: SC56, SC57) (Table 2). cDNA was reverse 221 

transcribed from 1 µg of total RNA using SsoFastTM EvaGreen® Supermix (Bio-Rad) in a total 222 

volume of 10 µl of a reaction mix containing 10 ng cDNA, 0.3 µM of each primer, 2× Evagreen 223 

enzyme and DNase-free sterile water. qPCR reactions were run as follows: 1 cycle of 98 °C for 30 min, 224 

49 cycles of 95 °C for 5 s, 60 °C for 10 s; melting curve 65 °C–95 °C: increment 0.5 °C every 5 min. 225 

Each reaction was run in triplicate, together with a tri- plicate of no-template controls. The average Ct 226 

values were normalized to the values of the housekeeping genes RPL13. RPL13 was the most stable 227 

house-keeping gene amongst those tested (e.g RPL13, ACTb, RPL29). Comparative Ct method of 228 

analysis (2-∆∆ct) was used to determined changes of expression between control and treated samples 229 

on CFX connect manager software 3.1 (Bio-Rad). Fold differences were calculated accounting for 230 

differences in primer efficiencies using the Pfaffl method (Pfaffl, 2001). 231 

 232 
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2.5 Statistical analysis. 233 

Data were analyzed within and between locations. Morphometric data were analyzed within MDV and 234 

LMP, related to gender (male and females) and/or presence or absence of MP and MaP in the GIT. 235 

Student t-test and ANOVA were used in comparison to detect significant differences between groups 236 

compared, for morphometric data and for gene expression analysis. 237 

  238 
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3. Results and Discussion. 239 

3.1 Morphometric data analysis. 240 

All the morphometric data for the 100 samples were analyzed to examine if significant differences exist 241 

between the samples from the two locations studied. Variation in TL and BW did not account for a 242 

difference in CF between MDV and LMP while the gonadal maturity and liver size had interesting 243 

dissimilarities (Table 3, Supplementary Table 2). 244 

In detail: MDV, both females and males SC have smaller (< 34%) index of gonadal maturity when 245 

compared to samples from LMP. Moreover, MDV males have bigger liver (HSI > 20%), while females 246 

have smaller liver (HSI < 24%) compared to LMP specimens. 247 

The smaller gonadal maturity in MDV specimens may be linked to the great difference in the existing 248 

anthropogenic activities in the two locations of sampling. MDV sampling site is close to a port with the 249 

largest fishing fleet in Italy, while LMP sampling site is in a pristine area, near Lampedusa, the Italian 250 

southernmost island inhabited by only 6.000 people in an area of 20.2 square kilometers. The 251 

difference in human activity, contamination and consequently greater stress conditions in MDV, may 252 

have an effect on the appropriate development of the MDV fish and may correlate to the overall 253 

differences we observed amongst the two shark’s populations. The translation of stress to the 254 

organismal/population level and higher is not straightforward. In teleosts, acute and chronic stressors 255 

can stimulate physiological changes at the organismal level, impacting growth rate, reproductive output 256 

or investments, and disease resistance (Davis, 2002; Iwama et al., 2006; Ramsay et al., 2009). In 257 

contrast, very little is known about the physiological changes linked to stress in elasmobranchs. Indeed, 258 

the extent to which elasmobranchs are affected by pervasive anthropogenic threats, such as habitat 259 

degradation, climate change and pollution and its transient or prolonged impacts on health and fitness 260 

(e.g., somatic growth and reproduction) remains poorly understood (Skomal and Mandelman, 2012). 261 
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We could assume that they respond to threats in a similar way teleosts do, but the nature and magnitude 262 

of the response could be highly species-specific and related to ecological factors and the type and 263 

duration of the stressors. Plastic contamination and the ingestion by aquatic organisms, including 264 

species of commercial importance for fisheries, are well documented in the Mediterranean Sea (Lusher 265 

et al., 2017) and we can reasonably assume that it will continue to increase in the foreseeable future; 266 

filling the knowledge gaps on the occurrence and adverse effects caused by (of the) polymers actually 267 

present in the environment is necessary to assess / understand the impact of these contaminants on biota 268 

(degree of the biological impact). 269 

 270 

3.2 Effects and composition of plastics in the GIT of S. canicula. 271 

The GIT of 50 selected specimens was analyzed for plastic presence, quantity and type. Plastic were 272 

either grouped as fibers, MP fragments or MaP (Figure 2 and Figure 3) following the classification 273 

proposed by Hartmann et al., 2019. The occurrence of plastic was considered by the number of 274 

ingested plastics as well as the frequency of ingestion (Avio et al., 2020). 275 

We found debris in the shape of fibers (filaments and lines) and fragments in about 80% of the samples 276 

analyzed (86.3 % of the MDV samples, and 75.7 % from LMP samples), both colored and clear (Figure 277 

3; Table 4). Artificially dyed debris and filaments and debris identified by Raman spectroscopy where 278 

referred as plastic particles. Fibers in most cases were characterized by a not regular diameter along the 279 

particle, with diameter values lower than 10 µm. A total number of 138 particles were counted by 280 

visual inspection: 115 fibers shape (83.3%; which were classified based on the diameter size in 68 281 

fibers and 59 filaments) and fragments (16.7%). According to size classes, the plastic debris were 282 

divided up as follows: 17 were in the range 1-10 µm, 72 were in the range 20 µm e 100 µm, 38 the 283 

range 20 µm e 100 µm and 11 were in the range 1cm – 5cm (MaP). Considering the color, 88 debris 284 

were dark colored (63.8%), 30 were light colored (21.7%) and 20 were transparent (14.5%). 285 
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All fragments and filaments were analyzed by Raman microspectroscopy: fibers identification resulted 286 

in many cases problematic possibly due to additive/pigments contained in the fibers or to adhesion of 287 

organic residues. The uncertainty in identification of fibers constituents and therefore the bias induced 288 

by a partial identification of the samples, combined with the fact that fibers can also derive from 289 

contamination during the sample preparation procedure suggest us to limit the data only to MaP, 290 

fragments and filaments. 291 

In addition, in the present work we aimed to investigate possible correlation of MaP presence and 292 

variation of immune-related gene expression in S. canicula.     293 

MP filaments and fragments accounted for a similar number in the two location with an ingested 294 

average by individual of 1.32 items in MDV vs 1.04 items in LMP and a frequency of ingestion of 71% 295 

in MDV vs 62% in LMP (Table 4). 296 

Differently, MaP were detected in 18% of the samples analyzed. Specifically, in 20% of the MDV 297 

samples, and 16% from LMP samples (Table 4). All specimens with MaP from MDV were females, 298 

while those with MaP from LMP were 50% males and 50% females (Supplementary Table 3). 299 

MaP were composed of the polymers polypropylene, polyethylene and polyethylenterephtalate whereas 300 

MP were mainly identified as polyester, acrylic and nylon 6, and colorant (Figure 4). Average values of 301 

MP composition were not significantly different in the two sites. 302 

The analysis of morphological data associated to the presence of MaP in samples from both locations 303 

showed no correlation to CF and VW. However, a significant increase in liver weight (49%, p<0.05) 304 

and HIS (26%, p<0.01) was observed (Supplementary Table 4A). In the correlation to MaP, MDV 305 

specimens showed an increase in the weight of all organs, although only the liver and HSI returned a 306 

significant increase of 67% and 34%, respectively of the total weight (p<0.005) (Figure 5, 307 

Supplementary Table 4B). In LMP, the MaP specimens showed an increase of VW but the variation 308 
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was non-significant; nevertheless, the liver was still subject to the highest increase (Figure 5, 309 

Supplementary Table 4C).  310 

In general, females from both location have higher VW probably due to higher structural and functional 311 

demands linked to vitellogenesis and maternal immunity (LIV W is 25% and 44% higher in females 312 

than males in MDV and LMP, respectively) (Supplementary Table 4D and 4E).  313 

The analysis of morphometric data of specimens sampled at MDV and LMP related to both MaP 314 

detection and gender, resulted in non-significant differences although it is evident that MDV females 315 

have an increase of BW that is only in part related to the increase in VW (Supplementary Table 5A). In 316 

LMP the increase of VW is more evident in females than males (Supplementary Table 5B). The 317 

females have VW that is 31% (p<0.05) than males (Supplementary Table 5C). BW and VW were 318 

higher in samples with MaP females and lower in males (Supplementary Table 5D and 5E). The 319 

correlation analysis is clearly showing that females in MDV have smaller liver activity than those in 320 

LMP, while the males in MDV have higher liver activity, almost as the males in MDV are stimulated to 321 

invest more in liver functions, which is usually a female feature (e.g. vitellogenesis) rather than in male 322 

characters (in males the body weight should be higher because is correlated to bones and muscles, for 323 

examples). The feminization-like evidence and the smaller gonadal maturity overall observed could 324 

severely impact the reproduction rate and fitness of the SC population in MDV. It has been previously 325 

observed that the exposure to endocrine disrupting chemicals (additives of plastics) can strongly 326 

influence the course of sex differentiation and unbalance the sex ratio in zebrafish populations; in other 327 

freshwater species vitellogenin concentration in male fish have been described in correlation to the 328 

exposure to estrogenic contaminants (Von Hippel et al., 2017; Santos et al., 2017). Decreased growth 329 

rate, decreased fecundity and negative impacts on subsequent generations have also been linked to 330 

plastic exposure in both marine and terrestrial species (Huerta-Lwanga et al., 2016; Sussarellu et al., 331 

2016). 332 
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 333 

3.3 Gene Expression. 334 

In order to move beyond simply studying the presence and type of plastics, the effects on the 335 

underlying physiological and biochemical mechanisms should be investigated. The effects can be many 336 

and diverse, and may involve a stress response implicating several systems, such as the immune, the 337 

endocrine or reproductive one. A first step to identify changes that may be associated to the presence of 338 

plastic described was to evaluate changes in the expression of genes known linked to the immune 339 

system. There are two main layers of immune responses: innate immune responses and adaptive 340 

immune responses. The innate immune system creates a fast, non-specific reaction to the pathogen 341 

infecting the host organism. If the pathogen persists despite innate defenses, then the adaptive immune 342 

system will engage the microbe with specificity and memory. The adaptive (or acquired) immune 343 

system mounts to a discriminating long lasting immune response directed by two types of lymphocytes, 344 

T cells (cell-mediated immunity) and B cells producing immunoglobulins (Ig) (humoral immune 345 

response) (Rauta et al., 2012). Cartilaginous fish and elasmobranchs (sharks, skates and rays), in 346 

particular, are the first jawed vertebrate group to emerge in evolution and are the oldest group relative 347 

to mammals having an immune system grounded upon Ig, T cell receptors (TCR), the major 348 

histocompatibility complex (MHC), as well as RAG-mediated rearrangement, somatic hypermutation 349 

and the presence of primary and secondary lymphoid tissues (Flajnik MF, 2002). Immunoglobulins 350 

(IgM) were discovered in sharks almost 40 years ago and while some features of the immune system 351 

are simple and primordial, other features, including the Ig system, can be quite complex (e.g. the 352 

presence of two non-IgM isotypes, IgW and IgNAR) (Dooley and Flanjk, 2006; Flajnik MF, 2002). It 353 

is highly probable that each of these isotypes evolved to mediate a particular type of defense 354 

mechanism, although there are no functional data as yet for the non-IgM isotypes. The genes that were 355 
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analyzed in this study were those related to canonical immune response pathways, IgM, TCRB and 356 

TCRD (Pettinello et al., 2017; Crouch et al., 2017). 357 

RNA extraction from spleen of the 30 specimens was successful and all samples were retrotranscribed 358 

and used as template in the real time qPCR of TCRB and IgM, specifically related to adaptive immunity 359 

activity and TCRD, linked to innate immunity activity. Samples analyzed within location group (MDV 360 

and LMP separately), considering the presence (MaP +) or absence (MaP -) of plastics, showed 361 

differences in the expression of the genes (immune-related) tested. 362 

In MDV (5 MaP + and 8 MaP -) specimens, MaP + spleens showed a significant increase in the 363 

expression of all immune-related genes: fold increases were: 1.2 for TCRB (p<0.02), 2.1 for TCRD 364 

(p<0.01) and 3.1 for IgM (p<0.01) (Figure 6). When the analysis was restricted to only females (5 MaP 365 

+ and MaP -), fold increases were: 3.5 for TCRB (not significant), 6.3 for TCRD (p<0.02), and 16.4 for 366 

IgM (p<0.02) (Figure 6). 367 

In LMP specimens (4 MaP + and 11 MaP -), MaP + spleens showed minimal and not significant 368 

variations of immune-related gene transcripts: fold increases were 0.13 (TCRB), 0.23 (TCRD) and 0.18 369 

(IgM). Data analyzed separating males and females gave the same outcome (data not shown).  370 

Results from spleen gene expression were somewhat correlated with what we observed in the previous 371 

analyses. The changes observed in the expression of the three immune-related genes in spleen were 372 

greater in MDV samples than in LMP samples, consistent with the hypothesis that the adverse effects 373 

observed may be correlated to the highest degree of MDV anthropogenic pollution, in which MaP, co-374 

present with MP (detected in on nearly all samples) are most likely additive for chemical co-375 

contaminants. 376 

 377 

4. Conclusion. 378 
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The present study reports high frequencies of microplastic consumption as well as the presence of 379 

macroplastic ingestion in the small spotted shark, S. canicula, sampled in two different locations of the 380 

Mediterranean Sea. From a first examination, it may be hypothesized that sharks could be less 381 

susceptible to microplastic ingestion than macroplastics, given the potential correlation of macroplastic 382 

presence to changes in expression of immune-related genes. But the link between plastics and the 383 

unavoidable absorbed chemicals, differently distributed in the locations examined, needs to be 384 

specifically addressed, given the estrogenic effects hereby reported on maturity and gender 385 

development that could be caused, for example, by endocrine disruptors present in the most 386 

contaminated site. Correspondingly, immunology data describing the full functionality of T- and B-387 

cells needs to be specifically gathered and integrated. 388 

To our knowledge, this is the first study to explore the influence that plastic ingestion by a shark 389 

species in the Mediterranean Sea. The occurrence and high frequency of ingested plastic debris hereby 390 

reported highlights the ubiquitous nature of this pollutant throughout the Mediterranean Sea and the 391 

importance of targeting plastics and their co-contaminants in future pollution control efforts. 392 

 393 

5. Acknowledgments. 394 

The research leading to these results has received funding from the Ministry of Education, University 395 

and Research (MIUR) under the PRIN 2017 program grant agreement n° 2017Y2PAB8_003. 396 

  397 



 20 

5. Bibliography 398 

Aliani S, Griffa A, Molcard A. Floating debris in the Ligurian Sea,north-western Mediterranean. Mar Pollut 399 
Bull. 2003 Sep;46(9):1142-9. PubMed PMID:12932495. 400 
 401 
Alomar C, Estarellas F, Deudero S. Microplastics in the Mediterranean Sea: Deposition in coastal shallow 402 
sediments, spatial variation and preferential grain size. Mar Environ Res. 2016 Apr;115:1-10. doi: 403 
10.1016/j.marenvres.2016.01.005. Epub 2016 Jan 18. PubMed PMID: 26803229. 404 
 405 
Anonymous 2016. International bottom trawl survey in the Mediterranean. Instruction manual. Version 8. 406 
[MEDITS–handbook. Version n. 8.] MEDITS Working Group. 407 
 408 
Auta HS, Emenike CU, Fauziah SH. Distribution and importance of microplastics in the marine environment: A 409 
review of the sources, fate, effects, and potential solutions. Environ Int. 2017 May;102:165-176. doi: 410 
10.1016/j.envint.2017.02.013. Epub 2017 Mar 9. Review. PubMed PMID: 28284818. 411 
 412 
Avio CG, Gorbi S, Milan M, Benedetti M, Fattorini D, d'Errico G, Pauletto M, Bargelloni L, Regoli F. Pollutants 413 
bioavailability and toxicological risk from microplastics to marine mussels. Environ Pollut. 2015 Mar;198:211-414 
22. doi:10.1016/j.envpol.2014.12.021. Epub 2015 Jan 28. PubMed PMID: 25637744. 415 
 416 
Avio CG, Pittura L, d'Errico G, Abel S, Amorello S, Marino G, Gorbi S, Regoli F. Distribution and 417 
characterization of microplastic particles and textile microfibers in Adriatic food webs: General insights for 418 
biomonitoring strategies. Environ Pollut. 2019 Dec 9;258:113766. doi: 10.1016/j.envpol.2019.113766. [Epub 419 
ahead of print] PubMed PMID: 31855672. 420 
 421 
Barboza LGA, Vieira LR, Branco V, Figueiredo N, Carvalho F, Carvalho C, Guilhermino L. Microplastics cause 422 
neurotoxicity, oxidative damage and energy-related changes and interact with the bioaccumulation of mercury in 423 
the European seabass, Dicentrarchus labrax (Linnaeus, 1758). Aquat Toxicol. 2018 Feb;195:49-57. doi: 424 
10.1016/j.aquatox.2017.12.008. Epub 2017 Dec 20. PubMed PMID:29287173. 425 
 426 
Barboza LGA, Vieira LR, Guilhermino L. Single and combined effects of microplastics and mercury on 427 
juveniles of the European seabass (Dicentrarchus labrax): Changes in behavioural responses and reduction of 428 
swimming velocity and resistance time. Environ Pollut. 2018 May;236:1014-1019. 429 
doi:10.1016/j.envpol.2017.12.082. Epub 2018 Feb 12. PubMed PMID: 29449115. 430 
 431 
Barboza LGA, Vieira LR, Branco V, Carvalho C, Guilhermino L. Microplastics increase mercury 432 
bioconcentration in gills and bioaccumulation in the liver, and cause oxidative stress and damage in 433 
Dicentrarchus labrax juveniles. Sci Rep.2018 Oct 23;8(1):15655. doi: 10.1038/s41598-018-34125-z. PubMed 434 
PMID: 30353126; PubMed Central PMCID: PMC6199270. 435 
 436 
Bessa F, Barría P, Neto JM, Frias JPGL, Otero V, Sobral P, Marques JC. Occurrence of microplastics in 437 
commercial fish from a natural estuarine environment. Mar Pollut Bull. 2018 Mar;128:575-584. doi: 438 
10.1016/j.marpolbul.2018.01.044. Epub 2018 Feb 7. PubMed PMID: 29571409. 439 
 440 
Botterell ZLR, Beaumont N, Dorrington T, Steinke M, Thompson RC, Lindeque PK. Bioavailability and effects 441 
of microplastics on marine zooplankton: A review. Environ Pollut. 2019 Feb;245:98-110. doi: 442 
10.1016/j.envpol.2018.10.065. Epub 2018 Oct 17. Review. PubMed PMID: 30415037. 443 
 444 
Carpenter EJ, Anderson SJ, Harvey GR, Miklas HP, Peck BB. Polystyrene spherules in coastal waters. Science. 445 
1972 Nov 17;178(4062):749-50. PubMed PMID: 4628343. 446 
 447 



 21 

CIESIN, Center for International Earth Science Information Network. National Aggregates of Geospatial Data: 448 
Population, Landscape and Climate Estimates Version 3. National Aeronautics and Space Administration 449 
Socioeconomic Data and Applications Center, Palisades, NY). Available: http://sedac. 450 
ciesin.columbia.edu/data/set/nagdc-population-landscape-climate-estimates-v3. Accessed 2012 Oct 16.  451 
 452 
Compa M, Ventero A, Iglesias M, Deudero S. Ingestion of microplastics and natural fibres in Sardina pilchardus 453 
(Walbaum, 1792) and Engraulis encrasicolus (Linnaeus, 1758) along the Spanish Mediterranean coast. Mar 454 
Pollut Bull. 2018 Mar;128:89-96. doi: 10.1016/j.marpolbul.2018.01.009. Epub 2018 Jan 12. PubMed PMID: 455 
29571417. 456 
 457 
Cózar A, Sanz-Martín M, Martí E, González-Gordillo JI, Ubeda B, Gálvez JÁ, Irigoien X, Duarte CM. Plastic 458 
accumulation in the Mediterranean sea. PLoS One. 2015 Apr 1;10(4):e0121762. doi: 459 
10.1371/journal.pone.0121762. eCollection 2015. PubMed PMID: 25831129; PubMed Central PMCID: 460 
PMC4382178. 461 
 462 
Crouch K, Smith LE, Williams R, Cao W, Lee M, Jensen A, Dooley H. Humoral immune response of the small-463 
spotted catshark, Scyliorhinus canicula. Fish Shellfish Immunol. 2013 May;34(5):1158-69. doi: 464 
10.1016/j.fsi.2013.01.025. Epub 2013 Feb 21. Erratum in: Fish Shellfish Immunol. 2013 Aug;35(2):623. 465 
PubMed PMID:23439398. 466 
 467 
Davis MW. Key principles for understanding fish bycatch discard mortality. Can J Fish Aquat Sci. 2002 468 
59:1834-1843. 469 
 470 
Dehaut A, Cassone AL, Frère L, Hermabessiere L, Himber C, Rinnert E, Rivière G, Lambert C, Soudant P, 471 
Huvet A, Duflos G, Paul-Pont I. Microplastics in seafood: Benchmark protocol for their extraction and 472 
characterization. Environ Pollut. 2016 Aug;215:223-233. doi: 10.1016/j.envpol.2016.05.018. Epub 2016 May 473 
19. PubMed PMID: 27209243. 474 
 475 
Dhar AK, Bowers RM, Licon KS, Veazey G, Read B. Validation of reference genes for quantitative 476 
measurement of immune gene expression in shrimp. Mol Immunol.2009 May;46(8-9):1688-95. doi: 477 
10.1016/j.molimm.2009.02.020. Epub 2009 Mar 17. PubMed PMID: 19297025. 478 
 479 
Deudero S, Alomar C. Mediterranean marine biodiversity under threat: Reviewing influence of marine litter on 480 
species. Mar Pollut Bull. 2015 Sep 15;98(1-2):58-68. doi: 10.1016/j.marpolbul.2015.07.012. Epub 2015 Jul 13. 481 
Review. PubMed PMID: 26183308. 482 
 483 
Digka N, Tsangaris C, Torre M, Anastasopoulou A, Zeri C. Microplastics in mussels and fish from the Northern 484 
Ionian Sea. Mar Pollut Bull. 2018 Oct;135:30-40. doi: 10.1016/j.marpolbul.2018.06.063. Epub 2018 Jul 4. 485 
PubMed PMID: 30301041. 486 
 487 
Dooley H, Flajnik MF. Antibody repertoire development in cartilaginous fish. Dev Comp Immunol. 2006;30(1-488 
2):43-56. Review. PubMed PMID: 16146649. 489 
 490 
Domènech F, Aznar FJ, Raga JA, Tomás J. Two decades of monitoring in marine debris ingestion in loggerhead 491 
sea turtle, Caretta caretta, from the western Mediterranean. Environ Pollut. 2019 Jan;244:367-378. 492 
doi:10.1016/j.envpol.2018.10.047. Epub 2018 Oct 15. PubMed PMID: 30352351. 493 
 494 
Eriksen M, Lebreton LC, Carson HS, Thiel M, Moore CJ, Borerro JC, Galgani F, Ryan PG, Reisser J. Plastic 495 
Pollution in the World's Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. 496 
PLoS One. 2014 Dec 10;9(12):e111913. doi: 10.1371/journal.pone.0111913. eCollection 2014. PubMed PMID: 497 
25494041; PubMed Central PMCID: PMC4262196. 498 
 499 



 22 

Faure F, Saini C, Potter G, Galgani F, de Alencastro LF, Hagmann P. An evaluation of surface micro- and 500 
mesoplastic pollution in pelagic ecosystems of the Western Mediterranean Sea. Environ Sci Pollut Res Int. 2015 501 
Aug;22(16):12190-7. doi: 10.1007/s11356-015-4453-3. Epub 2015 Apr 19. PubMed PMID: 25893619. 502 
 503 
Ferreira P, Fonte E, Soares ME, Carvalho F, Guilhermino L. Effects of multi-stressors on juveniles of the marine 504 
fish Pomatoschistus microps: Gold nanoparticles, microplastics and temperature. Aquat Toxicol. 2016 505 
Jan;170:89-103. doi: 10.1016/j.aquatox.2015.11.011. Epub 2015 Nov 28. PubMed PMID: 26642093. 506 
 507 
Flajnik MF. Comparative analyses of immunoglobulin genes: surprises and portents. Nat Rev Immunol. 2002 508 
Sep;2(9):688-98. Review. PubMed PMID: 12209137. 509 
 510 
Fossi MC, Marsili L, Baini M, Giannetti M, Coppola D, Guerranti C, Caliani I, Minutoli R, Lauriano G, Finoia 511 
MG, Rubegni F, Panigada S, Bérubé M, Urbán Ramírez J, Panti C. Fin whales and microplastics: The 512 
Mediterranean Sea and the Sea of Cortez scenarios. Environ Pollut. 2016 Feb;209:68-78. 513 
doi:10.1016/j.envpol.2015.11.022. Epub 2015 Dec 7. PubMed PMID: 26637933. 514 
 515 
Geraci ML, Ragonese S, Norrito G, Scannella D, Falsone F, Vitale S. 2017. [Chapter 2] A tale on the demersal 516 
and bottom dwelling Chondrichthyes in the south of Sicily through 20 years of scientific survey. DOI: 517 
10.5772/intechopen.69333 Pp. 13–37. In: Rodrigues-Filho L.F., de Luna Sales J.B. (eds.) Chondrichthyes—518 
Multidisciplinary approach. IntechOpen, London, UK. doi: 10.5772/65879. 519 
 520 
Hartmann N. B., Hu T., Thompson R. C., Hassello M., Verschoor A., Daugaard A. E., et al. (2019). Are we 521 
speaking the same language? Recommendations for a definition and categorization framework for plastic debris. 522 
Environ. Sci. Technol. 2019 Feb 5;53(3):1039-1047. doi: 10.1021/acs.est.8b05297. PMID: 30608663. 523 
 524 
Huerta Lwanga E, Gertsen H, Gooren H, Peters P, Salánki T, van der Ploeg M, Besseling E, Koelmans AA, 525 
Geissen V. Microplastics in the Terrestrial Ecosystem: Implications for Lumbricus terrestris (Oligochaeta, 526 
Lumbricidae). Environ Sci Technol. 2016 Mar 1;50(5):2685-91. doi: 10.1021/acs.est.5b05478. Epub 2016 Feb 8. 527 
PubMed PMID: 26852875. 528 
 529 
Iwama GK, Afonso LOB, Vijayan MM. Stress in fish. D.E. Evans, J.B. Claiborne (Eds.), The Physiology of 530 
Fishes (3 ed.), CRC Press, Boca Raton, FL (2006), pp. 319-342. 531 
 532 
Kedzierski M, Villain J, Falcou-Préfol M, Kerros ME, Henry M, et al. (2019) Microplastics in Mediterranean 533 
Sea: A protocol to robustly assess contamination characteristics. PLOS ONE 14(2): 534 
e0212088. https://doi.org/10.1371/journal.pone.0212088. 535 
 536 
Koelmans AA, Besseling E, Foekema EM. Leaching of plastic additives to marine organisms. Environ Pollut. 537 
2014 Apr;187:49-54. doi: 10.1016/j.envpol.2013.12.013.Epub 2014 Jan 16. PubMed PMID: 24440692. 538 
 539 
Lacombe H, Gascard JC, Gonella J, Bethoux JP. Response of the Mediterranean to the water and energy fluxes 540 
across its surface, on seasonal and interannual scales. Oceanologica Acta. 1981; 4(2): 247–255. 541 
 542 
Lebreton LC, Greer SD, Borrero JC. Numerical modelling of floating debris in the world's oceans. Mar Pollut 543 
Bull. 2012 Mar;64(3):653-61. doi:10.1016/j.marpolbul.2011.10.027. Epub 2012 Jan 20. PubMed PMID: 544 
22264500. 545 
 546 
Li R, Redmond AK, Wang T, Bird S, Dooley H, Secombes CJ. Characterisation of the TNF superfamily 547 
members CD40L and BAFF in the small-spotted catshark (Scyliorhinus canicula). Fish Shellfish Immunol. 2015 548 
Nov;47(1):381-9. doi:10.1016/j.fsi.2015.09.033. Epub 2015 Sep 16. PubMed PMID: 26386192. 549 
 550 
Li WC, Tse HF, Fok L. Plastic waste in the marine environment: A review of sources, occurrence and effects. 551 



 23 

Sci Total Environ. 2016 Oct 1;566-567:333-349. doi: 10.1016/j.scitotenv.2016.05.084. Epub 2016 May 24. 552 
Review. PubMed PMID:27232963. 553 
 554 
Limonta G, Mancia A, Benkhalqui A, Bertolucci C, Abelli L, Fossi MC, Panti C. Microplastics induce 555 
transcriptional changes, immune response and behavioral alterations in adult zebrafish. Sci Rep. 2019 Oct 556 
31;9(1):15775. doi: 10.1038/s41598-019-52292-5. PubMed PMID: 31673028; PubMed Central PMCID: 557 
PMC6823372. 558 
 559 
Lu Y, Zhang Y, Deng Y, Jiang W, Zhao Y, Geng J, Ding L, Ren H. Uptake and Accumulation of Polystyrene 560 
Microplastics in Zebrafish (Danio rerio) and Toxic Effects in Liver. Environ Sci Technol. 2016 Apr 561 
5;50(7):4054-60. doi: 10.1021/acs.est.6b00183. Epub 2016 Mar 17. PubMed PMID: 26950772. 562 
 563 
Lusher, AL, Hollman, PCH, Mendoza-Hill JJ. 2017. Microplastics in fisheries and aquaculture: status of 564 
knowledge on their occurrence and implications for aquatic organisms and food safety. FAO Fisheries and 565 
Aquaculture Technical Paper. No. 615. Rome, Italy. 566 
 567 
 568 
Morris RJ. Floating debris in the Mediterranean. Mar Pollut Bull. 1980; 11: 125.  569 
 570 
Ory N, Chagnon C, Felix F, Fernández C, Ferreira JL, Gallardo C, Garcés Ordóñez O, Henostroza A, Laaz E, 571 
Mizraji R, Mojica H, Murillo Haro V, Ossa Medina L, Preciado M, Sobral P, Urbina MA, Thiel M. Low 572 
prevalence of microplastic contamination in planktivorous fish species from the southeast Pacific Ocean. Mar 573 
Pollut Bull. 2018 Feb;127:211-216. doi: 10.1016/j.marpolbul.2017.12.016. Epub 2017 Dec 21. PubMed PMID: 574 
29475656. 575 
 576 
Pedà C, Caccamo L, Fossi MC, Gai F, Andaloro F, Genovese L, Perdichizzi A, Romeo T, Maricchiolo G. 577 
Intestinal alterations in European sea bass Dicentrarchus labrax (Linnaeus, 1758) exposed to microplastics: 578 
Preliminary results. Environ Pollut. 2016 May;212:251-256. doi: 10.1016/j.envpol.2016.01.083. Epub 2016 Feb 579 
4. PubMed PMID: 26851981. 580 
 581 
Pellini G, Gomiero A, Fortibuoni T, Ferrà C, Grati F, Tassetti AN, Polidori P, Fabi G, Scarcella G. 582 
Characterization of microplastic litter in the gastrointestinal tract of Solea solea from the Adriatic Sea. Environ 583 
Pollut. 2018 Mar;234:943-952. doi: 10.1016/j.envpol.2017.12.038. Epub 2017 Dec 21. PubMed PMID: 584 
29665634. 585 
 586 
Pettinello R, Redmond AK, Secombes CJ, Macqueen DJ, Dooley H. Evolutionary history of the T cell receptor 587 
complex as revealed by small-spotted catshark (Scyliorhinus canicula). Dev Comp Immunol. 2017 Sep;74:125-588 
135. doi:10.1016/j.dci.2017.04.015. Epub 2017 Apr 19. PubMed PMID: 28433528. 589 
 590 
Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 591 
2001 May 1;29(9):e45. PubMed PMID: 11328886; PubMed Central PMCID: PMC55695. 592 
 593 
Pitt JA, Kozal JS, Jayasundara N, Massarsky A, Trevisan R, Geitner N, Wiesner M, Levin ED, Di Giulio RT. 594 
Uptake, tissue distribution, and toxicity of polystyrene nanoparticles in developing zebrafish (Danio rerio). 595 
Aquat Toxicol. 2018 Jan;194:185-194. doi: 10.1016/j.aquatox.2017.11.017. Epub 2017 Nov 24. PubMed PMID: 596 
29197232. 597 
 598 
Ragonese S, Vitale S, Dimech M, Mazzola S. Abundances of demersal sharks and chimaera from 1994-2009 599 
scientific surveys in the central Mediterranean Sea. PLoS One. 2013 Sep 23;8(9):e74865. doi: 600 
10.1371/journal.pone.0074865. eCollection 2013. PubMed PMID: 24086386; PubMed Central PMCID: 601 
PMC3781099.  602 
 603 



 24 

Ramsay JM, Watral V, Schreck CB, Kent ML. Pseudoloma neurophilia infections in zebrafish Danio rerio: 604 
effects of stress on survival, growth, and reproduction. Dis Aquat Organ. 2009 Dec 22;88(1):69-84. doi: 605 
10.3354/dao02145. PubMed PMID:20183967; PubMed Central PMCID: PMC4752113. 606 
 607 
Rauta PR, Nayak B, Das S. Immune system and immune responses in fish and their role in comparative 608 
immunity study: a model for higher organisms. Immunol Lett. 2012 Nov-Dec;148(1):23-33. doi: 609 
10.1016/j.imlet.2012.08.003. Epub 2012 Aug 10. Review. PubMed PMID: 22902399. 610 
 611 
Reisser J, Slat B, Noble K, du Plessis K,  Epp M, Proietti M, de Sonneville J, Becker T, Pattiaratchi C. The 612 
vertical distribution of buoyant plastics at sea. Biogeosci Discuss. 2014, 11, pp. 16207-16226. 613 
 614 
Renzi M, Specchiulli A, Blašković A, Manzo C, Mancinelli G, Cilenti L. Marine litter in stomach content of 615 
small pelagic fishes from the Adriatic Sea: sardines (Sardina pilchardus) and anchovies (Engraulis encrasicolus). 616 
Environ Sci Pollut Res Int. 2019 Jan;26(3):2771-2781. doi: 10.1007/s11356-018-3762-8. Epub 2018 Nov 27. 617 
PubMed PMID: 30484055. 618 
 619 
Roch S, Brinker A. Rapid and efficient method for the detection of microplastic in the gastrointestinal tract of 620 
fishes. Environ Sci Technol. 2017 Apr 7;51(8): 4522-4530. doi: 10.1021/acs.est.7b00364. PubMed PMID: 621 
28358493. 622 
 623 
 624 
Rocha-Santos and Duarte. A critical overview of the analytical approaches to the occurrence, the fate and the 625 
behavior of microplastics in the environment. Trends Analyt Chem. 2015, 65, pp. 47-53. 626 
 627 
Rochman CM, Hoh E, Kurobe T, Teh SJ. Ingested plastic transfers hazardous chemicals to fish and induces 628 
hepatic stress. Sci Rep. 2013 Nov 21;3:3263. doi: 10.1038/srep03263. PubMed PMID: 24263561; PubMed 629 
Central PMCID: PMC3836290. 630 
 631 
Rochman CM, Kurobe T, Flores I, Teh SJ. Early warning signs of endocrine disruption in adult fish from the 632 
ingestion of polyethylene with and without sorbed chemical pollutants from the marine environment. Sci Total 633 
Environ. 2014 Sep 15;493:656-61. doi: 10.1016/j.scitotenv.2014.06.051. Epub 2014 Jul 1. PubMed PMID: 634 
24995635. 635 
 636 
Rodriguez-Cabello C, Sanchez F, Olaso I. Distribution patterns and sexual segregations of Scyliorhinus canicula 637 
(L.) in the Cantabrian Sea. Journal of Fish Biology. 2007, 70: 1568–1586. DOI: 10.1111/j.1095-638 
8649.2007.01444.x. 639 
 640 
Romeo T, Pietro B, Pedà C, Consoli P, Andaloro F, Fossi MC. First evidence of  presence of plastic debris in 641 
stomach of large pelagic fish in the Mediterranean Sea. Mar Pollut Bull. 2015 Jun 15;95(1):358-61. 642 
doi:10.1016/j.marpolbul.2015.04.048. Epub 2015 Apr 30. PubMed PMID: 25936574. 643 
 644 
Ruiz-Orejón LF, Sardá R, Ramis-Pujol J. Floating plastic debris in the Central and Western Mediterranean Sea. 645 
Mar Environ Res. 2016 Sep;120:136-44. doi: 10.1016/j.marenvres.2016.08.001. Epub 2016 Aug 2. PubMed 646 
PMID: 27540696. 647 
 648 
Santos D, Luzio A, Coimbra AM. Zebrafish sex differentiation and gonad development: A review on the impact 649 
of environmental factors. Aquat Toxicol. 2017 Oct;191:141-163. doi: 10.1016/j.aquatox.2017.08.005. Epub 650 
2017 Aug 10. Review. PubMed PMID: 28841494.  651 
 652 
Silva-Cavalcanti JS, Silva JDB, França EJ, Araújo MCB, Gusmão F. Microplastics ingestion by a common 653 
tropical freshwater fishing resource. Environ Pollut. 2017 Feb;221:218-226. doi: 10.1016/j.envpol.2016.11.068. 654 
Epub 2016 Dec 1. PubMed PMID:27914860. 655 



 25 

 656 
Skomal GB, Mandelman JW. The physiological response to anthropogenic stressors in marine elasmobranch 657 
fishes: a review with a focus on the secondary response. Comp Biochem Physiol A Mol Integr Physiol. 2012 658 
Jun;162(2):146-55. doi:10.1016/j.cbpa.2011.10.002. Epub 2011 Oct 10. Review. PubMed PMID: 22008842. 659 
 660 
Suaria G, Aliani S. Floating debris in the Mediterranean Sea. Mar Pollut Bull. 2014 Sep 15;86(1-2):494-504. 661 
doi: 10.1016/j.marpolbul.2014.06.025. Epub 2014 Aug 10. PubMed PMID: 25127501. 662 
 663 
Sussarellu R, Suquet M, Thomas Y, Lambert C, Fabioux C, Pernet ME, Le Goïc N, Quillien V, Mingant C, 664 
Epelboin Y, Corporeau C, Guyomarch J, Robbens J, Paul-Pont I, Soudant P, Huvet A. Oyster reproduction is 665 
affected by exposure to polystyrene microplastics. Proc Natl Acad Sci U S A. 2016 Mar 1;113(9):2430-5. 666 
doi:10.1073/pnas.1519019113. Epub 2016 Feb 1. PubMed PMID: 26831072; PubMed Central PMCID: 667 
PMC4780615. 668 
 669 
Veneman WJ, Spaink HP, Brun NR, Bosker T, Vijver MG. Pathway analysis of systemic transcriptome 670 
responses to injected polystyrene particles in zebrafish larvae. Aquat Toxicol. 2017 Sep;190:112-120. doi: 671 
10.1016/j.aquatox.2017.06.014. Epub 2017 Jul 4. PubMed PMID: 28704660. 672 
 673 
Von Hippel FA, Miller PK, Carpenter DO, Dillon D, Smayda L, Katsiadaki I,Titus TA, Batzel P, Postlethwait 674 
JH, Buck CL. Endocrine disruption and differential gene expression in sentinel fish on St. Lawrence Island, 675 
Alaska: Health implications for indigenous residents. Environ Pollut. 2018 Mar;234:279-287. doi: 676 
10.1016/j.envpol.2017.11.054. Epub 2017 Dec 21. PubMed PMID: 29182972; PubMed Central PMCID: 677 
PMC5809177. 678 
 679 
Werner S,  Budziak A,  Franeker J,  van Galgani F, Hanke G,  Maes T, Matiddi M, Nilsson P, Oosterbaan 680 
L, Priestland E, Thompson R, Veiga J, Vlachogianni T. Harm Caused by Marine Litter: MSFD GES TG Marine 681 
Litter - Thematic Report (2016). 682 
 683 
Wilcox C, Van Sebille E, Hardesty BD. Threat of plastic pollution to seabirds is global, pervasive, and 684 
increasing. Proc Natl Acad Sci U S A. 2015 Sep 22;112(38):11899-904. doi: 10.1073/pnas.1502108112. Epub 685 
2015 Aug 31. Erratum in: Proc Natl Acad Sci U S A. 2016 Jan 26;113(4):E491. PubMed PMID: 26324886; 686 
PubMed Central PMCID: PMC4586823. 687 
 688 
Zeri C, Adamopoulou A, Bojanić Varezić D, Fortibuoni T, Kovač Viršek M, Kržan A, Mandic M, Mazziotti C, 689 
Palatinus A, Peterlin M, Prvan M, Ronchi F, Siljic J, Tutman P, Vlachogianni T. Floating plastics in Adriatic 690 
waters (Mediterranean Sea): From the macro- to the micro-scale. Mar Pollut Bull. 2018 Nov;136:341-350. doi: 691 
10.1016/j.marpolbul.2018.09.016. Epub 2018 Sep 22. PubMed PMID: 30509816. 692 
  693 



 26 

Figure legends. 694 

Figure 1. Sampling sites, located within FAO GFCM GSAs. 695 

Dots represent the 2 locations of sampling, south of Mazara del Vallo, GSA 16 and south of 696 

Lampedusa, GSA 13. Lampedusa samples were collected in deep water. GFCM, General Fisheries 697 

Commission for the Mediterranean; GSA, Geographical Sub-Area. 698 

 699 

Figure 2. Images of undigested plastics MaP from 3 different samples.  700 

A, Digested GIT tissue with undigested plastic; same specimen is shown in B. C- D MaP found in the 701 

GIT of two other specimens. MaP were identified by Raman spectroscopy: B (polypropylene), C 702 

(Polyethylene terephthalate), D (polyethylene). 703 

 704 

Figure 3. Microscope images of MP debris found on filters in 2 different samples. 705 

A, B. Filters after digestion of SC6 and SC7. C, D. Microscope image of plastic debris on filters. 706 

 707 

Figure 4. Plastic debris composition. 708 

A, B. MaP and MP composition: PE polyethylene, PP polypropylene, PET Polyethylene terephthalate, 709 

PA Polyamide, PAC Polyacrylate, PAN Polyacrylonitrile. The numbers refer to percentage values.  710 

 711 

Figure 5. Morphometric changes correlated to the presence of MaP in GIT samples from both 712 

locations. 713 

A, Condition factor, CF. B, Viscera weight. C, liver weight, LIV W. D, Hepato-somatic index, HSI. 714 

(+), MaP isolated; (–), no MaP detected. *   p < 0.05, ** p< 0.01. 30. Samples/individuals: MDV, N = 715 

15; LMP, N = 15. MDV: N = 10 MaP (+), N = 5 MaP (-); LMP: N = 4 MaP (+), N = 11 MaP (-). 716 

 717 
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Figure 6. Expression of immune-related genes in S. canicula spleen samples from MDV.  718 

A, D, TCRB; B, E, TCRD; C, F, IgM. Normalized fold expression relative to HK gene (RPL13) in 719 

spleen of specimens witht macroplastic MaP (+) vs specimens without MaP (-) in the digested GIT of 720 

all MDV samples (A-C) or only female MDV samples (D-F). Statistically different comparison are 721 

represented by asteriscs: *, p<0.02; **, p<0.01. MDV, 1, Mazara del Vallo.  722 

 723 

 724 

 725 

 726 

 727 



Table 1. Sample subset of S. canicula used in the chemistry and gene expression analyses.  
 

Sample 
ID 

Gender  MAT TL  BW  CW  VW  CF  SPL 
W  

SSI  LIV 
W  

HSI  GIT 
W  

GSI 
(g) 

Date 
2018 

LS 

SC1 M 1 42,00 245,10 200,62 44,48 0,33 0,66 0,27 17,17 7,01 16,78 6,85 16-
mar 

MDV 

SC2 M 2 39,00 186,11 157,77 28,34 0,31 0,75 0,40 10,34 5,56 11,01 5,92 16-
mar 

MDV 

SC3 F 4 45,00 294,11 230,23 63,88 0,32 0,79 0,27 14,39 4,89 20,60 7,00 16-
mar 

MDV 

SC4 F 5 43,00 254,05 198,29 55,76 0,32 0,98 0,39 26,66 10,49 19,43 7,65 16-
mar 

MDV 

SC5 M 2 39,50 182,92 155,00 27,92 0,30 0,66 0,36 10,58 5,78 10,50 5,74 16-
mar 

MDV 

SC6 M 1 33,50 104,68 91,01 13,67 0,28 0,37 0,35 4,76 4,55 7,72 7,37 16-
mar 

MDV 

SC7 F 3 40,50 245,02 187,62 57,40 0,37 0,88 0,36 24,58 10,03 14,43 5,89 16-
mar 

MDV 

SC8 F 2 33,50 118,53 99,08 19,45 0,32 0,78 0,66 6,08 5,13 11,09 9,36 16-
mar 

MDV 

SC9 M 4 45,00 303,99 248,30 55,69 0,33 0,67 0,22 14,10 4,64 13,57 4,46 16-
mar 

MDV 

SC10 M 1 39,50 209,30 166,67 42,63 0,34 0,79 0,38 13,16 6,29 15,38 7,35 16-
mar 

MDV 

SC11 F 3 41,00 260,30 205,87 54,43 0,38 0,78 0,30 21,25 8,16 17,17 6,60 16-
mar 

MDV 

SC12 F 1 34,50 127,30 110,60 16,70 0,31 0,51 0,40 6,03 4,74 8,87 6,97 16-
mar 

MDV 

SC13 F 1 35,50 137,50 118,32 19,18 0,31 0,57 0,41 10,01 7,28 8,23 5,99 16-
mar 

MDV 

SC14 M 4 40,50 197,58 159,56 38,02 0,30 0,60 0,30 10,95 5,54 10,36 5,24 16-
mar 

MDV 

SC15 F 4 41,00 267,70 186,99 80,71 0,39 0,43 0,16 14,07 5,26 24,32 9,08 16-
mar 

MDV 

SC49 M 4 36,50 151,80 127,41 24,39 0,31 0,36 0,24 5,14 3,39 7,97 5,25 7-
mag 

LMP 

SC50 F 3 35,00 151,82 118,48 33,34 0,35 0,54 0,36 15,59 10,27 10,66 7,02 7-
mag 

LMP 

SC51 F 2 32,00 121,80 98,75 23,05 0,37 0,45 0,37 10,85 8,91 8,87 7,28 7-
mag 

LMP 

SC52 M 2 36,00 155,08 130,58 24,50 0,33 0,68 0,44 7,03 4,53 9,13 5,89 7-
mag 

LMP 

SC53 F 2 37,00 157,90 131,39 26,51 0,31 0,67 0,42 10,87 6,88 11,62 7,36 7-
mag 

LMP 

SC54 M 2 38,00 173,59 138,99 34,60 0,32 0,51 0,29 9,66 5,56 11,92 6,87 7-
mag 

LMP 

SC55 M 4 35,50 129,70 105,39 24,31 0,29 0,29 0,22 6,76 5,21 9,87 7,61 7-
mag 

LMP 

SC56 M 2 36,00 144,72 115,63 29,09 0,31 0,57 0,39 9,42 6,51 13,71 9,47 7-
mag 

LMP 

SC57 F 4 36,50 161,30 122,43 38,87 0,33 0,56 0,35 13,03 8,08 8,64 5,36 7-
mag 

LMP 

SC58 M 2 35,50 147,88 126,27 21,61 0,33 0,40 0,27 7,39 5,00 6,83 4,62 7-
mag 

LMP 

SC59 M 5 38,50 206,30 167,04 39,26 0,36 0,62 0,30 10,38 5,03 12,78 6,19 7-
mag 

LMP 

SC60 F 5 35,50 155,94 123,01 32,93 0,35 0,63 0,40 15,95 10,23 10,13 6,50 7-
mag 

LMP 

SC61 F 3 36,50 174,00 131,86 42,14 0,36 0,53 0,30 20,13 11,57 8,77 5,04 7-
mag 

LMP 

SC62 M 2 35,50 120,46 102,45 18,01 0,27 0,62 0,51 6,21 5,16 6,62 5,50 7-
mag 

LMP 

SC63 M 4 38,50 171,80 145,30 26,50 0,30 0,55 0,32 10,25 5,97 6,59 3,84 7-
mag 

LMP 

 

 
SC, S. canicula. Gender: M, male sample, F, female sample. MAT, stage of gonadal maturity (1-5). L, total 
length; W, total weight. CW, carcass weight. VW, viscera weight. SPL W, spleen weight. LIV W, liver 
weight. GIT W, gastro-intestinal tract weight. SSI, spleno-somatic index index. HIS, hepato-somatic index. 
GSI, GIT somatic index. Length is measured in centimeters (cm); weight is measured in grams (g). LS, 
location of sampling. MDV, Mazara del Vallo; LMP, Lampedusa.  
 
 
 
 
 



 
Table 2. Sequences and amplification efficiency of primers used in q-PCR analysis.  
 
 
Label  Gene Description  Sequence (5' -> 3') Acc. n.  Slope  R^2 Eff  Amp 

RPL13 Large Ribosomal 
Subunit Protein 13 

 
F: GCTCCAAGTTAATCATCTTCCCA 

 
AY130423 

 
-3,2 

 
0,91 

 
104 

 
2,0 

  R: GCCTTGAAATTCTTCTCATCCTC      
ACTb Actin beta  

F: CGAGACCTTCAATACCCCTGC 
 
AJ312004 

 
-3,1 

 
0,95 

 110  
2,1 

   
R: CATAACCTTCGTAGATGGGCACAG 

     

RPS29 Large Ribosomal 
Subunit Protein 29 

 
F: CATCAGCAGCTTTACTGGTCTCATC 

 
n/a 

 
-3,0 

 
0,95 

 
114 

 
2,1 

  R: GAAGCCGATGTCTTTAGCGTATTG      
TCRB T cell receptor 

beta, B (TCRbB) 
 
F: CGTCAATGGCGAAGAAATGC 

 
KY434203 

 
-3,1 

 
0,9 

 
110 

 
2,1 

   
R: TGTCATGTTGCGTGCTCTTGG 

     

IgM Immunoglobulin M 
heavy chain 

 
F: CGATGGACTACTCCCCAGAA 

 
JX555996 

 
-3,1 

 
0,97 

 
110 

 
2,1 

   
R: CACAGCTGATTTTGCTGCAT 

     

TCRD T cell receptor delta  
F: TGCTTGGCATCAGACTTCTACCC 

 
KY434205 

 
-3,2 

 
0,98 

 
100 

 
2,0 

 (TCRD)  
R: TTACCCAGGTGAGATTTTCGG 

     

 
Slopes (-3.1, -3.6), R^2, efficiencies (Eff, 90-110) and amplification (Amp) for each primer couple was 
checked through the creation of a five points standard curve with serially diluted 1:5 cDNA from 5 samples 
(MDV: SC7, SC9, SC11 and LMP: SC56, SC57). Amplification and efficiency were calculated using the 
equation from Dhar et al. (2009).  
 
  



Table 3. Percentage of change in MDV samples compared to LMP samples. 
 

Md 
Diff 

MAT CF HSI 

F - 34%   0% - 24% 
M - 34% - 3% + 20% 

 
Md, Morphometric data. Diff, % of change in MDV vs LMP. F, females; M, males. MAT, gonadal maturity. 
CF, condition factor. HIS, hepato-somatic index.  
 
 
  



 
 
Table 4. Microplastic (MP) and Macroplastic (MaP) total number, particles, fibers, average 
ingested by individual fish and frequency of ingestion. 
 
Catch area  N. specimens  

  
Total 

number MP 
Filaments  Fragments  Average / fish  Frequency of 

ingestion  
GSA 16  
MDV 

25 33 24 9 1.32 71% 

GSA 13  
LMP 25 26 19 7 1.04 62% 

Catch area  N. specimens  
  

Total 
number MaP  

Filaments  Fragments  Average / fish  Frequency of 
ingestion  

GSA 16  
MDV 

25 
6 - 6 0.24 20% 

GSA 13  
LMP 

25 5 - 5 0.2 16% 
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• We describe microplastics and macroplastics in small spotted sharks (S. canicula) sampled in 

two geographic locations in the southern region of the central Mediterranean Sea; 

• We characterized the plastics in the shark’s gastrointestinal tract (GIT) using microscopy and 

µ-Raman spectroscopy; 

• We analyzed morphometric data in correlation of geographical location and plastic load; 

• We measured the expression of immune-related genes for potential correlation to location 

and plastic detection. 


