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Abstract: Between 2019 and 2021, 21 bottlenose dolphins were found stranded dead along the Lig-
urian Pelagos Sanctuary coast (Italy). For 11 animals, out of a total of 14 recovered, the cause of death
was classified as natural, anthropic, or not determined based on gross and histological pathology and
ancillary testing. Hexachlorobenzene (HCB), dichlorodiphenyltrichloroethanes (DDTs), and poly-
chlorinated biphenyls (PCBs) were examined in their blubber, and results were discussed according
to their toxicological properties. All specimens showed the following trend: PCBs > DDTs >> HCB,
and the levels of cancerogenic, mutagenic, and teratogenic organochlorine compounds (T-OCs)
were >50% of total OCs. Immunosuppressant organochlorine compound (IS-OC) levels in 10 out of
11 animals were above 50% of the total OCs. PCB levels always exceeded the threshold of 17 mg/kg
lipid weight for PCB-induced adverse health effects. The results suggest that bottlenose dolphins
living in the Pelagos Sanctuary undergo a high level of exposure to pathogens and OCs, betraying the
designation of the Cetacean Sanctuary and, consequently, of a region created for their conservation.
Immune dysfunction and infectious disease susceptibility appear to be highly connected with high
levels of OC xenobiotics. These data are useful to understand health and mortality trends in cetacean
populations, as well as for developing policies for cetacean conservation and management in this
important protected area of the Mediterranean.

Keywords: common bottlenose dolphin; Tursiops truncatus; Italy; Mediterranean Sea; persistent
organic pollutants (POPs); PCBs; DDTs; necropsy; pathology; immunosuppression

1. Introduction

The examination of stranded cetaceans provides valuable information on the health of
marine mammal populations and, more generally, on the marine environment, increasing
public awareness of the deterioration of marine ecosystems and the risks to animal and
human health [1,2].
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The causes of strandings are generally multifactorial and often act in conditions of
general immunosuppression. Many anthropogenic chemical contaminants, such as most
of the persistent organic pollutants (POPs), can contribute to increasing the susceptibil-
ity of marine mammals to diseases of infectious origin [3—6] due to their immunosup-
pressive characteristics [7,8]. Several emerging and reemerging viral, bacterial, proto-
zoan, parasitic, and fungal diseases have been described in cetacean species [2,9]. At the
moment, there is evidence that climate change impacts not only all marine ecosystems,
but also cetaceans [10-13]. Given that climate change has the greatest effects on river
and coastal ecosystems, making them more biologically and chemically polluted, coastal
cetaceans, such as bottlenose dolphins (Tursiops truncatus), are most at risk [9,14]. Like
many other cetaceans and large marine vertebrates, the bottlenose dolphin is a top preda-
tor [15-17]. Through the trophic chain, this species bioaccumulates POPs in its tissues
and organs [8,18,19]. Numerous studies on bottlenose dolphins residing in the Mediter-
ranean Sea, document the chemical stress from xenobiotic organochlorine compounds
(OCs), in particular polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane
(DDT) [8,20]. These OCs have been investigated both in skin biopsies from free-ranging
individuals [21-23] and in blubber samples from stranded specimens [22,24-26]. In the
performed studies, it was found that dead stranded individuals have higher contamination
levels than the living individuals monitored in the same study [8]. The post-mortem inves-
tigations in stranded specimens have shown an important correlation between high levels
of these pollutants and the infectious diseases that were recognized as the most likely cause
of death of these marine mammals [2,27]. This evidence is particularly documented in the
Pelagos Sanctuary [28-36], an area for the protection of cetaceans covering 87,500 km? and
2022 km of coast of the northwestern Mediterranean Sea, established under an international
agreement between France, Italy, and the Principality of Monaco [37]. The area can be
considered a biogeographically distinct sub-section of the Large Marine Ecosystem (LME)
that is the Mediterranean and is characterized by markedly heterogeneous topography and
hydrodynamic diversity and high levels of primary productivity related to the upwelling
of nutrients, which are crucial for the presence of eight species of marine mammals on
a relatively consistent basis. Unfortunately, the urbanization and industrialization of its
coastal areas are increasing: some agricultural practices release fertilizers, fungicides, and
pesticides; industries such as chemical, petrochemical, and metallurgical industries, oil and
gas refineries, and drilling and desalination plants are responsible for contamination by
new and old generation xenobiotics, metals, and polycyclic aromatic hydrocarbons [38].
This means that in this Marine Protected Area, contamination pressures on cetaceans are
certainly not negligible [39,40].

To assess the impact of pollution on cetacean health, it is important to systematically
investigate stranding events by means of a comprehensive post-mortem examination and
thorough diagnostic investigations.

The present work was aimed at reporting the results of diagnostic and toxicological
investigations in bottlenose dolphins stranded dead along the Ligurian coasts of the Pelagos
Sanctuary between 2019 to 2021, in an attempt to assess the influence of pollution in the
development of infectious diseases in this cetacean species living in the area. The possible
correlations between sex, sexual maturity, age, pathologies, and levels of some OCs (PCBs,
pp’'DDT and its metabolites, and hexachlorobenzene (HCB)) were explored, as well the
possible effects of the different OCs in relation to their toxicological characteristics and to
the ratios between the different compounds.

2. Materials and Methods
2.1. Post-Mortem Examination

Within the total of 21 common bottlenose dolphins [14] stranded dead in the area under
study between 2019-2021, thanks to the activities carried out by the National Reference
Centre for Diagnostic Investigations on Stranded Marine Mammals (C.Re.Di.Ma.), at Istituto
Zooprofilattico Sperimentale (IZS), Diagnostic Laboratory of Imperia, it was possible to
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carry out a complete post-mortem examination, according to internationally standardized
guidelines [41], on 11 individuals (Figure 1, Table 1) [31-33].

Figure 1. Map of the study area (Ligurian coastline), displaying the stranding locations of the
11 common bottlenose dolphins under study (QGIS Desktop 3.10.5 with GRASS 7.8.2).

On 3 additional carcasses recovered, which were in a very advanced state of decompo-
sition, a limited sampling was carried out; therefore, these individuals were not included
in the set.

The 7 remaining carcasses were not recovered, mainly for logistical reasons (individu-
als found offshore) or due to their very advanced decomposition status.

Each specimen was labelled with an IZS identification code and a code assigned
by the Banca Dati Spiaggiamenti (BDS) (http://mammiferimarini.unipv.it, accessed on
6 December 2022). We reorganized the overall case, coding in chronological order, from
Case 1 to Case 11.

The data collection included the date and location of stranding, sex, total body length
(TBL) (cm), weight (kg), estimated age (years), estimated age class, sexual maturity, decom-
position condition category (DCC), nutritional condition category (NCC), gastric contents,
and the macroscopic lesions and helminths detected.

For specimens with docked tails, the total body length was estimated based on knowl-
edge about the physiology of the species, considering that the length of the tail represents
about 1/9-1/10 of the total body length (TBL) [42].

The age of the animals was calculated using the linear model for Mediterranean
bottlenose dolphins of Butti et al. [43], based on TBL and two parameters of bone mineral
density (BMD) from two different regions of interest (ROI) of the thoracic limb: (1) the
global region of interest (GROI) between the proximal epiphysis of the humerus and the
distal epiphysis of the radius and ulna and (2) the subregion of interest (SROI), the whole
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humerus. The model was: age = —14.8 + Length x 0.1 + [(rGROI x 48.3)/(—SROI x 29.4)]
when the GROI and SROI were evaluated in terms of the right global region of interest
(rGROI) and of the right subregion of interest (rSROI) of the dolphins examined.

Table 1. Overview of diagnostic investigations conducted per case. Cases are listed in chronological
order; the IZS identification code is also reported for each specimen.

Case ID IZS Code Histological .Immuno.- Bacteriological =~ Biomolecular Serological
Histochemical

1 18013 X X (Morbilliviru.s'; X X X
Toxoplasma gondii)

2 42472 X* X (Morbillivirus) X X X

3 44599 X X (Morbilliviru.s'; X X X
Toxoplasma gondii)

4 59260 X X (MOI‘blHlVII‘u'S.; X X X
Toxoplasma gondii)

5 51352 X X (Morbﬂhvu‘u‘s.; X X X
Toxoplasma gondii)

6 41716 X X (Morbllhvu‘u.s'; X X
Toxoplasma gondii)

7 50946 X X

8 53638 X X (Morbllhvu‘u.s'; X X
Toxoplasma gondii)

9 61838 X

10 73951 X X X

1 177 X X (Morbﬂhvu‘u‘s.; X X
Toxoplasma gondii)

* = limited.

Depending on the TBL and on the age estimated, the presumed age class was
established based on three estimated age classes (newborns/calves, juveniles, and
adults) [44-46], with the final differentiation between juveniles and adults made based on
gonad maturation [47,48].

The decomposition condition category of the carcasses at the time of necropsy (DCC)
was classified as code 1 (extremely fresh carcass, just dead), code 2 (fresh), code 3 (moderate
decomposition), code 4 (advanced decomposition), or code 5 (mummified or skeletal
remains) [41].

The nutritional status was assessed morphologically based on anatomical parameters
such as the convexity of the dorsal profile, the rib prominence, and the amount of visceral
fat and blubber thickness measured immediately anterior to the dorsal fin at three locations
(dorsal, lateral, and ventral) [41]. Nutritional status was categorized as good, moderate, or
poor (nutritional condition category-NCC).

Macroscopical findings of all cases were recorded, and gastric chambers were opened
to evaluate pathological changes and the content’s features. The presence of helminths
was estimated by macroscopic and microscopic examination of tissues. Endoparasites
were preserved in 70% alcohol for microscopic identification, according to established
morphological characteristics [49,50].

During necropsy, the tissue samples of all the major organs and lesions were collected
and split into aliquots for subsequent analyses: one was kept frozen at —20 °C for microbi-
ological and toxicological investigations, one was kept frozen at —80 °C for biomolecular
analyses, and the other was preserved in 10% buffered formalin for histological and im-
munohistochemical (IHC) investigations.
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Blood serum, intracardiac clot, aqueous humor, pericardial fluid, and cerebrospinal
fluid (CSF) were collected, when available, and kept frozen at —20 °C for serological
investigations.

2.2. Diagnostic Investigations

Table 1 gives an overview of the conducted analyses per case, arranged in
chronological order.

For histological investigations, tissues samples of Cases 1, 2, 3,4, 5, 6, 8, 10, and 11,
including brain, lung, heart, liver, spleen, prescapular, pulmonary, tracheobronchial and
mesenteric lymph nodes, tonsils, kidney, mammary gland, adrenal gland, intestine, muscle,
stomach, bladder, reproductive system, blubber, and skin lesions, were collected and fixed
in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 & 2 um, stained with
hematoxylin and eosin (HE), and examined through a light microscope. With respect to the
brain, following Giorda et al. [51] different areas were sampled and examined, including
the basal nuclei, thalamus, mesencephalon, pons, obex, and frontal, parietal, occipital, and
cerebellar cortex.

Immunohistochemistry (IHC) for Morbillivirus was performed on tissue sections of
Cases 1,2,3,4,5, 6,8, and 11, including the brain, which was systematically investigated,
and the lung, spleen, lymph nodes, bladder, laryngeal tonsil, intestine and kidney, to
confirm the pathological findings observed or the positivity found in biomolecular inves-
tigations. IHC was performed using a monoclonal anti Canine distemper virus (CDV)
antibody (VMRD, Pullman, WA, USA) [52]. T. gondii IHC was carried out on the brain
tissues of Cases 1, 3,4, 5, 6, 8, and 11 using a polyclonal serum of caprine origin (VMRD,
Pullman, WA, USA) [52].

For bacteriological investigations, tissue samples of Cases 1, 2, 3,4, 5, 6, 7, 8, 10,
and 11, including the brain, lung, prescapular lymph node, liver, spleen, tonsils, kidney,
and bladder, were processed for standard aerobic, anaerobic, and microaerobic (5% COy)
bacterial culture and identification by biochemical and/or molecular analyses. Follow-
ing international recommendations [53], samples from target tissues underwent specific
bacteriological procedures to screen for Listeria spp., Salmonella spp. and Brucella spp.

Molecular detection of Dolphin morbillivirus (DMV) [54], Herpesvirus (HV) [55],
Toxoplasma gondii [56], Brucella spp. [57] and Photobacterium damselae [58] was achieved
on target tissues available in all cases, including the brain, lung, tonsils, prescapular, pul-
monary, tracheobronchial and mesenteric lymph nodes, liver, spleen, kidney, and bladder
for DMV; the brain, lung, prescapular, pulmonary, tracheobronchial lymph nodes, spleen,
kidney, and skin lesions for HV; the brain, prescapular, pulmonary, tracheobronchial and
mesenteric lymph nodes, liver, spleen, heart, and muscle for T. gondii; the brain, lung,
tonsils, prescapular, pulmonary, tracheobronchial and mesenteric lymph nodes, spleen,
kidney, testicle, skin lesions, and cerebrospinal fluid (CSF) for Brucella spp.; and the brain,
lung, prescapular, pulmonary, tracheobronchial and mesenteric lymph nodes, liver, spleen,
and kidney for Photobacterium damselae.

Moreover, molecular detection of Poxvirus [59] was attempted on skin lesions of Cases
1,4,6,and 11.

Finally, the presence of antibodies for T. gondii, Brucella spp., and Morbillivirus was
investigated in Cases 1, 2, 3, 4, and 5 [52,60], specifically on cerebrospinal fluid (CSF) and
pericardial fluid of Case 1; on serum of Case 2; on pericardial fluid, pleuric fluid, and serum
of Case 3; on CSE, pericardial fluid, serum, and aqueous humor of Case 4; and on serum,
intracardiac clot, and aqueous humor of Case 5.

2.3. Cause of Death Evaluation

A hypothesis on the cause of death was formulated considering biological and epidemi-
ological data, macroscopic and microscopic findings, and the results of all investigations.
The causes of death have been categorized into causes of natural origin (pathologies of
infectious origin, neonatal/perinatal pathologies, traumatic intra-interspecific interactions,
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senescence, etc.) and anthropic origin (interaction with fishing, ship collisions, etc.) ac-
cording to available bibliographic references [2,61] and the recently elaborated diagnostic
framework “Evidence Based Diagnostic Assessment framework for cetacean necropsies on
marine debris ingestion and common data collection” [62].

Moreover, starting from 2020, the Life DELFI's harmonized protocols and frameworks
(https:/ /lifedelfi.eu/wp-content/uploads/2021/04/A3_Framework_Fishery_interaction-
1.pdf, accessed on 8 February 2023) were adopted to better assess the cetacean post-mortem
findings associated with fishery interaction. In this regard, evidence of direct signs (specific
to each category of fishing interaction), other associated lesions, and aspecific findings were
evaluated, taking into account the results of all ancillary analyses, including histology and
IHC, such as for confirmation of capture myopathy [63,64].

According to the 6 Life DELFI framework categories, findings related to fishery inter-

YZATs

action were categorized as “bycatch with active fishing gear”, “bycatch with passive fishing
gear”, “chronic entanglement”, “larynx entanglement”, “ingestion”, and “intentional in-
jury”; an extra category was added whenever the bycatch event could not be identified
with active or passive fishing gear: i.e., “bycatch with not determined fishing gear”. For the
assessment of the fishery interaction, most of the evidence requires a condition code of the
carcass between 1 and 3. Thus, based on the DCC, the fishery interaction was categorized

as confirmed (C), probable (P), or suspect (S).

2.4. Toxicological Analyses

Toxicological analysis was performed at the Department of Physical Sciences, Earth
and Environment at the University of Siena according to the modified U.S. Environmental
Protection Agency (EPA) 8081/8082 method for determination of hexachlorobenzene (HCB),
polychlorinated biphenyls (PCBs), and dichlorodiphenyltrichloroethane and its metabolites
(DDTs) [65]. Specifically, blubber samples (5-20 gr) were lyophilized in an Edwards
freeze drier for three days and about 1 g, finely shredded, was extracted with n-hexane
for pesticide residue analysis (PESTINORM, VWR Chemicals) in a Soxhlet apparatus.
VWR cellulose thimbles (i.d. 25 mm, e.d. 27 mm, length 100 mm) used for extraction
of the samples were preheated for about 30 min to 110 °C and pre-extracted for 9 hin a
Soxhlet apparatus with n-hexane in order to remove any organochlorine contamination.
Each sample was spiked with a surrogate compound (2,4,6-trichlorobiphenyl-IUPAC
number 30; Ref. [66]) prior to extraction; then this compound was quantified, and its
recovery calculated. After the 9-h extraction with n-hexane, samples were purified with
sulphuric acid 95% (VWR Chemicals) and the extract underwent liquid chromatography
on a column containing Florisil (60-100 mesh, Merck) that had been dried for 1 h at 110 °C.
Decachlorobiphenyl (DecaPCB—IUPAC number 209) was used as an internal standard and
was added to each sample prior to the analysis and included in the calibration standard
(a mixture of Arochlor 1260, HCB and pp’—and op’—DDT, DDD, DDE).

High resolution capillary gas chromatography analyses were performed with an
Agilent 6890N series gas chromatograph equipped with a 63Ni electron capture detector
(ECD) and an automatic injector on-column. The column used was an SBP-5 bonded phase
capillary column (30 m long, 0.25 mm internal diameter, film thickness 25 pm). The carrier
gas was nitrogen with a head pressure of 15.5 psi (splitting ratio 50/1). The scavenger
gas was argon/methane (95/5) at 40 mL/min. The oven temperature was 100 °C for the
first 10 min, after which it was increased to 280 °C at 5 °C/min. The injector and detector
temperatures were 200 and 280 °C, respectively. A mixture of specific isomers was used to
calibrate the system, evaluate recovery, and confirm the results.

The standard injected was prepared with 50 ng/mL of HCB, 100 ng/mL of DDT
(pp'DDT, pp'DDD, pp’'DDE, op’DDD, op’DDE), 200 ng/mL of op’DDT, and 2 pg/mL
of Arochlor 1260. In order to evaluate the linearity in the instrumental response and the
instrumental sensitivity, the following quantities of standard were injected: 1, 2, and 4 pL.
Capillary gas-chromatography revealed 30 PCB congeners (IUPAC no. 95, 99, 101, 118—
pentachlorobiphenyls; 128, 135, 138, 141, 144, 146, 149, 151, 153, 156—hexachlorobiphenyls;
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170, 171, 172, 174, 11, 178, 180, 183, 187—heptachlorobiphenyls; 194, 195, 196, 199, 201,
202—octachlorobiphenyls; 206—nonachlorobiphenyls). Total PCBs (PCBs) were quantified
as the sum of all congeners. Total DDTs (DDTs) were calculated as the sum of the isomers
op’DDT, pp'DDT, op’DDD, pp'DDD, op’DDE, and pp’DDE. The results were expressed
in ng/g lipid weight (1.w.) unless otherwise specified. The limit of detection (LOD) was
calculated by measuring replicates (1 = 20) of blank samples, determining the mean value
and standard deviation (SD), and calculating the LOD as the mean +2 SD. The LOD for all
compounds analyzed was 0.1 ng/kg (ppt).

The extracted organic material (EOM%; lipid content) was calculated gravimetrically
after extraction with n-hexane.

OCs were grouped according to their toxicological characteristics: immunosuppres-
sant organochlorine compounds (IS-OCs); Endocrine Disrupting Chemicals (EDC-OCs);
cancerogenic, mutagenic, and teratogenic organochlorine compounds (T-OCs); and the
OCs showing qualities of both T-OCs and EDC-OCs and IS-OCs that were TEI-OCs
(pp' DDE+PCB118+PCB153+pp'DDT) (Table 2).

Table 2. Analyzed compounds with their toxicological characteristics: cancerogenic, mutagenic,
and teratogenic organochlorine compounds (T-OCs), Endocrine Disrupting Chemicals (EDC-OCs),
immunosuppressant organochlorine compounds (IS-OCs), and the OCs showing qualities of both
T-OCs and EDC-OCs as well as IS-OCs (TEI-OCs) [67-87]. The symbols: +, X, e, * represent the
indicators of contaminants belonging to the respective group.

Compounds T-OCs EDC-OCs IS-OCs TEI-OCs
HCB X
PCB95 X
o,p'DDE + X
PCB101 X °
PCB99 X
p.p’DDE + X o *
o,p’DDD + X
PCB151
PCB144+135
PCB149
PCB118 + X . *
p,p'DDD + x
o,p'DDT + X
PCB146
PCB153 + X ° *
PCB141
p,p’DDT + X . *
PCB138 + .
PCB178
PCB187
PCB183
PCB128
PCB174
PCB177

PCB156+171+202 + °
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Table 2. Cont.

Compounds T-OCs EDC-OCs IS-OCs TEI-OCs

PCB172

PCB180 + .

PCB199

PCB170 +

PCB196

PCB201

PCB195

PCB194

PCB206

2.5. Statistical Analysis

Statistical analysis was carried out with STATA 14 software [88]. In order to validate
the use of the parametric approach, preliminary analyses were also conducted for checking
the normality of the data. The Shapiro-Wilk test gave p-values greater than 0.05 (p > 0.05)
for each variable [89]. Multiple regression was applied to verify the correlation between
DDTs and PCBs with animal age and gender.

3. Results
3.1. Post-Mortem Examination

Considering the total of the 21 common bottlenose dolphins stranded in the area under
study from 2019 to 2021, it was possible to recover 14 out of the 21 carcasses (66.66%) and
to perform a complete necropsy on 11 animals (52.38% of the 21 carcasses), while on three
carcasses, of which two were classified as DCC5 and one was classified as DCC4, only
limited sampling, genetic investigations, and/or biometric data were carried out.

Of the total of the 11 common bottlenose dolphins completely examined, the majority
were male (8/11) and adults (7/11); four carcasses were classified as “fresh” (DCC 2),
four as in “moderate decomposition” (DCC 3), and three as in “advanced decomposition”
(DCC 4). Regarding nutritional status, four animals were classified as NCC moderate, three
NCC good, one NCC poor, and three not determined (ND).

The main data (case number, date and location of stranding, sex, total body length
(TBL), weight, estimated age, estimated age class, sexual maturity, DCC, NCC, gastric
contents description, main gross and microscopic lesions, pathogens and helminths de-
tected) of the 11 stranded bottlenose dolphins are reported in Table 3. Moreover, a selected
collection of macroscopic findings of some of the animals under study are presented
in Figure 2.

3.2. Diagnostic Investigations
3.2.1. Histopathological-Immunohistochemistry

Histopathological investigations were performed with a systematic approach on nine
out of eleven animals (Cases 1, 2, 3, 4, 5, 6, 8, 10, and 11), including neuropathological
investigation in all cases, except in Case 2, which, because of general tissue degradation,
had a single tissue investigated (mesenteric lymph node) for its macroscopic appearance
(reactive lymphadenopathy).

Immunohistochemistry (IHC) for Morbillivirus was performed on the central nervous
system (CNS) and other tissues of eight out of eleven animals (Cases 1, 2, 3, 4, 5, 6, 8, and
11); T. gondii-IHC was carried out on the brain of seven out of eleven animals (Cases 1, 3, 4,
5,6, 8, and 11). Specific Morbillivirus antigens were detected in three animals, while no
specific T. gondii antigens were detected in the animals tested at the cerebral level.



Diversity 2023, 15, 569

9 of 31

Table 3. T. truncatus stranded dead along the Ligurian coastline between 2019 and 2021 under investigation, arranged in chronological order. For each individual are

detailed pieces of information on date and location of stranding, sex, total body length (TBL) (cm), weight (kg), estimated age (years), estimated age class, sexual

maturity, decomposition condition category, nutritional condition category, gastric contents, main gross and microscopic lesions, pathogens and helminths detected,
classification of the cause of death, origin, and sub-category.

. . Total Body . . . Sexual Maturity . Classification
Cuoe  Standing  Standing  gex Length “{i‘g)h‘ E:‘"“;‘f]d Eé:‘"‘“;:f_‘:f]e (Gonad DCC NCC Sastric Main Lesions (Gross and Microscopic) ** Patt and Helminths Detected ***  of the Cause Origin Sub-Category
ate ocatiol (TBL) & e 183 ass Maturation) onte of Death
23/02/ Diano Scarce Two skin ulcers at the right flank; prescapular, o-HV (lung); Enterococcus faecium
1 2019 Marina M 190 90 3 Juvenile Immature 3 Go digested pulmonary and rectal reactive lymphadenopathy; (lung, liver, kidney, and Ins) ND
() milk meningeal fibrosis. Photobacterium damselae (lung and TB In)
07/05/ Isola Evidence of Muscular extensive hematoma (right cervico-scapular DMV (spleen, MES In, lung, bladder;
2 2019 Palmaria M 243 ND 8 Adult ND 4 Mo recent meal area); severe ic reactive lymphadenopathy, THC + MES In); ND
(SP) associated with marked lymphoid depletion. Photobacterium damselae (CNS).
Two skin ulcers at the tip of the penis; gelatinous
blubber edema; mild pulmonary edema with
Sestri . Scarce multifocal parenchymal hemorrhages and multifocal - - NN
3 1%? 95 / levante M 273 200 11 Adult Mla gusrey(xft. 3 Po content (not pulmonar parasitic granulomas; lymphoplasmacytic T ﬂ) Zg;l((hi?rt:_' dain]t * : dgm]zduﬁangbi(gles ND
(GE) - € recent meal) myocarditis and moderate cardiac valvular fibrosis; ) pericardial and pleuric i
mesenteric reactive lymph adenomegaly;
hemorrhagic CSF.
Multifocal erosive parasitic skin lesions; general.\zed DMV (lung, TB In, spleen, kidney, CNS,
blubber gelatinous edema; serum hemorrhagic 1 X s
R . o . aryngeal tonsil; IHC+ CNS, lung, PSC,
effusion in the peritoneal cavity; moderate to severe TB, MES I 1 s, Kidney):
Scarce prescapular, pulmonary and mesenteric reactive 4 ns, spleen, tonsils, kidney); . N .
4 04/07/ Genova M 284 232 12 Adult Mah.lre (left: 30 2 Mo content (not lymphadenopathy, associated with lymphoid Ehofabaclcr1um damselae (,CNS/ lung, natural infectious Comfeqmn (vi- .
2019 (GE) cm; right: 33 cm) "\ e . liver, spleen, TB In); T. gondii (muscle); ral/bacterial / parasitic)
recent meal) depletion and lymphadenitis with syncytia; N P,
- N X anti-T. gondii antibodies (>1:40) (serum,
multifocal hemorrhages in the esophageal mucosa; . . .
severe i Lo T N HA, and pericardial fluid);
hemorrhagic CSPf. Pennella sp. (skin)
Nets and ropes around the caudal peduncle;
abrasions; protrusion and eye bleeding; hepatic
congestion; severe mesenteric and pulmonary
reactive lymphadenopathy; severe pulmonary edema; T. gondii (PUL In, spleen, CNS, muscle,
gas embolism in the renal capsule and mesenteric heart); T. gondii antibodies (1:40) (serum, bycatch
13/07/ Camogli Recent meal vessels; subendocardial petechiae; HA and intracardiac clot); «-HV (MES fishery in- (consz ence of
5 8 M 310 ND 15 Adult ND 2 Go mononuclear-eosinophilic interstitial pneumonia; In); Photobacterium damselae (1, lung, anthropic y quer
2020 (GE) outcomes N . . o teraction underlying
splenic hypertrophy; generalized eosinophilic MES and PUL lfn, spleen, CNS); thologies)
lymphadenitis and lymphoid depletion; Listeria grayi (CNS); pathologies
lymphoplasmacytic enteritis; NS meningoencephalitis; CI. perfringens (lung, PUL In, CNS)
muscular hyaline degeneration with wavy cells and
atrophy of myocytes; atrioventricular valves fibrosis;
mild aortic endocardiosis.
Five TSD, associated with proliferation of the dermal
papillae and foci of hydropic degeneration of
keratinocytes in the spinous layer; bilateral
conjunctival hyperemia and hemorrhagic ocular
discharge, blubber petechial hemorrhages associated
with muscular hemorrhagic suffusions in the
pre-scapular region; subcutaneous parasitization .by Carnobacterium spp. (abscess, MES and
larval cestodes; subcutaneous-muscular abscess in . .
S he right lumb. bral region: multi . TB Ins, kidney); Serratia spp. (abscess, bycatch
25/04/ an Mature (average Recent meal the right lumbar paravertebral region; multicentric MES In, kidney); Listeria seeligeri (CNS); fishery in- (consequence of
6 Fruttuoso M 241 1735 8 Adult 2 Mo reactive lymphadenopathy, associated with 4 - N . ' anthropic 4 .
2021 (GE) length: 9 cm) outcomes I hoid depletion: pul it Cetacean poxvirus 1 (skin lesion); teraction underlying
ymphoid depletion; pulmonary parasitic Pholeter gastrophilus (stomach); pathologies)

granulomas; splenomegaly; granulomatous gastritis;
severe gas embolism in CNS, meningeal, mesenteric,
and coronary vessels, renal capsule and lung; serum
hemorrhagic effusion in the thorax cavity; abundant
foamy fluids in trachea; pulmonary congestion
associated with hemorrhagic lymphatic drainage to
the marginal pulmonary lymph nodes;
hemorrhagic CSF.

Phyllobothrium delphini (blubber)
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Table 3. Cont.
. . Total Body . . . Sexual Maturity . Classification
Case  Standing  Stranding g Length Weight  Estimated  Estimated Age (Gonad pcC  NCC Gastric Main Lesions (Gross and Mi » Patt and Helminths Detected *** of the Cause Origin Sub-Category
ID Date Location (kg) Age [43] Class [44-46] . Content b
(TBL) Maturation) of Death
Severe dehydration; amputation of dorsal and
06/06/ Albissola Absence of caudal fins; fishing line around the thorax " .
7 2021 (SV) F 270 ND n Adult ND 4 ND food associated with a linear skin lesion; generalized T. gondii (spleen, heart); DMV (spleen) ND
advanced autolysis.
Amputation of the caudal fin; generalized blubber
; gelatinous edema, associated with hemorrhagic . .
8 12/06/ Savona M 140* 30 <1 Newborn Immature 3 ND . Scarce . imbibition tracts; suppurative pneumonia Enterococcus faccalis (lung, CNS.’, kl.dney, natural infectious bacterial
2021 (sV) /Calf digested milk . ; . spleen, PSC and TB Ins); T. gondii (liver)
associated with pulmonary reactive
lymphadenopathy.
09/07/ Sestri Absence of Amputation of the caudal fin; circular cut injury of
9 levante M 170 31 2 Juvenile ND 4 ND y p N ey ND
2021 (GE) food the peduncle; generalized advanced autolysis.
Multifocal parasitic skin lesions; ventral blubber T. gondii (spleen, PSC In, liver, CNS,
gelatinous edema; subcutaneous parasitization by muscle); DMV (lung, urinary bladder);
10 10/09/ Andora F 190 1298 3 Juvenil I " 3 M Sc(arcte conletnl larval cestodes; lung parasitic nodules; foreign Erysipelothrix rlmsiupﬂthmc’(PSC In, ND
2021 (SV) : uventie mmature ” © no rei)en body in the esophagus referable to marine litter spleen, kidney); Photobacterium damselae
mea (fishing line agglomerate); generalized (lung, PSC In); Pennella sp (skin);
moderate autolyisis. Phyllobothrium delphini (blubber)
Four sub-acute-chronic skin lesions; muscular and
subcutaneous hematoma in the left prescapular
212/ . Mattu;?éfolhctles b ’ region; hemf)tlw.oia;; m?}??rate }.)utmolx:ar?l oedema DMV (CNS and mesenteric lymph
1 avona F 280 211 12 Adult 2t aieren 2 Go sence o assoclated with foam In frachea; nodes; THC + CNS); -HV (skin lesions); natural infectious viral
2021 (SV) development food pyogranulomatous tonsillitis; granulomatous y
aes o1 M " o s Pholeter gastrophilus (stomach)
stage) gastritis; lymphop ytic ri

lymphoid depletion in spleen and mesenteric
lymph nodes; NS meningoencephalitis.

Legend: M = male; F = female; ND = not determined; DCC = decomposition condition category; NCC = nutritional condition category (Go, good; Mo, moderate; Po, poor); TSD: Tattoo
skin disease; CNS: central nervous system; NS: non-suppurative; PSC In, prescapular lymph node; TB In, tracheobronchial lymph node; PUL In, pulmonary lymph node; MES In,
mesenteric lymph node; LNs, lymph nodes; CSF, cerebrospinal fluid; AH, aqueous humor. * For these cases the length was estimated due to missing fluke/parts [42]. ** Pathological
features of infectious disease are shown in bold. *** Suggested causative agent of pathological features, based on ancillary tests, are shown in bold.
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Figure 2. Macroscopic and microscopic images of some of the animals under study. (A) (Case 8)
Amputation of the caudal fin, as a consequence of suspected fishery interaction (bycatch with not
determined fishing gear). (B) (Case 10) Marine litter (fishing line agglomerate) in the esophagus.
(C) (Case 5) Rope and nets at the tail. Lower right inset recent meal outcomes. (D) (Case 6) Tattoo skin
lesions. Lower right inset multifocal areas of severe cytoplasmic vacuolation of the keratinocytes in
the Stratum spinosum, with the formation of intraepithelial vesicles. Scale bar = 50 um. (E) Prescapular
lymph node (Case 4). Severe lymphoid depletion with several multinucleated giant cells (asterisks).
Hematoxylin & Eosin (HE). Scale bar = 100 um. (F) Occipital cortex (Case 11). Focal non suppurative
meningitis (arrow). Upper left inset: frontal cortex (Case 11). Perivascular cuffing characterized by
lymphocytes and plasma cells. HE. Scale bar = 20 pm. Upper right inset: Parietal cortex (Case 4).
Positive labelling of endothelial and neuronal cells. Scale bar = 20 um. IHC for CeMV.

Significant histopathological lesions likely caused by Morbillivirus were detected in
three animals with virus antigens confirmed by biomolecular investigations, specifically in
Cases 2,4, and 11.

In Case 2, a marked lymphoid depletion was observed in the mesenteric lymph node;
Morbillivirus-specific antigens were also detected by IHC performed ad hoc in the same or-
gan. In Case 4, a marked lymphoid depletion was observed in the prescapular, pulmonary,
and mesenteric lymph nodes and the laryngeal tonsil, along with lymphadenitis and tonsil-
litis with syncytia; moreover, a severe lymphoplasmacytic broncho-interstitial pneumonia
with syncytia was observed. Morbillivirus-specific antigens were also detected by IHC
in the CNS, lung, prescapular, tracheobronchial, and mesenteric lymph nodes, spleen,
laryngeal tonsil, and kidney. In Case 11, a marked lymphoid depletion was observed in the
spleen and mesenteric lymph node, along with lymphoplasmacytic meningoencephalitis;
lymphoplasmacytic endometritis was also detected. Morbillivirus-specific antigens were
detected by IHC in the CNS.
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Regarding lesions likely associated with other pathogens of viral origin, significant
histopathological lesions associated with poxviral aetiology were observed in multiple
tattoo skin lesions in Case 6, with the Cetacean poxvirus antigen confirmed by biomolecular
investigations and represented by the proliferation of dermal papilla cells, multifocal
hydropic degeneration of Stratum spinosum keratinocites with hyperpigmentation, and rare
intracytoplasmic eosinophilic inclusion bodies.

Moreover, histopathological lesions were observed in skin lesions in Case 11. The
lesions showed a positive result to o« -HV, were characterized by pyogranulomatous pan-
niculitis, were composed of abundant neutrophils and macrophages and less abundant
lymphocytes and plasma cells and were potentially associated with a mixed infection.

Histopathological lesions potentially associated with T. gondii were observed in Case 3,
with parasite DNA detected by PCR in the cardiac muscle tissue characterized by a lym-
phoplasmacytic myocarditis.

The main lesions observed for each case are summarized in Table 3, while a more
exhaustive description of microscopic details of all organs tested per individuals is reported
in Supplementary Table S1.

A selected collection of microscopic findings of some of the animals under study are
presented in Figure 2.

3.2.2. Bacteriological

Of the 10 animals from which tissues were submitted for bacteriological investigations,
bacteria associated with significant pathological findings could be documented in three
cases (1, 6, and 8).

Specifically, Enterococcus faecium was associated with a multicentric reactive lym-
phadenopathy in Case 1, in addition to being detected at a systemic level (lung, liver, and
kidney); Carnobacterium spp. and Serratia spp. caused one abscess and were associated with
a multicentric reactive lymphadenopathy in Case 6, in addition to being detected in the kid-
ney; Enterococcus faecalis caused a suppurative pneumonia and reactive lymphadenopathy
in Case 8, in addition to being detected at a systemic level (kidney, lung, and spleen).

Moreover, a systemic infection by Erysipelothrix rhusiopathiae was detected at a systemic
level in Case 10 (in the prescapular lymph node, spleen, and kidney); although a reliable
evaluation of the potential lesions associated could not be assessed because of tissue
degradation, an acute septicemia cannot be excluded.

Listeria grayi and Clostridium perfringens were both detected in the CNS in Case 5, but
a reliable evaluation of the potential association with the pathological finding detected
(lymphoplasmacytic meningoencephalitis) could not be assessed, nor could a reliable
evaluation be assessed for the detection of Clostridium perfringens in the lung, affected by
lymphoplasmacytic interstitial pneumonia.

Another significant bacterium belonging to Listeria genus, Listeria seeligeri, was detected
at the CNS level in Case 6, but a reliable evaluation of the potential lesions associated could
not be assessed because of the numerous air bubbles in the cerebral tissue.

A mixed bacterial flora was cultured from skin lesions in Case 1.

No other significant bacteria, including Salmonella spp. and Brucella spp., were isolated.
All results are shown in Table 3 and Supplementary Table S1.

3.2.3. Biomolecular

Biomolecular evidence of DMV was demonstrated in five animals (Cases 2, 4, 7,
10, and 11). More in detail, a systemic DMV infection was demonstrated in Cases 2
and 4, with biomolecular evidence of DMV in the spleen, mesenteric lymph node, lung,
bladder, lung, tracheobronchial lymph node, spleen, kidney, CNS, and laryngeal tonsil,
respectively. Moreover, in Case 2 the infection was associated with a severe mesenteric
reactive lymphadenopathy, in the presence of a marked lymphoid depletion, and in Case 4
with lymphadenitis with syncytia in the presence of lymphoid depletion and with a severe
interstitial broncho-pneumonia.
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Biomolecular evidence of DMV was demonstrated in the spleen of Case 7 and in the
lung and bladder of Case 10, without any associated lesions, while in Case 11 detection in
the CNS and mesenteric lymph nodes was associated with NS meningoencephalitis and
lymphoid depletion.

Biomolecular evidence of xHV was demonstrated in three animals, specifically in
Case 1 (lung), Case 5 (mesenteric lymph node), and Case 11, which showed association
with skin lesions. Moreover, Cetacean poxvirus was detected in Case 6, was associated with
tattoo skin disease (TSD), and was subsequently sequenced as type 1 (CePV-1).

A T. gondii infection was demonstrated in six animals (Cases 3, 4, 5, 7, 8, and 10).
More in detail, a systemic T. gondii infection was demonstrated in Cases 5 and 10, with
biomolecular evidence of T. gondii in the pulmonary lymph node, spleen, CNS, muscle,
heart, spleen, prescapular lymph node, liver, CNS, and muscle, respectively. Moreover,
biomolecular evidence of T. gondii was demonstrated in the heart in Case 3, associated with
a mild lymphoplasmacytic myocarditis, in the muscle in Case 4, in the spleen and heart in
Case 7, and in the liver in Case 8.

No biomolecular evidence of Brucella spp. was demonstrated in the animals under study.

Biomolecular evidence of Photobacterium damselae subsp. damselae was demonstrated in
Case 1 (lung, tracheobronchial lymph node), Case 2 (CNS), Case 4 (CNS, lung, liver, spleen,
tracheobronchial lymph node), Case 5 (CNS, spleen, lung, pulmonary and mesenteric
lymph nodes), and Case 10 (lung, prescapular lymph node). All results are shown in
Tables 3 and S1.

3.2.4. Serological

Antibodies for T. gondii were detected in three animals, out of five tested, specifically
in the pericardial and pleuric fluids of Case 3 (1:40), in the serum, aqueous humor, and
pericardial fluid of Case 4 (>1:40), and in the serum, aqueous humor, and intracardiac clot
of Case 5 (1:40).

No evidence of Morbillivirus and Brucella spp. antibodies was demonstrated in samples
from the dolphins investigated. All results are shown in Table 3 and Supplementary
Table S1.

3.3. Cause of Death Evaluation

Hypotheses on the cause of death were formulated regarding five carcasses
(Cases 4, 5, 6, 8, and 11) (45.45%), while for the remaining six cases (Cases 1, 2, 3, 7,
9, and 10) (54.54%) the cause of death was undetermined (ND). The cause of death was
categorized as anthropic in two cases (2/5 = 40%), represented by bycatch with active
fishing gear (a consequence of underlying pathologies) [32,33,90], and was associated
with natural origin, specifically represented by infectious diseases, in the other three cases
(3/5 =60%) [31,33].

These results are shown in Table 3 and Supplementary Table S1.

Moreover, evidence of confirmed fishery interaction (ingestion) was observed in one
case, and evidence of suspected interaction (bycatch with not determined fishing gear) was
recorded in three cases. These results are shown in Supplementary Table S1.

In addition, the eleven specimens were divided into four subgroups depending on the
different pathologies diagnosed; one specimen could be in several subgroups according
to the results given in Table 3. The specimens in subgroup 1 included the five DMV-
positive bottlenose dolphins (Cases 2, 4, 7, 10, and 11); in subgroup 2 were five bottlenose
dolphins that presented lymphoid depletion (Cases 2, 4, 5, 6, and 11); and in subgroup
3 were three bottlenose dolphins that had both DMV and lymphoid depletion (Cases 2,
4, and 11). Each subgroup had its own control group: Control-subgroup 1 included all
specimens without positive DMV (Cases 1, 3, 5, 6, 8, and 9); Control-subgroup 2 included all
specimens without lymphoid depletion (Cases 1, 3, 7, 8, 9, and 10); and Control-subgroup
3 included all specimens without DMV and/or lymphoid depletion (Cases 1, 3, 8, and 9).
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Finally, subgroup 4 consisted of two DMV-positive bottlenose dolphins without lymphoid
depletion (Cases 7 and 10).

3.4. Toxicological Analyses

The three studied POPs (HCB, PCBs, and DDTs) were detected in all of the bottlenose
dolphin blubber samples analyzed. The blubber values of each animal are summarized
in Table 4, which also shows the levels of OCs grouped according to their toxicological
characteristics. All specimens showed the same pattern of relative abundance of the target
contaminants: PCBs > DDTs >> HCB, and the levels of T-OCs were >50% of total OCs.
Additionally, for IS-OCs, 10 out of 11 animals (except for the specimen with Case 11)
showed levels that represented more than 50% of the total OCs. The representativeness
of the EDC-OCs with values from 30.6 to 45.3% of the total OCs is also considerable. The
four contaminants that show all of the toxicological characteristics considered, i.e., that
belong to all three groups of immunosuppressants, toxicants, and EDCs, represented by
pp’DDE, pp’DDT, PCB118, and PCB153, are summarized in the TEI-OCs group and have
percentages ranging from 22.9% to 37.1% of the total OCs.

Table 4. Levels of HCB, DDTs, PCBs, T-OCs, EDC-OCs, IS-OCs, and TEI-OCs in the blubber of differ-
ent specimens of Tursiops truncatus (Case ID) expressed in ng/g dry weight (d.w.) For T-OCs, EDC-
OCs, IS-OCs, and TEI-OCs, the respective percentages of total OCs are reported. EOM% = Extracted
Organic Material Percentage.

Case ID EOM% HCB DDTs PCBs T-OCs EDC-OCs IS-OCs TEI-OCs
: wm w7 magen  wrewss UAD TG meag 7am0s
2 83.91 241.21 39,621.54 262,480.14 2(22,64;{?;0)90 12(’)219(30;)1 1Z58’94§;0)27 1(();147(6)3/0())2
3 71.50 158.45 123,374.77 743,861.65 6(22’90; 30)52 B%Z(’)? 08/0;-)4 5?2672;;)6 3%5?&215 50)21
s mm e oaes longie TS9P BRUGY  6ises7s 33629
5 70.21 109.94 73,303.76 575,952.02 4%2’82?5’?/0)75 2%(3)’70330?4 3?2’91522)78 2%;4’;}625/34
o mw  amm smas wsees MONIS 97BI0 1440 e
7 w5 m0s mien owsssss  NOB0 12N UBOLE 10067
8 82.46 306.76 19,335.13 121,898.28 9(26’5%3;:?’/06)1 6&21590/07)6 8(35’971120/03)1 4(93:2?;60/02)9
o ma wss paes  gawa DI RS 0806 s
o wn e wmaen  ouss OUSHH NBXR e 205
11 79.77 21.87 2935.19 36,283.59 2(05’f 5980/09)2 1(2?;(())16%’/3)6 1(84209%/37 (82927 30/93

Levels of PCBs, DDTs, and HCB can be linked both to the physiological characteristics
of the specimen (for example, age, sex, innate immunity, efficiency of the liver metabolic
system, fat layer thickness), as well as to the environment in which they live and the prey
they eat. In this regard, despite the small number of samples analyzed, it is really interesting
to plot detected levels of DDTs and PCBs as a function of the sex of the specimens and their
estimated age, knowing sexual maturity on the basis of necroscopic investigations and
taking account of the fact that in the females sexual maturity is reached in approximately
9 years and in the males in approximately 11 years [91] (Figure 3A,B). It is evident that in
the females the levels decrease according to the age of the specimens, while in the males
the trend is the opposite, with an increase of the levels in the older specimens.
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Figure 3. (A,B) Plotting of DDT (A) and PCB (B) levels in common bottlenose dolphins studied
in relation to age estimated in relation to length. The pink dotted line indicates the age of sexual
maturity for females (9 years) and blue for males (11 years). The blue continuous line represents the
linear regression in males; the pink line shows the female trend after sexual maturity.

The pattern of PCBs, divided based on their chlorine content and compared with
the values of some congeners in Arochlor 1260, is shown in Figure 4 and, from a descrip-
tive point of view, reveals differences between specimens. To evaluate the magnitude of
the change, the ranges (minimum and maximum) for each chlorination group and the
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coefficient of variation (CV) calculated as the ratio of the standard deviation to the mean,
showing the extent of variability in relation to the mean of the population, were reported.
The higher the CV, the greater the dispersion. The values were: %Penta-CBs range (3.6-14.1)
and CV = 0.43; %Hexa—CBs range (33.9-50.8) and CV = 0.10; %Hepta—CBs range (28.2-43.3)
and CV = 0.13; %Octa—CBs range (6.6-19.7) and CV = 0.36; %Nona-CBs range (0.3-3.4) and
CV =1.20. When the variability was low for Hexa-CBs and Hepta—CBs and medium-low
for Penta—CBs and for Octa—CBs, it was very high for the Nona—CBs with an SD that was
even higher than the mean. However, in all specimens except for the specimen from Case
11, the Hexa-CBs were the most represented contaminant, followed by the Hepta-CBs. In all
animals, the smallest percentage was that of the Nona-CBs. Case 11 showed a percentage
of Octa-CBs, which with Nona-CBs are the more superhydrophobic classes of evaluated
PCBs, which was approximately double those found in Arochlor 1260 as well as other
bottlenose dolphins.
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Figure 4. Percentage composition of the polychlorinated biphenyls (PCBs) divided by chlorine
content (Penta-CBs, Hexa-CBs, Hepta-CBs, Octa-CBs, Nona-CBs) on Total PCBs found in blubber of
the different specimens of T. truncatus and present in Arochlor 1260.

The fingerprints of thirty PCB congeners found revealed in the blubber of each animal
are reported in Figure 5. The fingerprint of the specimen from Case 11 has been highlighted
with a different indicator point (bigger and red-dotted) because it is the only one that has a
completely different trend from the other ten, especially for the congeners 153, 138, 196, 201,
194, and 206. Specifically, the Octa-CBs PCB 201 (6.5%), PCB 196 (5.8%), and PCB 194 (5.2%)
were higher than in the other 10 dolphins, in which the range was: PCB 201 (2.0-3.4%), PCB
196 (1.8-3.4%), and PCB 194 (1.4-2.7%). In addition to the PCB 153, the congeners most
present in the specimens were PCB 180 (range 10.4-17.1%), PCB 138 (range 7.2-13.3%), PCB
170 (range 4.1-8.3%), PCB 187 (range 6.5-9.2%), and the mixture of PCB 149+118 (range
3.4-11.8%).

Regarding DDTs, a typical technical DDT is composed of pp’DDT (77.1%), the nearly
inactive op’DDT (14.9%), pp’DDD (0.3%), op’DDD (0.1%), pp’DDE (4.0%), op’DDE (0.1%),
and unidentified compounds (3.5%) [92]. DDE and DDD are also the main environmental
metabolites and degradation products of DDT with similar characteristics. In the technical
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DDT the ratio of pp’DDE to pp’DDT is 0.05. The fingerprints of the DDT isomers in techni-
cal DDT and in the specimens is reported in Figure 6. It was only at the descriptive level
that it was possible to show that the DDT isomers had different patterns among the speci-
mens except for the pp’DDE, which was constantly the most present, although with a wide
range from 36.8% to 87.3% (Figure 6). The CV was again used to assess the level of vari-
ability, and the range of individual isomers was also reported: %pp’DDT range (4.6-12.2)
and CV =0.29, %op’'DDT range (0.5-14.5) and CV = 1.55, %pp'DDE range (36.8-87.3)
and CV = 0.19, %op’DDE range (0.1-0.3) and CV = 0.60, %pp’DDD range (3.0-19.2) and
CV =0.52, %op’DDD range (4.2-28.7) and CV = 0.72. Very high variability was found for
%op’'DDT, low for %pp'DDE, medium-high for %op’DDE, %pp'DDD, and op’DDD, and
medium-low for %pp’DDT. The high percentage of the op’DDD in the sample Case 11
(28.7%), which also has 14.5% of op’DDT, should be underlined. A high percentage of
op’DDT (13.8%) is also present in specimen 7, while this isomer varies between 0.5% and
1.8% in other animals. Op’DDE is present in very low percentage in all samples.
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Figure 5. PCB fingerprint (% on Total PCBs) in the 11 specimens of bottlenose dolphin. The red
dotted indicator point highlights the fingerprint of Case 11.

The DDTs/PCBs ratio ranged between 0.08 and 0.17; the pp’DDE/DDTs ratio was
always above 0.62, except for Case 11, which had a value of 0.37 and a pp'DDE/pp'DDT
ratio ranging from 4.36 and 18.79. The Xop’DDT/DDTs ratio was the ratio that was
above 0.20 for only two specimens: Case 7 (0.21) and Case 11 (0.43), which also had
high values of the op’DDT/pp’DDT ratio (2.47 and 1.72, respectively). Finally, the ratio
¥,DDT/(%,DDE + ¥,DDD), with all o,p’- and p,p’-isomers included, showed a great
variability between specimens, ranging between 0.06 and 0.30 (Table 5). In all bottlenose
dolphins, the pp’DDE/pp’DDT ratio was higher than 0.05, with a high variability between
specimens, with the minimum value in Case 11 (4.76), and with the maximum value in
Case 3 (17.41).

Evaluating multiple regression for both DDTs and PCBs in males and females, we
found that the two xenobiotics were correlated with age; however, while in males the
correlation was significantly positive (DDTs Beta = 0.781 and p = 0.022; PCBs Beta = 0.784
and p = 0.021), in females the correlation, although not statistically significant because of
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the small number of samples, was negative and has been put forward for representative
purposes only (DDTs Beta = —0.961; PCBs Beta = —0.962) (Figure 3A,B).

m %pp'DDT %op'DDT m %pp'DDE %op'DDE %pp'DDD m %op'DDD

Figure 6. Percentage composition of the op’ and pp’ forms of DDT, DDE, and DDD of total DDTs
found in blubber of the different specimens of T. truncatus and present in Technical DDT.

Table 5. Mean values + standard deviation (SD) and ratio values (i.e., DDTs/PCBs, pp'DDE/DDTs,
pp’'DDE/pp’DDT, %,DDT/(X,DDE + %,DDD), op’DDT/pp’DDT and Zop’DDTs/DDTs) investi-
gated in blubber from T. truncatus.

Case ID DDTs/PCBs pp'DDE/DDTs  pp/DDE/pp’'DDT ZznggZD%D)DE * Zop'DDTs/DDTs  op'DDT/pp'DDT
1 0.13 0.71 5.86 0.16 0.09 0.13
2 0.15 0.76 10.40 0.09 0.06 0.11
3 0.17 0.80 17.41 0.06 0.11 0.31
4 0.09 0.83 11.61 0.09 0.06 0.10
5 0.13 0.87 18.79 0.06 0.05 0.14
6 0.13 0.71 8.37 0.11 0.10 0.21
7 0.12 0.65 11.60 0.24 0.21 247
8 0.16 0.67 8.21 0.10 0.15 0.16
9 0.14 0.62 9.19 0.08 0.12 0.11
10 0.12 0.77 8.65 0.10 0.06 0.06
11 0.08 0.37 4.36 0.30 0.43 1.72

4. Discussion

Our results, obtained by means of a comprehensive post-mortem examination and
diagnostic and toxicological investigations, contribute to understanding the multiple factors
involved in the strandings and deaths of cetacean species living in the marine protected area
Pelagos. Another aim of the study is to assess the influence of pollution in the development
of infectious diseases in bottlenose dolphins (Tursiops truncatus) living in the area through
the exploration of possible correlations between sex, sexual maturity, age, pathologies, and
levels of OCs.

This species, of conservation interest due to its coastal habitat, is often considered
fragile and highly threatened, and most at risk of biological and chemical pollution [9,14].
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Notably, the species, exposed to the main anthropogenic stressors including overfishing,
fishing interaction, chemical and noise pollution, collisions with boats, and habitat and
shoreline degradation [93-97], has recently been reassessed as a species of ‘Least Concern’
on the IUCN Red List after a change of status in 2021 from “Vulnerable’ [98,99].

In the Ligurian Sea inside the Pelagos Sanctuary (northwestern Mediterranean Sea),
impacts by a wide range of human activities (fisheries, coastal development, and marine
traffic) and habitat degradation are present. The prevalence of the species has increased in
recent years [100,101], and bottlenose dolphins are regularly seen all year round in coastal
waters, used for feeding and nursing their calves, both in the eastern [102] and western
sides of area [100].

Of the 21 bottlenose dolphins found stranded dead in the period between 2019 to 2021
along the Ligurian coast, 11 were submitted to a comprehensive post-mortem examination.
On the basis of gross and histological pathology and ancillary testing, hypotheses on the
cause of death were formulated for five animals.

Specifically, a natural cause of death, attributed to three animals (Cases 4, 8, and
11), was associated with infectious origin, specifically of sub-category viral (Case 11),
bacterial (Case 8), and viral, bacterial, and parasitic (Case 4) origin. An anthropic cause
of death was attributed in two cases (Cases 5 and 6) and was specifically associated with
fishery interaction and with sub-category bycatch with active fishing gear (a consequence
of underlying pathologies).

Despite the small sample size of animals suitable for a cause of death evaluation and
in addition to the result that 3/5 dolphins had a recognized infectious-related cause of
death, the impact of pathogen exposure in the two remaining dolphins should be taken
into account. For these two dolphins, interaction with fishing (bycatch) was considered the
ultimate cause of death, although the cause of death could be considered a consequence of
the underlying pathologies of multifactorial etiology (bacterial, viral, and/or protozoan)
that could have predisposed the animals to the fishery interaction.

Moreover, a noticeable pathogen exposure was also demonstrated in the other 5/6
dolphins with an undetermined cause of death (Cases 1, 2, 3, 7, and 10), in which the
carcass condition strongly affected the diagnostic data collection or concomitant findings
prevented a valid determination of an infectious-related cause.

Furthermore, in Cases 1, 2, 3, 7, 9, and 10, some pathological findings observed
facilitated confirmation (Case 10) or suspicion (Cases 7 and 9) of a fishery interaction
event, consistent in ingestion and bycatch with the category not determined fishing gear,
respectively, that represented significant information to target specific conservation issues
for the species in the area.

Considering the main pathogens involved in the animals under investigation, T. gondii,
a zoonotic coccidian protozoan regarded as a primary pathogen for cetaceans, responsible
for toxoplasmosis, a major emerging disease in these species [52], was detected in more than
half of the animals (1 = 6, 54.54%). Notably, considering the pathogenic role expressed, an
inflammatory response was detected in only one animal (Case 3), with DNA detected at the
heart level and T. gondii Ab titers, showing a lymphoplasmacytic myocarditis; moreover, the
detection of DNA at a systemic level was demonstrated in two other animals (Case 5 and 10)
for which, unfortunately, a reliable evaluation of signs of lesions suggestive of Toxoplasma
morbidity or mortality (presence of cysts and/or IHC immunolabeling) could not be
assessed (because of generalized autolysis that compromised histological investigations in
Case 10) beyond the limited application of IHC routinely performed only on cerebral tissue
that undoubtedly limits the overall diagnostic evaluation.

The low T. gondii Ab titers detected in three individuals with T. gondii molecular
confirmation (Cases 3, 4, and 5), which are potentially suggestive of an inactive infec-
tion occurring despite the low number of animals tested (1 = 5), confirm the exposition
of bottlenose dolphins to the pathogen in the area; moreover, the low occurrence of in-
flammatory lesions [103-105], unlike in striped dolphins, as repeatedly reported in the
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area [2,27,35,52,105], seems to agree with what is expected in this coastal species, which
experiences more frequent exposure to T. gondii without developing disease.

Dolphin morbillivirus (DMV), which has been associated with lethal disease outbreaks
in cetaceans from the Mediterranean since 1990 and with single disease description along
the Italian coastline reported by the C.Re.Di.Ma. in standard mortality rates [28-33,51,106],
was detected in almost half of the animals (n = 5, 45.45%). Unlike the aforementioned
pathogen, in three individuals (Cases 2, 4, and 11) DMV was associated with severe specific
pathological findings [107], represented by lymphoid depletion (1 = 3), suggestive of an
immunocompromised host response and associated respectively with a severe mesenteric
reactive lymphadenopathy (1 = 1), lymphadenitis and tonsillitis with syncytia and a severe
lymphoplasmacytic broncho-interstitial pneumonia with syncytia (1 = 1), and lymphoplas-
macytic meningoencephalitis (n = 1), along with specific immunoreactivity in the CNS
and/or many other tissues tested. These results confirm a consistent circulation of the
viral pathogen in the area, along with a strong correlation between the infection and the
pathological microscopic changes [2,28-33,51,108].

Considering the results of toxicological investigations on the levels of dichlorodiphenyl-
trichloroethane (DDT) and its metabolites, some polychlorinated biphenyls (PCBs), and
hexachlorobenzene (HCB) in the blubber of the animals under investigation, all specimens
showed the pattern PCBs > DDTs >> HCB. This finding reflects the accumulation trend
of these xenobiotics that has been reported in Mediterranean cetaceans in recent years,
with PCBs always having the highest levels especially in the northwestern part of the
basin [8,109,110].

It is of course important to highlight that the levels of PCBs exceeded in all speci-
mens the threshold of 17 mg/kg lipid weight in blubber for PCB-induced adverse health
effects, including immunosuppression [22,111]. Even using the highest reported PCB
toxicity threshold for marine mammals (used for reproductive impairment in ring seals
(Phoca hispida) in the Baltic Sea and equivalent to 41 mg/kg L.w. [112], all of the bottlenose
dolphins examined in this study were above this level (Figure 7). These cut-off values are
not used as an absolute value, but rather as a guide for determining whether PCB exposure
levels in individual animals are likely to exert a significant biological (immunotoxic) effect
based on empirical experimental data.

Furthermore, despite the worldwide reduction or prohibition on manufacture and
usage of these POPs, their concentrations in the blubber of the studied bottlenose dolphins
still show hazard levels. This finding, as mentioned above, may also be related to both
the physiological characteristics of the specimen and the habitat it inhabits. Figure 3A,B
can explain how levels of contaminants are related to gender and age. Males and females
behave equally in accumulating contaminants until sexual maturity. In males, increasing
levels of these POPs with age can be explained by the fact that this gender continuously
accumulates contaminants in the blubber throughout life [113], as cetaceans have an
inefficient detoxifying metabolic system in relation to these organochlorines and a very
thick layer of fat, which, in addition to thermal insulation and energy reserve, functions
as a target tissue for the accumulation of lipoaffin contaminants. Instead, in females, a
decrease in contaminant levels after sexual maturity can be explained by the possibility of
offloading (up to 90%) the total load of contaminants to the offspring during the gestation
and lactation periods [65]. In bottlenose dolphins, pregnancy lasts about 12 months and
usually a single offspring is released [114]. The mean interval between births is estimated
to be 3.5 & 1.6 years, ranging from 2 to 7 years [115]. However, the transfer of contaminants
is particularly effective during lactation as the milk of these marine mammals is very rich
in lipids dispersed in the form of droplets (milk fat globules) and packed into a membrane
inherited from the mammary gland [116]. In a recent study [117], it was found that in
bottlenose dolphin milk there is an average of 20.57% of lipids; the study also highlighted
the abundance of unsaturated fatty acids (Unsaturated Fatty Acids/Saturated Fatty Acids
ratio = 2.64). However, it should not be forgotten that the composition of fatty acids in milk
is linked to food intake and mobilization from fat (blubber) deposits [118]. The mean age at
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weaning in free-ranging dolphins has been observed to be 3.2 years, although one calf may
be weaned up to its fifth birthday and the withdrawal time varies between populations and
individuals [115]. There is also some evidence of mortality of the first-born offspring, and
this has been associated with the very high (possibly lethal) dose of PCBs that newborns
may receive from their mothers [23,119,120]. Of the three females studied in this work,
Case 10, based on gonadal appearance at gross investigation, resulted in an immature
female, which was confirmed by the calculation of the age based on the length. This shows
how theoretical models, even if taken with caution, can help to interpret many results. This
should also be considered when discussing levels of DDTs and PCBs in males, as there can
be individual variability of the specimens with respect to the total length of the body.
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Figure 7. PCB levels in lipid weight basis (ppm Lw.) in the different specimens. The red dotted
line represents the PCB threshold (17 ppm 1.w.) indicated to produce deleterious effects in marine
mammals. The black dotted line represents the highest reported PCB toxicity threshold (41 ppm Lw.)
for marine mammals.

PCB and DDT concentrations do not appear to be closely correlated with the nutritional
status of the specimens, evaluated in eight of the eleven animals. In fact, the only bottlenose
dolphin with poor nutritional status (Case 3) showed the second highest level of PCBs and
the first highest level of DDTs. Unfortunately, the cause of death of this specimen has not
been determined, and at the infectious level it presented only T. gondii positivity. Case 5,
which was diagnosed with DMV, had a moderate to good nutritional status. Only one case
was determined as having an ND nutritional status. The interesting thing was that the
three females studied all belonged to the DMV group. For one of these (Case 11), the viral
infection was considered the cause of death. This was the oldest female (12 years old) with
the lowest levels of OCs, but with a fingerprint for both PCBs and DDTs very different from
other specimens, regardless of sex (Figures 4-6). For PCBs, compared with other specimens,
this female exhibited higher proportions of superhydrophobic class Octa-CBs and a lower
percentage of recalcitrant PCBs 153 (17%). Like all other specimens, however, Case 11 had
the highest percentages of Hexa-CBs and Hepta-CBs. This is consistent with other research
demonstrating how Penta-CBs, Hexa-CBs, Hepta-CBs, and Octa-CBs are more slowly
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eliminated by organs and tissues than compounds with lower chlorine content [121,122].
Hexa-CBs are also typically predominant as PCB residues in cetaceans because of their
widespread and persistent nature in the environment [123]. With respect to PCB 153,
Case 11 confirmed the results of Fair et al. [123] in which the adult females had lower
percentages of this congener than juvenile and adult males. All other specimens in this
study (juveniles or adult males, except for Case 7) showed PCBs 153 ranging between
21.7% and 24.7%, and this congener was the most represented. The PCB 153 was the most
abundant in all animals, probably since this congener is particularly persistent as it has
chlorines in positions two, four and five of both rings of the biphenyl [124-126] and no
adjacent, unsubstituted carbons in the ortho-meta position [127]. It is also very important
in toxicology, being one of the four compounds belonging to the TEI-OCs showing qualities
of both T-OCs and EDC-OCs as well as IS-OCs (Table 4). This congener, together with
the other congeners most represented in dolphins, PCB 138 and PCB 180, is considered
highly resistant to metabolization by marine mammals [128]. Furthermore, these three
non-dioxin-like PCBs (NDL-PCBs), along with three others (PCB 28, PCB 52, and PCB
101), are considered “PCBs indicators” by the European Food Safety Authority due to their
significant occurrence in environmental matrices and animal tissues but also in abiotic
substrates [129-132]. In our study on bottlenose dolphin blubber, we also identified PCB
101, whereas PCB 28 and 52 were not evaluated. Detectable PCB 101 concentrations were
present in all samples, but there was high variability between them (range: 0.6-5.1%).
The toxicity of these PCBs is also dependent on differences in metabolism, absorption,
and excretion, given that less chlorinated congeners such as PCB 28, PCB 52, and PCB
101 are more easily metabolized and excreted than more persistent congeners (PCB 138,
PCB 153, and PCB 180) [133]. Furthermore, PCB 118 is included in the TEI-OCs group,
as is PCB 153. Other research identified only four representative PCBs: PCB 153, PCB
138, PCB 118, and PCB 180, as these have been measured with minimal errors and are
often used in the exploration of congener-specific effects [134]. For these two groups of
PCBs, the first is represented only by four out of six PCBs (PCB 101, PCB 138, PCB 153,
and PCB 180) and the second by PCB 118, PCB 138, PCB 153, and PCB 180; the mean
percentage of total PCBs in the 11 specimens was 49.9% (SD = 3.0%) and 51.8% (SD = 3.5%),
respectively. Therefore, also in this study, these PCB groups may be considered highly
representative for the accumulation of these xenobiotics, accounting for approximately 50%
of total PCB concentrations.

In addition, for DDTs, the specimen Case 11 also had abnormal percentages of op’DDT
and op’DDD (Figure 5). These two compounds contribute significantly to the alteration of
the Y op’DDT/DDTs ratio, where an excess of these isomers greater than 20% suggests a
non-insecticidal (or industrial) source of this xenobiotic [135]. In Case 11, the value was 0.43,
and only one other specimen, Case 7, had a value exceeding the limit of 20% (ratio equal to
0.21). Indeed, wastes from the processing of technical DDT are generally enriched with op’
isomers compared to the pp’ DDT; the resulting compound is industrially applicable and is
not subject to regulation for the use of DDT insecticide mixtures [109,136,137].

A high ratio of pp’DDE to pp’DDT in the analyzed samples (>0.05) has been associ-
ated with a lack of exposure to newly applied DDT [138,139] (and therefore there were
no recent deposits of insecticide into that ecosystem), but also with the degradation of
most of the active substance (pp’DDT) to pp’DDE [140]. In all bottlenose dolphins, the
pp’DDE/pp’DDT ratio had a value much larger than 0.05, but there were many variables
between specimens, with a minimum value in the specimen Case 11 (4.76) and a maximum
value in the specimen Case 3 (17.41) (Table 5). The Case 11 sample value of 4.76 was above
0.05 of the technical DDT, but it was not too high to suggest an old pesticide introduction.
The pp’DDE/DDTs ratio, as well as having a similar meaning to the pp’DDE/pp/DDT ratio,
can also indicate the efficiency of metabolic processes [141]. In fact, the ppDDE/DDTs ratio
indicates the relative abundance of metabolized forms of DDT. In the blubber of studied
bottlenose dolphins, the ratio varies from 0.37 to 0.87 (Table 5). A value of this equal to 0.6 is
considered critical, while higher values indicate that there are no new contamination inputs
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in the study area [142]. All our samples exceeded this limit except Case 11, with 0.37. The
value of the Case 11 dolphin points to an alarming situation. This is also partly confirmed
by the similarly significant 2, DDT/(3,DDE + ¥,DDD) ratio (Table 5). Although there
are no solid guidelines for what defines recent or old inputs, the value of one is normally
taken as a reference to distinguish between legacy and recent inputs [143,144]. Values lower
than one may be associated with historical DDT inputs, whereas higher values indicate
new technical DDT inputs. The value found for all samples was <1. These results may
indicate that there is no recent use of DDT in this region of the Mediterranean Sea, but for
both females (Case 11 and Case 7) the ratio value was higher than for the other animals,
suggesting a more recent intake of DDT [145]. In addition, the ratio op’DDT/pp'DDT
is regarded as an indicator discriminating between the use of technical DDT and Dico-
fol [137,145]. Dicofol is a miticidal pesticide and acaricide synthesized from DDT, and
therefore the isomers op’DDT, op’DDE, pp’DDT, or pp’-Cl-DDT (1,2,2,2-tetrachloro-1,1-bis
(4-chlorophenyl) ethane—a chlorinated DDT intermediate that leads to Dicofol prior hy-
drolysis) are usually found in its formulations [146]. This pesticide, listed in Annex A of
the Stockholm Convention on Persistent Organic Pollutants in 2019 [147], is very toxic to
aquatic organisms, highly bioaccumulative, and extremely persistent. It is also known to
be neurotoxic and possess endocrine disrupting properties, both as an original product and
with its decomposition products [148]. Total DDT content ranged from 0.3% to 14.3% of
Dicofol’s total weight [149], with some exceptions (average 20% of DDT in China) [137].
Since the technical DDT is usually 0.19 [150] and op’DDT shows a shorter half-life than
pp/DDT in the environment [151], it appears reasonable to assume the influence of dicofol-
type contamination if the ratio of op’DDT/pp’DDT is >0.2. In these samples, the values of
this ratio ranged from 0.06 to 2.47, with only the female Case 7 having levels >2 (Table 5).

Finally, the 2DDTs/XPCBs relationship determines which sector, agricultural or in-
dustrial, accounts for a larger part of the total concentration of organochlorine compounds.
Ratios of less than one indicate an increased influence of industrial pollution or high popu-
lation densities on organochlorine accumulation in samples. The ratios higher than one
indicate that the agricultural sector would play an important role in the concentration of
chlorinated hydrocarbons. In all the bottlenose dolphins analyzed, this ratio was much
lower than one, confirming a significant impact due to industrial contaminants for the
marine mammals in this part of the Mediterranean basin (Table 5) [65,122,152,153].

Considering all data about the concentration of POPs, the most interesting result is
the percentage of OCs with immunosuppressant characteristics named IS-OCs (Table 4).
In all specimens, except for the female Case 11, the IS-OCs represent more than 50% of
the total POPs detected, reaching about 63% in the specimen Case 1. This young male,
still immature, was apparently healthy due to a “good” nutritional condition code, yet
nevertheless was rather compromised, having a high number of infections, even if it did
not present with DMV or other diseases considered to cause death.

Based on this result, efforts were made to identify possible correlations between the
main immunosuppression-related pathologies in the specimens and this group of OCs
(IS-OCs), in addition to other groups of contaminants identified as having high toxicological
value (Table 6). Four subgroups, depending on the different pathologies diagnosed, were
considered (paragraph 3.3), but the adult female Case 11 has not been included in this data
processing for the reasons already highlighted (being a specimen that differs from all the
others probably due to a different physiology linked to sex and age, and therefore to its
life history). The results, although of no statistical significance, are extremely interesting
(Table 6). In fact, except for DDTs that do not seem to represent a particular stress for these
marine mammals, the other toxicological groups considered have higher levels within the
three subgroups 1, 2, and 3 compared to their control-subgroups. A comparison between
the specimens in subgroup 3 and those in subgroup 4 showed that the simultaneous
presence of DMV and lymphoid depletion occurred in specimens with the highest levels of
immunosuppressive or highly toxic xenobiotics.
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Table 6. Levels of PCBs, DDTs, IS-OCs, TEI-OCs, PCBs (101+138+153+180), and PCBs
(118+138+153+180) (nug/g d.w.) in specimens with different statuses of immunosuppression-
related pathologies.

PCBs PCBs
p;)/g];sw pgngsw :;/-godc‘s/v EZ/Ig_?iSVS (101+138+153+180)  (118+138+153+180)
o o o o uglg d.w. ugl/g d.w.
n’ of Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Samples

Control-subgroup 1 6 331.5 261.3 479 422 227.0 183.3 133.7 109.0 171.3 138.7 178.1 145.2
Subgroup 1 4 573.4 3729 62.6 30.8 365.6 228.8 203.7 117.8 289.8 190.1 302.6 197.0
Control-subgroup 2 6 365.6 282.3 50.7 43.0 246.3 193.7 1454 1154 186.9 146.5 195.5 154.2
Subgroup 2 4 522.1 383.7 58.5 31.0 337.7 233.8 186.1 1185 266.5 196.5 276.5 203.6
Control-subgroup 3 4 301.5 295.8 46.9 51.0 209.8 210.0 124.6 126.2 156.1 156.7 162.3 164.1
Subgroup 3 2 653.0 552.2 67.0 38.8 412.0 330.4 220.5 163.7 331.3 281.6 343.4 291.3
Subgroup 4 2 493.8 294.6 58.2 355 319.2 198.3 186.9 116.9 248.4 149.3 261.8 157.8
Subgroup 3 2 653.0 552.2 67.0 38.8 412.0 3304 220.5 163.7 331.3 281.6 343.4 291.3

5. Conclusions

The present study provides novel data on the correlation between pathological evidence
of infection and levels of OCs in bottlenose dolphin species living in the Pelagos Sanctu-
ary, giving significant data on the possible effects of the different OCs in relation to their
toxicological characteristics and to the ratios between the different compounds detected.

Considering the results of this survey, we confirm a high level of exposure to pathogens,
with relevant infectious—associated pathological findings, and to concerning levels of
organochlorine pollutants in the bottlenose dolphins under study, with high levels of
PCBs in all animals investigated, usually associated with induced adverse health effects,
including immuno-suppression.

These data highlight the need for continuous surveillance and monitoring studies
on stranded cetaceans, maintaining a multidisciplinary and standardized approach, to
improve knowledge of the impact of pathogens and pollutants and to better understand
the interaction between pathogen, host, and environmental factors, in tight agreement with
the “One Health” concept.

Moreover, our data are valuable for understanding health and mortality trends in
cetacean populations and can provide information for establishing policies for cetacean con-
servation and management in such an important protected area of the Mediterranean basin.
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