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Abstract

:

Simple Summary


We review the literature on tattoo skin disease (TSD), a poxviral dermatopathy of cetaceans, and provide new insights. In addition, new necropsy reports for fifty-five harbour porpoises (Phocoena phocoena), twenty-two Delphinidae and four Kogiidae stranded in northern California in 2018–2021 were examined for TSD lesions. The disease occurs worldwide, in at least 21 cetacean species, with variable prevalence. Cetacean poxvirus (CePV)-1 and -2 were recovered from seven odontocetes and two mysticetes in the Americas, Europe and Hong Kong. Strains from Delphinidae are closely related. Among Phocoenidae, poxviruses were obtained only from harbour porpoises around the British Isles. In healthy odontocetes, an immune response develops over time, with young calves protected by maternal immunity. Salinity and sea surface temperature do not seem to influence TSD prevalence in free-ranging cetaceans. High concentrations of immunotoxic halogenated organochlorines may cause more severe disease. Off California, Delphinidae were less often (26.3%) affected by TSD than harbour porpoises (43.6%). Male porpoises were significantly more prone (58.1%) to show clinical disease than females (25.0%). Among males, TSD affected a high proportion of juveniles and subadults.




Abstract


Tattoo skin disease (TSD) is a poxviral dermatopathy diagnosed in cetaceans. We review the literature on TSD aetiology, clinical characteristics, pathology and epidemiology and evaluate immune responses against the virus. In addition, necropsy reports for fifty-five harbour porpoises (Phocoena phocoena), twenty-two Delphinidae and four Kogiidae stranded in northern California in 2018–2021 were checked for diagnostic tattoo lesions. TSD occurs in the Mediterranean, North and Barents Seas, as well as in the Atlantic, eastern Pacific and Indian Oceans in at least 21 cetacean species, with varying prevalence. Two cetacean poxvirus (CePV) clades are recognised: CePV-1 in odontocetes and CePV-2 in mysticetes. CePV-1 isolates were recovered from six Delphinidae and one Phocoenidae in the Americas, Europe and Hong Kong. Strains from Delphinidae are closely related. Among Phocoenidae, poxviruses were sampled only in harbour porpoises around the British Isles. CePV-2 isolates were obtained from southern right whales (Eubalaena australis) and a bowhead whale (Balaena mysticetus). In healthy animals, an immune response develops over time, with young calves protected by maternal immunity. Salinity and sea surface temperature do not seem to influence TSD prevalence in free-ranging cetaceans. High concentrations of immunotoxic halogenated organochlorines may cause a more severe clinical disease. Substitution and loss of genes involved in anti-viral immunity may favour CePV entry, replication and persistence in the epidermis. Off California, Delphinidae were less often (26.3%) affected by TSD than harbour porpoises (43.6%). Male porpoises were significantly more prone (58.1%) to show clinical disease than females (25%). Among males, TSD affected a high proportion of juveniles and subadults. TSD was not detected in the Kogiidae.
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1. Introduction


Tattoo skin disease (TSD) is a poxviral, multifocal dermatopathy of Cetacea, macroscopically characterized by an irregular, variably extensive, gray or black stippling of the skin (Figure 1A–F) [1,2]. The perimeter of each active ‘tattoo’ is often hyperpigmented (Figure 1A,B) [1,2,3]. Reports worldwide are on the rise since its first description in common bottlenose dolphins (Tursiops truncatus), short-beaked common dolphins (Delphinus delphis) and an Atlantic white-sided dolphin (Lagenorhynchus acutus) in the 1970s [1,4,5].



Though its systemic impact is unclear, TSD is rarely lethal. However, it may affect individuals for months, causing large, circular, oval or irregular cutaneous lesions that expand centrifugally and may coalesce (Figure 1B,E). Electron microscopy and molecular studies have repeatedly confirmed the presence of poxviruses in acanthocytes of the affected epidermis as well as the specificity and sensitivity of TSD visual assessments, allowing a further insight into skin diseases of free-ranging cetaceans [1,2,6,7,8,9,10]. Here we review published information on TSD, provide an overview of its aetiology, its gross and histological characteristics as well as its epidemiology, and discuss further research imperatives. We also provide new data on TSD prevalence in free-ranging odontocetes stranded along the north central coast of California in 2018–2021 and examined at the Marine Mammal Centre in Sausalito.




2. Aetiology


TSD is caused by cetacean poxviruses (CePVs), members of the subfamily Chordopoxvirinae, tentatively classified into the genus Cetaceanpoxvirus which is awaiting acceptance by the International Committee on Taxonomy of Viruses (Figure 2A,B) [7,11,12]. Attempts to cultivate these double-stranded DNA viruses in vitro in cell cultures and on embryonated eggs have been unsuccessful to date [10,11].



A recent study provided the complete sequence of a cetacean poxvirus (CePV-TA) recovered from two tattoo skin lesions sampled in a captive Indo-Pacific bottlenose dolphin (Tursiops aduncus) [12]. The virus has one of the smallest poxvirus genomes (121,769 bp) and a low G + C content (28%). It comprises 120 open reading frames (ORFs), of which 80 encode proteins highly conserved among the subfamily Chordopoxvirinae. Five ORFs encode immune evasion proteins, including the apoptosis regulator ML11L-like proteins CePV-TA-4 and CePV-TA-117, the anti-apoptotic proteins CePV-TA-20 and CePV-TA-21 and the anti-inflammatory chemokine binding protein CePV-TA-113 [12]. All these immunomodulatory proteins are encoded in the host cell by the virus to inhibit the innate immune response [13]. CePV-TA is the only poxvirus that possesses two copies of the gene that encodes the E3L protein that, in vitro, inhibits activation of interferon-antiviral enzymes [12]. Phylogenetic analysis showed that CePV-TA proteins form a unique chordopoxvirus branch, basal to the clade comprising members of the genera Centapoxvirus, Orthopoxviruses and viruses of artiodactyls (Cervidpoxvirus, Suipoxvirus, Capripoxvirus, Leporipoxvirus and Yatapoxvirus) [12]. Genetic analysis of partial sequences of the DNA polymerase and DNA topoisomerase I genes indicate that the cetacean poxviruses of odontocetes and mysticetes belong to two different clades, namely CePV-1 and CePV-2, respectively (Figure 2B) [7,8,10,11,14]. CePV-1 includes strains recovered from Delphinidae (dolphins) and Phocoenidae (porpoises) from the North Atlantic Ocean, equatorial Atlantic Ocean, western South Atlantic Ocean, the eastern South Pacific and Arctic Ocean as well as from captive T. aduncus (Hong Kong) [7,9,10,11,12]. The Phocoenidae strains, all originating from harbour porpoises (Phocoena phocoena) of the eastern North Atlantic and North Sea, seem to form a separate lineage from the Delphinidae CePVs (Figure 2B) [7,8], but more data are necessary. Strains isolated from six species of Delphinidae are closely related irrespective of the host species or the ocean province where they occur [7,9,10]. For example, in the DNA polymerase region, the strain detected in a common bottlenose dolphin from the western South Atlantic Ocean (Brazil) shared the highest (95.5%) nucleotide identity with an isolate recovered in an Indo-Pacific bottlenose dolphin kept in captivity in Hong Kong and 98.8% amino acid similarity with a strain detected in a rough-toothed dolphin (Steno bredanensis) from the western North Atlantic (Florida) [9,11]. Thus, differences in TSD prevalence, severity and persistence are unlikely to be due to CePV genetic variation.



Only two strains have been described from baleen whales, likely reflecting the difficulty of recognizing lesions on these species and obtaining samples for diagnostic testing. One strain was identified in skin opportunistically collected from a hunter-harvested bowhead whale (Balaena mysticetus) that did not have apparent lesions [11]. The second was from an adult female southern right whale (Eubalaena australis) that had raised, circular skin lesions when she stranded at Peninsula Valdes, Argentina [14].




3. Pathology


At the histological level, there is focal cellular vacuolar degeneration in the stratum intermedium (aka stratum spinosum) and compaction of adjacent cells (Figure 3). The overlying stratum externum (aka corneum) is increased in depth by the proliferation of flattened cells extending into this layer. Viral replication is evidenced on light microscopy by variably sized eosinophilic cytoplasmic inclusion bodies, visible on transmission electron microscopy as enveloped dumbbell-shaped virions in cells of the transitional zone between the swollen vacuolated stratum intermedium and the compacted periphery (Figure 3) [1,5,15]. Leukocytic infiltration is generally mild and limited to lymphoplasmacytic infiltration at the dermal-epidermal junction and around superficial dermal blood vessels. Occasionally, the inflammation also includes some macrophages, eosinophils and neutrophils. In more chronic lesions, there is focal pitting and disruption of the surface layer, allowing entry of bacteria, fungi, protozoa and other opportunists. In these, there can be focally extensive necrosis in the stratum intermedium and externum with more marked leukocytic infiltration [1,15].



Macroscopically, the characteristic hyperpigmented stippled pattern and concentric growth of tattoo skin lesions is pathognomonic for cetacean poxvirus infection (Figure 1A–F) and a reliable diagnosis of TSD can often be made based on visual inspection of high-resolution photographs, including from at-sea observation [6,9,15,16]. Pathogenesis is still poorly understood. However, the multifocal skin lesions are regularly observed superposed on tooth rakes and other superficial epidermal injuries, suggesting that these may favour viral entry (Figure 1B). Time series images indicated that ‘tattoos’ enlarge centrifugally and can reach a very large diameter (Figure 1B–E) [1,3,6,15]. These skin lesions eventually heal, lose pigmentation and convert into pale grey marks (Figure 1F) before disappearing completely [6,8,9,16].



The presence of generalized tattoos, their location on different areas of the integument and the detection of poxvirus antibodies in the sera of several dolphins and porpoises [17,18] suggest a systemic spread of the virus. However, molecular analysis of different tissues (including brain, lungs, lymph nodes and kidneys) collected in a common bottlenose dolphin and a Guiana dolphin, both stranded along the Brazilian coast, detected poxviruses only in the tattoo skin lesions [9]. This implies that, if there is a viremia and infection of internal organs, the virus is rapidly cleared. In free-ranging T. aduncus from the relatively pristine waters of Shark Bay, Australia, TSD persisted for about 4.6 months [16], while in a community of T. truncatus inhabiting the contaminated Sado Estuary, Portugal, the symptomatic period varied between 3 and 45.5 months [19]. In a Guiana dolphin stranded in Rio de Janeiro, CePV genome could be detected by PCR one year after the first observation of TSD during a visual health assessment at sea [9]. The ability of CePV to persist in the skin for long periods may be due to several factors. A feature of cetacean epidermal cell kinetics is a slow turnover rate, with a transit time of 73 days calculated for bottlenose dolphins [20]. The longer retention of infected cells could allow for continued transmission within the epidermis over months. Other factors could be the relative lack of immune surveillance in the epidermis and/or the presence of at least five genes predicted to encode immune evasion proteins in the viral genome [12]. Immune fitness may also play a role and explain differences in severity and persistence between cetacean populations and communities. TSD is generally not a life-threatening disease either for free-ranging dolphins or those in captivity [1,6]. In a long-term study of free-ranging Indo Pacific bottlenose dolphins (T. aduncus) in Shark Bay, Western Australia, TSD occurrence was not significantly associated with survival to age three [16]. However, there is one report of a captive dolphin (species not mentioned but likely Tursiops sp.) that died in captivity from severe disseminated lesions [4].




4. Diagnosis


The stippled pattern and concentric growth of tattoo skin lesions is characteristic of the disease in cetaceans. Transmission electron microscopy has been used to identify poxvirus particles in tattoo skin samples (Figure 2A). Polymerase chain reaction (PCR) and sequencing of highly conserved regions within the poxvirus DNA polymerase and DNA topoisomerase I genes have been useful to identify CePVs in several species of odontocetes and mysticetes [7,8,11,14]. A recently developed pan-poxvirus PCR offers a new alternative to quickly detect these viruses, even in samples that were preserved in glutaraldehyde and DMSO for 30 years [10]. A non-invasive skin sampling device using sloughed skin sampled with cytology cell samplers proposes an alternative to the more intrusive biopsy sampling method in live dolphins [21].




5. Epidemiology


5.1. General Epidemiological Characteristics


Since its first description in the 1970s, TSD has been reported worldwide in 17 odontocetes and four mysticetes, from cold and warmer waters (Table 1). In free-ranging odontocetes, TSD prevalence varied widely between species and populations but generally showed similar epidemiological features. Thus, with the exception of Burmeister’s porpoises (Phocoena spinipinnis) from Peru, prevalence levels were similar in males and females [6,16]. TSD prevalence varied with age, peaking in juveniles compared to calves, likely because of the gradual loss of maternal immunity and increased contacts with infected pod members [16,22]. Prevalence generally decreases in mature animals, presumably following the development of acquired immunity [6,16,22].



In free-ranging T. aduncus from Shark Bay, the average age of an individual with tattoo skin lesions was 26.6 months and prevalence of the disease in adults was very low (0.33%, N = 303, [16]). Analysis of social networks and disease data from a longitudinal study in this T. aduncus community indicated that association with TSD-positive individuals increased the risk of contracting the disease [34]. Virus persistence in the cutaneous lesions, gregariousness and high levels of contacts between individuals likely ensure continuous infection and endemism in large and small cetacean communities [6,15,16,22,34].




5.2. Epidemiology of Tattoo Skin Disease in Odontocetes from the North Pacific


The prevalence of TSD in coastal odontocetes from the eastern North Pacific was data deficient. For this review, we surveyed cases necropsied at the Marine Mammal Center that included findings on fifty-five harbour porpoises, six short-beaked common dolphins, five Pacific white-sided dolphins (Lagenorhynchus obliquidens), five striped dolphins (Stenella coeruleoalba), three Risso’s dolphins (Grampus griseus), two northern right whale dolphins (Lissodelphis borealis), one common bottlenose dolphin and four pygmy sperm whales (Kogia breviceps) stranded along the north-central coast of California from January 2018 to December 2021. All carcasses were fresh and with intact epidermis (code 2 state of preservation) and all surfaces of the carcass were photographed prior to necropsy. The necropsy reports were reviewed for mention of tattoo skin disease or ‘tattoo lesions’ for this study. One of the authors (PJD) also reviewed all necropsy photographs. Additionally, histopathology was carried out on tissues from harbour porpoises (n = 24), Delphinidae (n = 17) and Kogiidae (n = 4) and characteristic acanthocyte vacuolation and intracytoplasmic inclusion bodies were present in the skin of four porpoises (Figure 2). Tattoo skin lesions were not detected either by gross or histologic examination in the pygmy sperm whales, northern right whale dolphins or the common bottlenose dolphin.



In the porpoises, tattoo lesions were most often observed on the head, but other body areas (trunk, flipper, peduncle) were also affected. However, for one juvenile male porpoise that was stranded in very poor body condition with severe nephrolithiasis and parasitic pneumonia, generalized skin lesions were spread over the body. Presumably, this individual was severely immunocompromised. TSD prevalence was 43.6% in this case series and twice as high in males (58.1%, n = 31) than in females (25%, n = 24) (Z score = 2.45; p = 0.0071; one-tailed), but the proportion of individuals per age class was not similar (Table 2), preventing further analysis. Prevalence was the highest in juvenile (81.8%, n = 11) and subadult (72.7%, n = 11) males, with no difference between them (Z = 0.509; p = 0.61) (Table 2). On the whole, this epidemiological pattern resembles the one observed in P. spinipinnis net-entangled off Peru (22), but differs from the pattern seen in healthy harbour porpoises from UK waters (6). The reasons for the higher infection prevalence in porpoises in the eastern North Pacific are unknown but may be related to stressors associated with residence in and adjacent to San Francisco, the second busiest shipping and boating harbour on the US west coast, habitats with high levels of contaminants, other human interactions such as with fisheries and inter-species aggression from common bottlenose dolphins [35,36,37,38]. The higher prevalence in males may reflect their accumulation of immunosuppressive lipophilic contaminants throughout life and the depuration of females through the transfer of their contaminant loads to their calves [39,40].



As their numbers by species were low, common dolphins, Pacific white-sided dolphins, striped dolphins and Risso’s dolphins were grouped into a ‘Delphinidae’ category. TSD prevalence was lower among them (26.3%, n = 19) than in harbour porpoises (43.6%), but not significantly so (Z = 1.33; p = 0.184). There was no evidence of variation by sex, but numbers were small (Table 2). With the exception of a female G. griseus calf (176 cm), all positives were juvenile and subadults. One male striped dolphin with numerous tattoo skin lesions had chronic arthritis and meningitis associated with Brucella ceti infection suggestive of a compromised immune response.




5.3. Role of Stress and Health Status


Impaired immunity, poor health and stress may favour viral infection, persistence and recurrence, as described in T. truncatus [41,42]. Thus, the classical TSD epidemiological pattern observed in free-ranging, healthy odontocetes was altered in dolphins and porpoises from the British Isles, which were determined to have a lower health status, in which skin lesions were more prevalent in adults than in immature individuals [6]. Similarly, higher than expected TSD prevalence was reported in juvenile as well as in adult free-ranging L. obscurus and P. spinipinnis from Peru, with samples collected at a time when thousands were killed in direct and indirect fisheries [6,43]. For captive dolphins, Geraci et al. (1979) [1] observed that disease severity and recurrence was linked to general health in a T. truncatus, with TSD appearing and regressing concomitantly with episodes of bleeding gastric ulcers. In another study, visual assessment of TSD in 257 T. truncatus held in 31 facilities in the Northern Hemisphere indicated that, unlike in free-ranging Delphinidae, TSD prevalence was significantly higher in males (31.5%) than in females (12.3%) and that it remained high in adult males, but not in females. This suggested that males were more vulnerable to TSD than females, possibly because of a higher susceptibility to captivity-related stress and differences in immune response [44]. Stress likely enhances TSD recurrence, persistence and severity in both free-ranging and captive individuals [1,16,17,19,44].




5.4. Influence of Environmental Factors


Environmental factors such as temperature and salinity have also been suggested to influence TSD occurrence, prevalence and persistence [27,45]. A recent study in 25 Tursiops spp. kept in captivity at three facilities in Las Vegas and Orlando, USA, showed that, in 16 dolphins, tattoo skin lesions, some very large, changed colour and eventually disappeared after water temperature was increased from 20.6–22.8 °C to 24.4–27 °C. The time to complete resolution varied among the dolphins, with a range of 3 to 26 weeks [45]. In the other nine dolphins, the lesions faded but did not disappear during the study period [45]. When temperature was lowered to its previous values in one of the facilities, the tattoos recurred after four weeks in all three dolphins kept there [45]. Although de novo infection is a possibility [45], it is also conceivable that the poxvirus infection was not cleared in these dolphins, but that a higher epidermal cell turnover rate linked to the higher water temperatures masked the clinical appearance of the lesions.



These observations on the occurrence of TSD and water temperature in captive dolphins may not apply for free-ranging animals. Thus, high TSD prevalence levels (>20%) have been recorded in waters with an average sea surface temperature (SST) varying between 12.1 °C and 25.8 °C (Table 1). For instance, Burdett-Hart et al. (2012) [27] reported a 42.6% TSD prevalence in 101 common bottlenose dolphins free-ranging in Sarasota Bay, Florida, with a mean temperature of 24.4 °C but found a lower prevalence (19.9%) in 171 individuals from the colder waters (21.1 °C) of Charleston, South Carolina [27]. Furthermore, Sacristan et al., 2018 [9] reported that tattoo skin lesions, some quite large, persisted for several weeks and even months in three free-ranging Guiana dolphins from the warm waters (mean SST = 23.7 °C) of Guanabara Bay, Brazil (Table 1). Altogether these data indicate that, although high temperatures may resolve tattoo skin lesions macroscopically, or at least induce subclinical disease in captive dolphins, it may not be a major determinant of poxvirus infection in free-ranging cetaceans. A photo-identification (PI) study in three T. truncatus communities from South Carolina, Georgia and Florida showed that salinity was not significantly associated with the occurrence of tattoo skin lesions [27]. Similarly, no clear patterns related to geography and host phylogeny were observed during a study that examined the prevalence of TSD in several cetacean species and populations in oceanic, coastal and estuarine environments [6]. However, to our knowledge, the disease has never been recorded in freshwater dolphins. The most boreal documented case of cetacean poxvirus infection is in a bowhead whale from the Beaufort Sea, taken in the vicinity of Kaktovik (70°7′55″ N, 143°37′26″ W), northern Alaska in 1998 ([11], C. Romero pers. commn. 4 September 2022). The southernmost records of TSD were documented in Peale’s dolphins (Lagenorhynchus australis) and Chilean dolphins (Cephalorhynchus eutropia) at Guaitecas (43°53′ S 73°45′ W), Chilean Patagonia [6].




5.5. Impact of Immunotoxic Contaminants


Finally, chemical pollutants such as halogenated organic compounds (HOCs) that include polychlorinated biphenyls (PCBs), DDT and its derivatives, known to have immunomodulatory properties, may be present in the blubber of coastal cetaceans at high concentrations [46,47,48]. Indeed, the composition of contaminants may vary considerably between communities of the same species resident in different ocean provinces potentially complicating the clinical expression of similar diseases like TSD [49]. For T. truncatus, high blubber burdens of HOCs are associated with increased susceptibility to lobomycosis (lacaziosis), a fungal disease caused by Paracoccidioides ceti [41,50] and may also increase susceptibility to TSD. High levels of PCBs and dichlorodiphenyltrichloroethane were detected in the blubber and other tissues of two striped dolphins with TSD lesions in the Mediterranean Sea. One dolphin had very large (200 mm) lesions, suggesting that these contaminants may have played a role in the course and severity of the disease [30]. Similarly, harbour porpoises around the British Isles that were determined to be in a poor state of health had high levels of PCBs [39,51] as well as high TSD prevalence and numerous, sometimes very large, tattoos [6]. However, further research is needed to investigate the role of immune modulators and disease incidence and severity.




5.6. Tattoo Skin Disease in Baleen Whales


Although CePV-2 has only been identified in skin tissue from two mysticete species, TSD and TSD-like diseases have also been described in the North Atlantic right whale (Eubalaena glacialis) and the endangered, non-migratory Arabian Sea humpback whale (Megaptera novaeangliae, ASHW) population off Oman [33,52]. In 19 ASHW individuals, disease prevalence significantly increased in the period 2000–2018, from 27.6% in 2000–2011 to 51.7% in 2012–2018 [33]. Lesion size ranged from small to very large (Figure 4), covering over 50% of the visible body surface in some whales. The disease persisted for years in 10 whales with sufficient resight history [33,52]. This small population is threatened by entanglements in fishing gear and ship strikes, has low genetic diversity and a very low reproductive rate [33,53,54].





6. Immune Response to CePVs


Recent data indicated that odontocetes have lost the two Mixomavirus genes (Mx) that encode proteins defending mammals against a broad range of RNA and DNA viruses, by blocking early steps of the viral replication cycle [55,56]. In addition, the presence of cetacean-specific amino acid substitutions in interferon IL-6 and IL-27, as well as in the signal transducer and activator of transcription, may impair the mucosal immune response [57]. These losses of function may favour CePV entry, replication and persistence in the epidermis, as described for other viruses [55,57].



In mammals, the response to poxvirus infection is complex and powerful, involving innate as well as specific humoral and cellular immunity and varies according to the virus species and the host [58]. Several poxviruses, including members of the genera Orthopoxvirus and clade II poxviruses induce a long-lasting immunity preventing reinfection, while others like parapoxviruses do not [58,59]. Poxvirus-specific antibodies, along with T cells, are critical to resolve infection and protect against re-infection [60]. While our knowledge of immunity against cetacean poxviruses is limited, epidemiological data indicate that infected cetaceans develop immunity against the virus, with a consistently lower prevalence of tattoo skin lesions in adults [6,16,22]. Furthermore, the presence of poxvirus-specific antibodies has been described in the sera of captive and free-ranging odontocetes. Thus, the regression of typical tattoos was concurrent with antibody conversion in two captive T. truncatus with long-lasting lesions [17]. Cowpoxvirus (genus Orthopoxvirus) neutralising antibodies were detected in the sera of a high proportion of Peruvian dolphins (75.6%, N = 41) and porpoises (82.4%, N = 17), with titres varying between 40 and 1600 [18].




7. Conclusions


Over the past 20 years, research on tattoo skin disease and cetacean poxviruses has greatly increased. Molecular analysis (sequencing) has shed light on the taxonomy and phylogeny of cetacean poxviruses, demonstrating separate clades in odontocetes (CePV-1) and mysticetes (CePV-2) [7,10,11,12,14]. The development of high-definition digital photography, social network data analysis and proliferation of odontocete photo ID field studies worldwide have enabled visual assessments that provide deeper insights into the disease’s broad species and geographic distribution as well as into its epidemiology and ecology [6,9,16,19,29,33,34,44]. Future studies should attempt to sequence poxviruses from Phocoenidae species other than the harbour porpoise as well as from cetacean families that have not been sampled for CePV to date. They should also examine the link between high levels of chemical contaminants and TSD prevalence and severity. The role of stress in the pathogenesis and epidemiology must be further evaluated. Screening for poxvirus serum antibodies as well as evaluation of the virus presence in the internal organs of TSD affected individuals would improve our knowledge of CePV pathogenesis. Finally, whole genome analysis would provide crucial information to understand the genomic basis of the immune response to CePV, as described for cetacean morbillivirus [61].
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Figure 1. Tattoo skin lesions in (A) a harbour porpoise (Phocoena phocoena) from the north-central coast of California; (B) a dusky dolphin (Lagenorhynchus obscurus) caught off central Peru; (C) in a free-ranging common bottlenose dolphin (Tursiops truncatus) from the Pato Lagoon estuary, Brazil (courtesy of P. Fruet); (D) in a free-ranging Atlantic spotted dolphin (Stenella frontalis) from La Gomera, Canary Islands, Spain (courtesy of F. Ritter); (E) medium-sized and very large lesions in a Burmeister’s porpoise (Phocoena spinipinnis) from Peru; and (F) resolving lesions (black arrows) and tattoo remains (gray arrows) in a Guiana dolphin (Sotalia guianensis) from Sepetiba Bay, Brazil (courtesy of L. Flach). 
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Figure 2. (A) Poxvirus particles in skin lesions of Burmeister’s porpoise (Phocoena spinipinnis) MFB-499 from central Peru (15,000 x magnification); (B) Phylogenetic tree among DNA polymerase nucleotide sequences of cetacean poxviruses available in GenBank “ adapted with permission from [10]. 2022, L. Luciani”. 
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Figure 3. Histology and ultrastructure. Skin from a harbour porpoise (Phocoena phocoena) stranded along the coast of northern California with tattoo skin disease, showing a dermal papilla (DP) with capillaries, the stratum germinativum (SG) and part of the stratum spinosum (SP). Acanthocytes in the SP contain amphophilic cytoplasmic inclusion bodies (arrows). Hematoxylin & Eosin stain, 400x magnification, scale bar = 50μm. 
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Figure 4. Numerous, small to large tattoo-like skin lesions (arrows) on the back and flank of a humpback whale (Megaptera novaeangliae) from Oman (Photo: copyright Environmental Society of Oman). 
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Table 1. Occurrence and prevalence levels (Prev) of tattoo skin disease (TSD) in free-ranging (FR), by-caught (BC), hunted (H) and stranded (S) odontocetes and mysticetes worldwide. Mean sea surface temperature (SST) is provided [https://www.seatemperature.org/, accessed on 18 November 2022)]; NA = not available; () = number of positive individuals; Ref = references.
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	Scientific Name
	Sample Type
	TSD Prev (%)
	Total Number
	Ocean Province
	Mean SST
	Ref.





	Delphinus delphis
	BC
	3.6
	28
	SE Pacific (Ecuador, central coast)
	23.8°C
	[6]



	Tursiops aduncus
	S
	3.6
	112
	Indian Ocean (Australia, St Vincent Gulf)
	17.7°C
	[23]



	Tursiops truncatus
	FR
	4.5
	334
	Gibraltar Strait (Spain)
	19.1°C
	[24]



	Tursiops truncatus
	FR
	5
	79
	SE Pacific (Peru, Paracas Bay)
	18.1°C
	[6]



	Sotalia guianensis
	FR
	5.3
	206
	SW Atlantic (Brazil, Sepetiba Bay)
	23.8°C
	[6]



	Delphinus delphis
	BC
	5.6
	18
	NE Atlantic (British Isles)
	11.8°C
	[6]



	Sousa sahulensis
	FR
	9.9
	91
	SE Pacific (Moreton Bay, Australia)
	23.1°C
	[25]



	Stenella coeruleoalba
	S
	7.5
	40
	Mediterranean Sea (Spain, Valencian Community)
	19.3°C
	[6]



	Tursiops aduncus
	FR
	7
	100
	SE Pacific (Moreton Bay, Australia)
	23.1°C
	[25]



	Phocoena phocoena
	BC
	10
	10
	North Sea (British Isles)
	10.8°C
	[6]



	Phocoena phocoena
	S
	10.9
	46
	NE Atlantic (British Isles)
	11.8°C
	[6]



	Cephalorhynchus h.hectori
	S
	11.1
	27
	SW Pacific & Tasman Sea (New Zealand, South Island)
	13.8°C
	[6]



	Delphinus delphis
	S
	11.1
	9
	NE Atlantic (British Isles)
	11.8°C
	[6]



	Tursiops truncatus
	S
	12.5
	8
	Mediterranean Sea (Spain, Valencian Community)
	19.3°C
	[6]



	Phocoena phocoena
	S
	13.8
	29
	North Sea (British Isles)
	10.8°C
	[6]



	Tursiops aduncus
	FR
	13.9
	36
	Indian Ocean (Australia, Swan-Canning Riverpark)
	20.8°C
	[26]



	Delphinus delphis
	S
	16.7
	6
	NE Pacific (USA, northern California)
	12.4°C
	[This paper]



	Cephalorhynchus eutropia
	FR
	17.4
	23
	SE Pacific (Chile, Guaitecas Archipelago, Aysén Region)
	12.1°C
	[6]



	Tursiops aduncus
	FR
	19.4
	247
	Indian Ocean (Australia, Shark Bay)
	22.5°C
	[16]



	Tursiops truncatus
	FR
	19.9
	171
	NW Atlantic (USA, South Carolina)
	21.1°C
	[27]



	Tursiops truncatus
	FR
	20
	35
	NE Atlantic (Portugal, Sado Estuary)
	17°C
	[19]



	Lagenorhynchus obliquidens
	S
	20
	5
	NE Pacific (USA, northern California)
	12.4°C
	[This paper]



	Tursiops truncatus
	FR
	21
	189
	NW Atlantic (USA, Georgia)
	20.7°C
	[27]



	Cephalorhynchus h. hectori
	BC
	24.3
	37
	SW Pacific & Tasman Sea (New Zealand, South Island)
	13.3°C
	[6]



	Lagenorhynchus australis
	FR
	27.6
	29
	SE Pacific (Chile, Guaitecas Archipelago, Aysén Region)
	12.1°C
	[6]



	Tursiops truncatus
	FR
	27.9
	43
	NW Atlantic (USA, FL, Indian River Lagoon)
	25.8°C
	[28]



	Grampus griseus
	S
	33.3
	3
	NE Pacific (USA, northern California)
	12.4°C
	[This paper]



	Lagenorhynchus obscurus
	BC
	34.7
	196
	SE Pacific (Peru, central coast)
	18°C
	[22]



	Lagenorhynchus australis
	FR
	39.1
	115
	SE Pacific (Chile, Añihué Reserve, Aysén Region)
	12.1°C
	[3]



	Stenella coeruleoalba
	S
	40
	5
	NE Pacific (USA, northern California)
	12.4°C
	[This paper]



	Tursiops truncatus
	BC
	41.6
	12
	SE Pacific (Peru, central coast)
	18°C
	[22]



	Tursiops truncatus
	FR
	42.6
	101
	NW Atlantic (USA, FL, Sarasota Bay)
	24.4°C
	[27]



	Phocoena phocoena
	S
	43.6
	55
	NE Pacific (USA, northern California)
	12.4°C
	[This paper]



	Delphinus capensis
	BC
	61.1
	54
	SE Pacific (Peru, central coast)
	18°C
	[22]



	Phocoena spinipinnis
	BC
	62.3
	77
	SE Pacific (Peru, central coast)
	18°C
	[22]



	Stenella frontalis
	FR
	(3)
	NA
	Central east Atlantic (La Gomera, Canary Islands)
	21.4°C
	[29]



	Stenella frontalis
	S
	(1)
	NA
	Central east Atlantic (Teneriffe, Canary Islands)
	21.1°C
	[21]



	Tursiops truncatus
	FR
	(2)
	NA
	Central east Atlantic (La Gomera, Canary Islands)
	21.4°C
	[29]



	Tursiops truncatus
	S
	(1)
	NA
	Central east Atlantic (Teneriffe, Canary Islands)
	21.1°C
	[21]



	Sotalia guianensis
	FR & S
	(5)
	NA
	SW Atlantic (Brazil, Guanabara Bay)
	23.7°C
	[9]



	Hyperoodon ampullatus
	S
	(1)
	NA
	North Sea (British Isles)
	10.8°C
	[6]



	Steno bredanensis
	FR
	(2)
	NA
	Central east Atlantic (La Gomera, Canary Islands)
	21.4°C
	[29]



	Delphinus delphis
	FR
	(1)
	NA
	Central east Atlantic (La Gomera, Canary Islands)
	21.4°C
	[29]



	Stenella coeruleoalba
	S
	(2)
	NA
	Mediterranean Sea (Italy, Anzio and Tuscany)
	19.2°C
	[30]



	Tursiops truncatus
	FR
	(1)
	NA
	NE Pacific (Santa Monica, California)
	16.6°C
	[31]



	Balaena mysticetus
	H
	(1)
	NA
	Beaufort Sea, Arctic (Kaktovik, Alaska)
	0°C
	[11]



	Eubalaena australis
	S
	(2)
	NA
	SE Atlantic (Chubut, Argentina)
	13.3°C
	[14]



	Eubalaena glacialis
	FR
	(1)
	NA
	NE Atlantic (New England, USA)
	10.7°C
	[32]



	Megaptera novaeangliae
	FR
	41
	93
	Arabian Sea (Oman)
	27.3°C
	[33]
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Table 2. TSD prevalence levels (Prev) in Phocoenidae and Delphinidae stranded along the Californian coast in 2018–2021. Abbreviations are: Nt = total number; N pos = number of individual positives with tattoo skin disease, as determined by visual examination and, in four cases, also by histology.
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Females

	

	

	
Males

	

	




	

	
Nt

	
N pos

	
Prev %

	
Nt

	
N pos

	
Prev %






	
Phocoena phocoena

	

	

	

	

	

	




	
calf

	
8

	
0

	
0

	
7

	
1

	
14.3




	
juvenile

	
3

	
1

	
33.3

	
11

	
9

	
81.8




	
subadult

	
5

	
3

	
60.0

	
11

	
8

	
72.7




	
adult

	
8

	
2

	
25.0

	
2

	
0

	
0




	
Total

	
24

	
6

	
25.0

	
31

	
18

	
58.1




	
Delphinidae

	

	

	

	

	




	
calf

	
3

	
1

	
33.3

	
1

	
0

	
0




	
juvenile

	
2

	
1

	
50.0

	
5

	
1

	
20.0




	
subadult

	
0

	
0

	
-

	
3

	
2

	
66.7




	
adult

	
2

	
0

	
0

	
3

	
0

	
0




	
Total

	
7

	
2

	
28.6

	
12

	
3

	
25.0
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