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Fifty-five skin lesions from 31 stranded cetaceans along the Canary coasts (2011–2021) were submitted to macroscopic, histological, and molecular analyses to confirm infection by cetacean poxvirus, herpesvirus and cetacean morbillivirus. They were macroscopically categorized into eight categories with respective subcategories according to their color, shape, size, and consistency. Cetacean poxvirus was detected in 54.54% of the skin lesions through real-time and conventional PCRs based on the DNA polymerase gene. Additionally, herpesvirus and morbillivirus were currently detected from 43.63 and 1.82% of the cutaneous lesions, respectively. Coinfection of poxvirus and herpesvirus was detected in nine of them (16.36%), which makes the present study the first to report coinfection by both pathogens in skin lesions in cetaceans. A plausible approach to histopathological characterization of poxvirus-and herpesvirus-positive skin lesions was established. Hyperkeratosis, acanthosis, ballooning degeneration, and intracytoplasmic inclusion bodies in vacuolized keratinocytes through the stratum spinosum were common findings in poxvirus skin lesions. Alphaherpesvirus was associated with a prominent acanthotic epidermis, moderate necrosis, multifocal dyskeratosis, and irregular keratinocytes with both cellular and nuclei pleomorphism. The common histopathological findings of both pathogens were observed in coinfection lesions. However, those associated with herpesvirus were considerably more remarkable. Relationships between molecular and microscopic findings were observed for the lesions that showed tattoo-like and tortuous patterns. Further multidisciplinary diagnostic studies of infected skin lesions are needed to understand the epidemiology of these emerging infectious diseases.
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1. Introduction

Cetaceans have long life spans, resident and transient strategies, and high trophic levels that make them promising as sentinels that reflect large-scale aquatic ecosystem health (1–4). The long-term investigations of these marine mammals in the past two decades have facilitated the documentation in wild populations of several diseases, including those caused by emerging or re-emerging pathogens (5, 6). Researchers consider cetacean epidermal conditions as useful for evaluating species health and environmental status (2, 7, 8). Skin diseases are among the most well-documented diseases that affect cetacean species globally (9). Apart from their high visibility, they are of particular scientific interest for several reasons: (1) some microorganisms affecting the skin are considered opportunistic, as they invade and infect pre-existing wounds, leading to the progression of distinctive skin lesions or systemic infections (10–12); (2) the prevalence and persistence of skin diseases in these marine mammals relates to host immunologic dysfunction resulting from chronic exposure to anthropogenic factors, distress, and other infectious diseases (13–15); and (3) they usually involve a broad spectrum of pathogens (16).

Several cutaneous lesions have been associated with viruses in free-ranging cetaceans, including the cetacean poxvirus (CePV) (17). CePV causes the most widely reported and globally prevalent skin disease and is typically diagnosed through visual assessment (18–20). CePV has a distinctive clinical presentation characterized by flat or slightly raised hyperpigmented oval patches that may be solitary or coalescing and give the appearance of “ring-like” lesions (21). However, CePV can also present with an irregular stippled pattern, commonly referred to as a “tattoo” lesion, which prompted the categorization of this disease as tattoo skin disease (TSD) (22). CePV may reflect generalized immune suppression in cetacean populations, making it a potential indicator of cetacean health (4, 23, 24). Herpesvirus (HV) infections in cetaceans are more commonly associated with systemic infections (25–27) and encephalitis (28–30) related to the Alphaherpesvirinae subfamily (alphaherpesvirus) (31). Nevertheless, gammaherpesviruses have also been detected in genital and skin lesions with different manifestations in cetaceans (32), ranging from flat oval lesions and proliferative wounds to raised verrucous nodules and plaque-like lesions, respectively (11). Regarding skin disorders, HV in cetaceans has been associated with different types of dermatitis, such as proliferative, fibrinosuppurative, and necrotizing dermatitis (33–35). Viral skin diseases have been less frequently associated with papillomaviruses that cause proliferative nodules (18), calicivirus-inducing vesicular disease (36–38), and morbilliviruses skin lesions along with severe respiratory, nervous, and immune impairments (6, 39, 40). Morbilliviruses are among the most significant emerging pathogens of cetaceans globally and cause lethal disease outbreaks with extensive geographic distributions among very large host populations of cetaceans (39, 41).

Nevertheless, skin lesion assessments are challenging for free-ranging cetaceans because of their limited accessibility in the wild and the costly and time-consuming investments required (42–44). Hence, most studies have relied on long-term photographic surveys to evaluate the progression and course of skin diseases (13, 45, 46). Observational or photographic surveys are, however, considered suboptimal, and ancillary diagnostic tests are required to determine the causative agent of a skin disorder even when the macroscopic manifestation is assumed to be characteristic or pathognomonic of a specific etiology (47–49). Accordingly, most studies strictly associate CePV with typical tattoo-like lesions, disregarding other possible skin manifestations that can be triggered by this virus. This leads to limited genomic information with which to correctly designate this pathogen (20, 50, 51). Likewise, restricting the detection of this pathogen from tattoo-like lesions reduces the probability of identifying co-infections from macroscopically different lesions. On this premise, the detection of pathogens from skin lesions would enable genomic characterization and phylogenetic analysis and facilitate a better understanding of the epidemiology of these pathogens.

The aim of the present study is a complete molecular screening of poxvirus and other viruses, such as herpesvirus and cetacean morbillivirus, in various skin disorders from stranded cetaceans in the Canary Islands. Additionally, macroscopic, histological, and molecular examinations, in conjunction with phylogenetic analysis, were performed to provide insights about these emerging infectious skin diseases.



2. Materials and methods

This was a retrospective study, and skin samples were selected from cetaceans with good to moderate states of preservation, and/or the collection of both formalin-fixed and fresh unfixed portions from each skin sample. Accordingly, skin samples (n = 55) from 31 cetaceans stranded on the coast of the Canary Archipelago, Spain, from March 2011 to May 2021 were analyzed. Six different species of cetaceans were included in the present study, including striped dolphins (Stenella coeruleoalba; N = 10), Atlantic spotted dolphins (Stenella frontalis; N = 9), common dolphins (Delphinus delphis; N = 4), common bottlenose dolphins (Tursiops truncatus; N = 3), short-finned pilot whales (Globicephala macrorhynchus; N = 3), and Risso’s dolphins (Grampus griseus; N = 2). All study samples were subjected to standardized necropsies, and the decomposition code, conservation methods, and other data (including sex and age) for each animal were obtained according to standard guidelines (52–55). Five decomposition codes were established: code 1 (extremely fresh) to code 5 (mummified or skeletal) (55). Most animals had a good state of preservation (code 2), while four animals were euthanized (56, 57) because of a poor prognosis and provided extremely fresh carcasses (code 1). Nevertheless, for management reasons, it was not always possible to perform necropsies of individuals preserved at room temperature, and some animals were kept frozen to avoid further decomposition prior to necropsy. Based on the total body length and histological gonadal development, the age categories were classified as follows: neonate, calf, juvenile, and adult (58, 59). Additionally, stranding and epidemiological information (type, location, and date) were also systematically recorded and have been summarized in Supplementary Table S1. Notably, four animals in the present study have been previously published; poxvirus was detected in three of these animals (cases 2, 27, and 30; CETS 601, 1,151, and 1,173, respectively) and herpesvirus was detected in another (case 25; CET 1103). During necropsies, formalin-fixed and fresh unfixed samples of representative tissues, including skin samples, were collected for histopathologic and molecular analysis, respectively (60). Fixed tissues were submitted in 10% neutral buffered formalin solution, processed, embedded in paraffin blocks, and sectioned into 5 μm slices before staining with hematoxylin and eosin (HE). Fresh unfixed samples were stored at −80°C before being selectively submitted for virological testing and mycological and bacteriological analyses. For the latter, slices were cultured on Sabouraud agar and morphologic colony identification was performed along with routine culture and surface plating on Columbia blood agar; the API system was used for preliminary identification of isolates (54, 60). The epibionts, ectoparasites, and endoparasites were preserved in 70% alcohol for parasitological analysis. The identification relied on macroscopic, submacroscopic, and histologic features (60, 61).


2.1. Macroscopic analysis of skin lesions

All skin lesions were described, measured, and photographed. Their locations on the body were recorded along with their macroscopic appearance, color, shape, and consistency.



2.2. Molecular analysis of skin lesions

For each study animal, 0.5 g of fresh-frozen skin sample was added to 500 μl 1X cell lysis buffer (Cell Signaling Technology, United States) and 4.5 ml of diethylpyrocarbonate (DEPC)-treated water (Ambion, Invitrogen) for two consecutive rounds of mechanical homogenization at 3549 ×g with a 30-s rest interval in a Precellys 24 tissue homogenizer (Bertin Technologies SAS, France). The homogenized samples were centrifuged at 2163 ×g for 15 min at 4°C in a high-speed refrigerated benchtop centrifuge (Megafuge series, Thermo Fisher Scientific, Waltham, MA, United States). Total DNA/RNA extraction from each 300 μl macerated sample was performed using a QuickGene Mini 80 nucleic acid isolation machine (QuickGene, Kurabo, Japan) according to the manufacturer’s instructions, with a slight modification: RNA carrier (Applied Biosystems, Thermo Fisher Scientific) was added during the lysis step as previously described (62).

CePV-1 molecular detection from 55 extracted samples was performed using two different assays. First, semi-quantitative polymerase chain reaction (sqPCR) based on SYBR green was used to amplify a conserved region (150 bp) of the odontocete poxvirus DNA polymerase gene using the degenerate primer sets designed by Sacristán and coworkers (20). To assess specificity, a conventional PCR amplification of the 543-bp fragment from the Chordopoxvirinae subfamily (capri-, sui-, cervid-, and ortho-poxvirus) DNA polymerase gene of the qPCR CePV positive samples was also performed using the primer sequences originally designed by Bracht and collaborators (50). PCR products (5 μl per sample) were read on a 2% agarose electrophoresis gel containing GelRed (Biotium, Inc., California, United States).

Panherpesvirus conventional nested PCR was performed for HV detection using the universal HV nested PCR protocol originally developed by VanDevanter and coworkers (63). Additionally, to obtain semi-quantitative data on viral loads of each sample, a nested SYBR Green sqPCR for HV detection was carried out using the same degenerate primers as above to amplify a 200-bp region of the DNA polymerase gene as in conventional PCR (29). A 4-μL aliquot from the DNA extraction was amplified in a mixture containing 10 μl of 2X SsoAdvanced Universal SYBR Green Supermix with a high-fidelity Taq DNA polymerase based on Bio-Rad’s patented Sso7d fusion protein technology (Bio-Rad Laboratories, Inc., California, CA, United States), 250 nM of each primer, 1x GC-RICH solution (Roche Diagnostics S.L., Barcelona, Spain), and nuclease-free water to bring the final volume to 20 μL. The reactions were set for 3 min of polymerase activation at 98°C, followed by 45 amplification cycles, each comprising a denaturation step at 95°C for 15 s, an annealing step at 46°C for 30 s, and an elongation step at 72°C for 1 min. The final cycle was composed of an extended elongation at 72°C for 7 min. Thereafter, 5 μL of the amplicons from the second PCR were read by 2% agarose gel electrophoresis to corroborate the sq-PCR results.

Furthermore, total RNA extracted from the 55 skin samples was submitted for molecular detection of the Cetacean Morbillivirus (CeMV) through sq-PCR using primers targeting highly conserved fragments of the phosphoprotein gene (205 bp), as previously described (41). Two negative and positive controls (for extraction and amplification) were included in each protocol.

PCR products were purified using a Real Clean spin kit (REAL, Durviz, S.L., Valencia, Spain) for sequencing (Secugen S.L., Madrid, Spain). Sequencing used 1 μl (5 μM) of each of the following primers: Odontopox-F and Odontopox-R for CePV-1 (20), TGV (internal forward) and IYG (internal reverse) for HV (63), and PAN-F and PAN-R for CeMV (41). Amplicon identities were confirmed with BLAST.1

The cycle threshold (Ct) values for the CePV and HV sq-PCRs, which consisted of the target-specific amplification signals, were determined to assess viral loads and the risk of transmission and recovery (64). Late Cts (typically cycles 30–45) are near the limit of detection and are considered marginally positive (65). Ct values are inversely related to viral loads; greater concentrations of viral genetic material require fewer cycles of amplification (66). Nevertheless, caution should be taken when evaluating this factor as poor DNA extraction and/or nucleic acid degradation can affect results. Melting curves were used to confirm the amplification of the dsDNA products.



2.3. Phylogenetic analysis

The sequences of HV and CePV were aligned (excluding primers) with the Clustal W algorithm using MEGA X software (Pennsylvania, PA, United States) (67, 68). A total of 99 and 29 HV and CePV-1 nucleotide sequences, respectively, were recovered from GenBank to construct the phylogenetic trees. Both trees were established from deduced nucleotide sequences using the Maximum Likelihood Method. Accordingly, for HV, the Tamura 2-parameter model with a discrete Gamma distribution was used to model the evolutionary rate differences among sites (5 categories (+G, parameter = 0.7779)). The Tamura 3-parameter model with a Gamma parameter of 0.2836 was used for modeling the CePV tree (67). Bootstrap consensus trees were inferred from 500 replicates. Although branches corresponding to partitions reproduced in <50% of bootstrap replicates are collapsed, only values >70% were considered meaningful.



2.4. Histopathological analysis of skin lesions

Thirty-three of 55 (69.1%) skin lesions were considered for histologic analysis (including lesions that were positive and negative by a molecular test for any of the three pathogens). To accurately relate histopathological changes with the viruses involved, skin lesions that histologically showed coinfection by other etiological agents such as bacteria or protozoa (n = 6) were not considered. This also applied to skin lesions associated with traumatic wounds (n = 1). Carcasses that were too compromised to submit to freezing preservation (n = 7) or that were too advanced in decomposition code (n = 4) were not considered because of artifacts unavoidably induced by the freeze–thaw process and tissue autolysis. Moreover, samples from four skin lesions were not available for histopathological analysis.

The frequent histopathological findings associated with viral skin infections were graded as follows: absent (−), minimal (+), mild (++), moderate (+++), and severe (++++) (69). Plausible associations of histological observations with macroscopic appraisals, as well as molecular findings, were investigated.

Immunohistochemistry techniques (IHC) targeting HV and CeMV were also performed on respective positive skin lesions as complementary diagnostic assays. Thus, serial sections (3 μm thickness) were sliced and stained as previously described (29, 70). Appropriate positive and negative immunohistochemical controls were included for both IHCs.




3. Results


3.1. Macroscopic findings of skin lesions

The skin lesions were categorized as shown in Table 1. The most observed pattern was the tattoo-like oval shape lesion (TL-O), followed by black-fringed (BF) and white-fringed (WF) lesions. The remaining categories were rather equally reported, except the pale pattern (P), which was rarest. The lesions were predominantly on the heads and both flanks of cetaceans, though lesions were also found on the fins and the ventral regions. Generally, lesions were of different sizes, and animals rarely had multiple lesions. Twenty skin lesions were associated with discontinuities of the skin (40%), which were mostly rake marks (for a better appreciation see Supplementary Table S2).



TABLE 1 Macroscopical classification of skin lesions from the present study with their corresponding gross findings.
[image: Table1]



3.2. Molecular findings of skin lesions

Of the 55 skin lesions, 46 were positive (83.63%) for one or more of the selected viruses, and nine were negative (16.36%; see Supplementary Figure S1). CePV-1 was exclusively detected in 21 (38.18%) of the skin lesions, HV was present in 15 (27.27%; 13 were positive for alphaherpesvirus and two for gammaherpesvirus), and evidence of CeMV was found in only one (1.82%). CePV-1 and HV coinfection was detected in nine of the 55 skin lesions (16.36%; see Table 2).



TABLE 2 Molecular results from the 55 skin lesions of the 31 animals stranded on Canary coasts between 2011 and 2021 tested on the present study.
[image: Table2]

Overall, 11 of the 31 cetaceans tested exclusively positive for CePV-1 (35.48%); eight were solely positive for HV (25.80%), and CeMV was detected in only one (1.82%). Both HV and CePV-1 viruses were simultaneously detected in eight animals (25.80%). Among these, CET 1151 presented with four lesions, of which two were coinfected. Three cetaceans tested negative for the selected pathogens (9.67%).

A range of Ct values (12.01–38.41) were observed for lesions testing positive for CePV-1 by sq-PCR. For HV-positive lesions, Ct values also ranged widely (19.27–37.60). Generally, coinfected lesions had high Ct values, which were not too divergent for both pathogens.

All macroscopic skin categories were positive for one or more of the selected pathogens (see Table 2). The highest number of positive lesions (whether CePV-1 and/or HV positive) was for the TL-O (N = 12). None of these lesions tested negative, which was also true of TL-S lesions (N = 5). Seven lesions categorized as WF and BF tested positive for selected pathogens. The remaining macroscopic categories tested positive at similar rates, apart from category P which had only one lesion (which tested positive). All gross categories had similar numbers of negative lesions (one or two).

CePV-1 was present in every subcategory of tattoo-like lesions, as well as in WF, BF, and R lesions. Aside from TL-C lesions, HV was detected in all the remaining macroscopic categories. CeMV was detected in a BF lesion. CePV-1 and HV coinfection was mostly detected in tattoo-like lesions (TL-O and TL-S; N = 7).



3.3. Phylogenetic findings

In this study, 36 sequences were obtained: 19 CePV-1 and 16 HV sequences based on the polymerase genes, and one CeMV phosphoprotein gene sequence (summarized in Table 2). Nine CePV-1 DNA polymerase products (353–524 bp) and ten other amplicons with shorter lengths (77–99 bp) were obtained. Figure 1 shows the corresponding phylogenetic tree in which only longer sequences and dereplicated sequences were considered. The phylogenetic tree was formed from seven amplicons along with 25 CePV-1 and two CePV-2 GenBank sequences, with the addition of two outgroup sequences (a skunkpox virus and a raccoonpox virus). The sequence obtained from the common dolphin (ON600453) clustered together (bootstrap value (BV) of 98%) with five sequences from common dolphins stranded in the United Kingdom and one Indo-Pacific bottlenose dolphin. Two CePV-1 sequences from a Risso’s dolphin (ON600456) and a short-finned pilot whale (ON600457) of our study were clustered together (BV of 96%). The sequence of the common bottlenose dolphin (ON600458) was grouped (BV of 88%) with a sequence detected in another animal of the same species. The sequence of the striped dolphin (ON600454) was in the same cluster (BV of 95%) with four other sequences from striped dolphins from the United Kingdom and Italy and one harbor porpoise stranded in the United Kingdom. Regarding the sequences obtained of the Atlantic spotted dolphin species in our study, one of them (ON600451) did not cluster with any other sequences of the phylogenetic tree, while the other (ON600459) clustered (BV of 95%) with a sequence obtained from a Guiana dolphin stranded in Brazil.

[image: Figure 1]

FIGURE 1
 Phylogenetic analysis based on 29 nucleotide sequences from the polymerase gene of cetacean poxvirus. Seven sequences obtained from this study are denoted in colored green circles. The accession number, the identification number, the host, the geographic stranding, and the date of collection were used to identify the nucleotide sequences. B.my (Balaena mysticetus); D.de (Delphinus delphis); E.au (Eubalaena australis); G.gr (Grampus griseus); G.ma (Globicephala macrorhynchus); M.me (Mephitis mephitis); P.ph (Phocoena phocoena); S.br (Steno bredanensis); S.co (Stenella coeruleoalba); S.fr (Stenella frontalis); T.ad (Tursiops aduncus); T.tr (Tursiops truncates) CeAt (Central Atlantic Ocean); Me (Mediterranean Sea). To construct the tree, we designed the Neighbor-Join and BioNJ algorithms along with the Tamura 3-parameter model and Gamma distribution to model the evolutionary rate differences among sites [five categories (+G, parameter = 0.5213)]. The Bootstrap method was performed to resample 500 replicates and evaluate the reliability of the tree.


Amplicons (n = 16) with 193, 191, 190, 181, and 169 bp were identified from the 24 skin lesions that tested positive for HV (Supplementary Figure S2). Three large clusters (one for gammaherpesvirus and two for alphaherpesvirus sequences arising from the same branch supported by a BV of 91%) comprising several of the HV sequences were identified in the phylogenetic tree (Figure 2A). Gammaherpesvirus sequences (n = 2) were clustered together among other sequences from the same herpesvirus subfamily with a relation of 97% (Figure 2B). Remarkably, both sequences were closely related to a virus detected in a penis lesion of a striped dolphin stranded in the same geographic area (GenBank KM248274). Regarding alphaherpesvirus sequences, one large cluster (BV 73%; Figure 2C) contained seven sequences from our study, with three obtained from the common bottlenose dolphin, three from the Atlantic spotted dolphin, and one from the Risso’s dolphin species. All sequences, except one from a common bottlenose dolphin (OM454361), were in well-supported groups with other sequences obtained from animals of the same species, with BVs > 70%. Concerning sequence OM454361, it was clustered with a BV of 97% with sequences detected in several cetacean species that shared some characteristics, including necrosis and the presence of intranuclear inclusion bodies (INIB) in the affected organs. The other large cluster within the Alphaherpesvirinae subfamily was supported by a BV of 76% (Figure 2D) and contained six sequences: three were from the Atlantic spotted dolphin. The sequence from the common dolphin was grouped (BV of 75%) with sequences detected in animals of the same species stranded along the coasts of Portugal and Spain. Finally, a sequence detected in a common dolphin in our study (OM454338) was in a separate branch (BV of 97%) in which there are no other sequences detected in the skin. This sequence clustered (BV of 73%) with sequences detected in common dolphins stranded in Portugal and the Canary Islands, an Atlantic spotted dolphin stranded in the Canary Islands, and common bottlenose dolphins stranded in the United States and Germany (Figure 2A). Supplementary Table S3 reveals more concisely the percent identity of each study sequence with the closest GenBank match.
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FIGURE 2
 Maximum likelihood phylogenetic tree. (A) Molecular phylogenetic analysis based on 91 nucleotide sequences from the polymerase gene of cetacean herpesvirus. 16 sequences obtained from this study are denoted in green (gammaherpesvirus) and red (alphaherpesvirus) colored circles. The accession number, the identification number, the host, the geographic stranding, and the date of collection were used to identify the nucleotide sequence. Asterisks remarks representative clusters. (B) Clade with 14 GenBank available cetacean gammaherpesvirus sequences among which two were obtained in the present study. (C,D) Clades with different bootstrap values grouping most representative alphaherpesvirus sequences obtained. (C) Remark sequence with GenBank acc.no. OM456341 obtained from case 25 (skin lesion A2) which shows a 97% similarity with sequences obtained from other tissues rather than skin. (D) Note the big clade with bootstrap value of 76, grouping sequences in several subclades according to species. C.el.ba (Cervus elaphus barbarous); D.de (Delphinus delphis): G.gr (Grampus griseus); M.de (Mesoplodon densirostris); M.st (Mesoplodon stejnegeri); P.fu (Pseudalopex fulvipes); S.co (Stenella coeruleoalba); S.fr (Stenella frontalis); T.tr (Tursiops truncates); Z.ca (Ziphius cavirostris); P.ma (Physeter catodon); P.ph (Phocaena phocaena); NoAt (North Atlantic Ocean); ENoAt (Northeast Atlantic Ocean); WAt (West Atlantic Ocean); CeAt (Central Atlantic Ocean); SoAt (South Atlantic Ocean); Me (Mediterranean Sea); CaS (Cantabrian Sea); Pa (Pacific Ocean); NPa (North Pacific Ocean); No (North Sea); ArO (Arctic Ocean). To construct the tree, we designed the Neighbor-Join and BioNJ algorithms along with the Tamura 3-parameter model and Gamma distribution to model the evolutionary rate differences among sites (five categories (+G, parameter = 0.5319)). The Bootstrap method was performed to resample 1,000 replicates and evaluate the reliability of the tree.


Lastly, sequencing of the P gene fragment of the product obtained from CET 1035 (167 bp) revealed a relation of 100% with DMV detected in the lung of a fin whale (Balaenoptera physalus) stranded in Denmark in 2016 (GenBank MH430939), in a Risso’s dolphin stranded in the Canary Islands in 2015 (GenBank KY886370) and in a bottlenose dolphin stranded in the United States in 2013 (GenBank KU720622). Additionally, this similarity was observed for sequences derived from the lung, brain, pulmonary and mesenteric lymph nodes, spleen, kidney, and liver samples from striped dolphins stranded in Galicia and Portugal waters.



3.4. Histopathological and immunochemical findings

Thirty-eight of the 55 skin samples were considered adequate for histopathological examination (69.1%; Supplementary Table S4). Based on the analysis of the most prevalent microscopic findings and etiologies (Table 3), acanthosis (68.16%) and ballooning degeneration (54.53%) were considered the predominant histopathological changes in skin lesions positive for CePV-1. Vacuolized epidermal cells were multifocally concentrated in apical areas of this layer or created linear columns (Figure 3A), which rarely expanded laterally to create multifocal cones (Figure 3B). Where ballooning degeneration was observed, simultaneous moderate multifocal hyperkeratosis was typically observed (59.09%; Figure 3C), which in turn was associated with mild focal hyperpigmentation (31.81%). More rarely (27.27%), small, round, irregular, and pale eosinophilic intracytoplasmic inclusion bodies (ICIBs) were observed in vacuolized keratinocytes (Figures 3D,E).



TABLE 3 Percentages and number of lesions presenting each histopathological finding grouped by etiologies.
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FIGURE 3
 Histopathological findings in CePV-1 positive skin lesions from five cases. (A) Lesion A1 from case 7. Focal marked hyperkeratosis showing two focal columns of ballooning degeneration affecting apical areas of rete ridges and the epidermal transitional zone between both stratums corneum and spinosum. H and E, ×10. (B) Lesion A1 from case 16. Focal zone of moderate ballooning degeneration affecting both stratum corneum and spinosum. Marked hyperkeratosis just above the line of vacuolated keratinocytes is observed. Marked multifocal congestion in the dermal papillae. H and E, ×10. (C) Lesion A6 from case 11. Marked focal hyperkeratosis. Beneath this affected area, a moderate focal ballooning degeneration in the stratum spinosum is appreciated. H and E, ×20. (D) Lesion A1 from case 30. ICIBs detected in a column-like group of vacuolized keratinocytes (arrows). Right above, mild hyperkeratosis with associated slightly hyperpigmented keratinocytes. HE, ×40. (E) Lesion A1 from case 31. Acidophilic apoptotic keratinocyte with small amphophilic ICIBs. Multiple irregular sized ICIBs in a vacuolated keratinocyte (arrow). H and E, ×40.


Diffuse hyperkeratosis (40%) with acanthotic epithelium (39.99%) was predominantly found in alphaherpesvirus-positive lesions (Figure 4A). In other cases, the distinctive loss of the stratum corneum and part of the stratum spinosum was observed (Figure 4B). Cellular and nuclear pleomorphisms (Figure 4C), as well as multifocal basophilic syncytial keratinocytes, were observed in the apical areas of the stratum spinosum (Figure 4D). In some lesions (33.33%), the stratum spinosum randomly showed mild, multifocal, well-delimited, oval, necrotic areas concentrated with degenerated keratinocytes and neutrophils (Figure 4E). Severe neutrophilic inflammatory cell infiltration in blood vessels was a common finding (40%), while INIBs were difficult to distinguish in all alphaherpesvirus-positive lesions (6.66%).
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FIGURE 4
 Histopathological findings in HV positive skin lesions from three animals of the present study. (A) Lesion A2 from case 25. Moderate to marked hyperkeratosis and acanthosis with elongated fused rete ridges that penetrate down to the dermis. Multifocally, some dermal papillae have been occluded due to anastomosing rete ridges, and congestion is observed in the ones remaining uncapped. H and E, ×4. (B) Lesion A3 from case 23. Loss of stratum corneum and part of stratum spinosum with the presence of necrotic cellular crusts. H and E, ×4. (C) Detailed image of a focal arrangement of acidophilic keratinocytes with ground glass eosinophilic nuclei in stratum spinosum of the same skin lesion. H and E, ×40. (D) Lesion A3 from case 23. Round abnormal keratinocytes with condensed nuclei scattered within the upper areas of the stratum (upper arrow). Focal oval-shaped syncytia of basophilic keratinocytes within the intermediate layer (lower arrow). H and E, ×40. (E) Lesion A3 from case 28. Multifocal well-delimited oval necrotic areas containing degenerated keratinocytes and neutrophils within the stratum spinosum. H and E, ×20. (F) Lesion A2 from case 25. Evidence of INIBs in the most superficial area of a dermal papillae (arrows). Immunochemistry stain. Canine distemper virus (CDV) antibody, ×60.


Regarding the ICH results, immunostaining for HV was not observed in any of the HV-positive (by PCR) skin lesions even though immunostaining was successful for the positive control. Nevertheless, evidence of INIBs was more definite for CET 1103 after immunolabeling than after HE staining (Figure 4F).

In coinfected lesions, a combination of the above-described histologic changes from both CePV-1 and HV pathogens were observed. Diffuse acanthosis was a common finding (66.66%) along with multifocal ballooning degeneration (66.66%) with associated hyperkeratosis (55.55%). Almost all coinfected lesions presented ICIBs in which the typical umbrella-like arrangement or “melanin-cap” was noticeably absent. Conversely, INIBs were only noticed in CET 951, where both ICIBs and INIBs were apparent with obvious multifocal syncytial organizations (Figure 5A). Irregular ICIBs (Figure 5B) and multifocal apoptotic-like keratinocytes were observed through the intermediate layer at a mild to moderate degree (13.34%; Figure 5C). Combined mild to moderate lymphocytic and neutrophilic inflammatory cell infiltration and congestion were observed in several lesions (55.55%).
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FIGURE 5
 Histopathological findings in CePV-1 and HV coinfected skin lesion from case 9. (A) Focal irregular arrangement of acidophilic keratinocytes with both basophilic INIBs and small round amphophilic ICIBs in stratum spinosum. Multifocal mild to moderate ICI in dermal papillae. Asterisk indicates the affected area of the stratum spinosum. H and E, ×20. (B) Detail of irregular-shaped keratinocytes with small vacuolizations and prominent basophilic INIBs (right upper arrows) and small round pinpoint amphophilic ICIBs (lower left arrow). Lower inset: zoomed-in image of a keratinocyte with both INIBS and ICIBs. H and E, ×60. (C) Focal delimited area with abnormal acidophilic necrotic keratinocytes in the basal area of a dermal papilla associated to a combined neutrophilic and eosinophilic ICI. H and E, ×20.


The CeMV-positive lesion presented with mild acanthosis with a disorganized histologic architecture for which some rete ridges were laterally fused and almost parallel to the stratum spinosum (Figure 6A). Furthermore, this lesion also tested positive by IHC, with a few random keratinocytes lightly immunolabeled for canine distemper virus (CDV; Figure 6B).

[image: Figure 6]

FIGURE 6
 Histopathological and immunohistological findings in CeMV positive skin lesion from case 17. (A) Mild to moderate diffuse acanthosis with irregular laterally displaced and fused rete ridges. H and E, ×10. (B) Slightly immunostained keratinocytes against canine distemper virus (CDV) antibody. Lower inset: zoomed-in image of an immunostained keratinocyte. Immunochemistry stain, ×60.


Among pathogen-negative lesions, those from CET 1153 showed moderate diffuse acanthosis. Inflammatory cell infiltration (ICI) was multifocally observed in the apical areas of the dermal papillae. The remaining negative lesions did not show any remarkable histological changes.

The tattoo-like and BF lesions were the most prevalent by microscopy (Table 4), but these histologic changes were mild to moderate. Preliminarily, 75% of the TL-O lesions showed mild acanthosis, followed by mild to moderate hyperkeratosis, ballooning degeneration, and ICIBs (66.66%). All the TL-S lesions presented mild to moderate ballooning degeneration and congestion. A significant proportion of the latter cases (80%) were associated with mild to moderate hyperkeratosis and acanthosis. These two subcategories of tattoo lesions were also among the few in which ICIBs were observed (60%). Of the BF skin lesions, 88.88% showed mild acanthosis, followed by mild to moderate hyperkeratosis (66.66%). A repeated pattern exclusively present in the Ts lesions was observed with well-delimited multifocal areas of degenerative keratinocytes and neutrophils that sometimes merged to the outer layer, leading to mild to moderate disruptions of the stratum corneum. Consequently, 75% of the lesions presented moderate necrosis. Neither ulcered nor target-like lesions are represented in Table 4, as they did not apply to the histologic analysis and/or their histological changes were not evaluable.



TABLE 4 Summary of degree severity of most prevalent histopathological findings by macroscopic categorization of skin lesions of the present study.
[image: Table4]




4. Discussion

Because of their limited accessibility, most pro-active health studies in free-ranging cetaceans exclusively assess their skin conditions using only visual appraisals for diagnosis (23, 71), which results in a high risk for misinterpretation of skin disease pathogens. Therefore, stranded cetaceans are critical study subjects that provide unlimited access and the opportunity to fully comprehend skin diseases and their impact on the health of marine mammals. Hence, this study represents the first multidisciplinary study involving macroscopic, histological, and molecular analyses of a significant number of viral skin lesions in several species of stranded cetaceans. Molecular identification of CePV in poxvirus-like skin lesions has been performed in several species (20, 51, 72). However, to the authors’ knowledge, the present study is the first to identify this virus in pilot whales. HV infections have been identified in several cetacean species and tissue samples (20, 73, 74). However, HV DNA has not been reported in skin lesions of Risso’s dolphins, which makes the present study the foremost publication on HV related to skin lesions in this species.

Viral skin lesions in these marine mammals are generally considered potential health indicators (14, 75). Most studies have focused on recognizing TSD lesions because of their wide global distribution and characteristic and distinguishable presentations; the molecular identification of CePV has been associated with these lesions (76, 77). However, to the best of our knowledge, no studies have surveyed viral pathogens other than CePV nor their co-occurrence in CePV-positive cetacean skin lesions. Most studies of CePV coinfection have implicated tissues other than the skin; Melero and co-workers (78) detected both poxvirus and HV in the tonsil of a Pacific walrus (Odobenus rosmarus divergens). To our knowledge, this investigation is the first to corroborate HV and CePV coinfection in marine mammals; previous studies of concomitant skin lesion infections by both agents have been conducted in other species such as hares (Lepus), while leporipoxvirus and leporid gammaherpesvirus-5 co-infections were recently reported (79). In cattle, an outbreak of lumpy skin disease virus and bovine herpesvirus-4 occurred in Egypt where cows showed generalized deep skin nodules among other clinical signs (80). Reports exist of commercial chicken flocks showing wart-like lesions consistent with fowl poxvirus and severe respiratory manifestations from infectious laryngotracheitis virus (81). HV and CeMV coinfection has been detected in multiple organs of a few cetaceans (28, 82, 83), as well as CeMV and Brucella sp. in central nervous system (29, 84). Nevertheless, this is the first report revealing a considerable prevalence of poxvirus (35.48%) and herpesvirus (25.80%) skin diseases in stranded cetaceans in the Canary Archipelago, in addition to providing the first molecular description of CePV and HV coinfection in cetacean skin lesions (25.80%).

As reported in prior studies, the lesions were mostly observed on visible body parts, especially on dorsal areas, with the head being the most affected (50, 85). Of the eight macroscopic categorizations of 55 skin lesions, the tattoo-like pattern was the most predominant, especially the TL-O form. Usually, this pattern is identified as an early manifestation of TSD (22, 23). The molecular results of the study indicate that all lesions with this presentation are positive for CePV-1, and the majority have high viral loads. However, three oval tattoo-like lesions presented with low Ct values, possibly because a non-representative sample of the lesion was processed for genomic extraction, or because of genomic degradation of the sample. Alternatively, the CePV-1 viral loads may have been affected by HV, which was detected in two of those three tattoo-like lesions. As previously reported (22, 77), the dominant histological findings of tattoo-like lesions were mild to moderate ballooning degeneration associated with hyperkeratosis and acanthosis. Additionally, other acute histopathological processes were moderate vascular congestion with the migration of lymphocytes. Of the three tattoo-like subcategories, the TL-O form showed moderate acute histopathological changes. Furthermore, in correlating Ct values with the latter microscopic findings, this macroscopic category showed early CePV-1 amplifications, which could indicate that these lesions may be the initial manifestations of TSD. Finally, ICIBs were observed in all cases of TL-O, suggesting viral activity.

CePV-1 was also detected in BF, WF, and R lesions, although less frequently. Macroscopically, these skin manifestations can be attributed to poxvirus infection; previous reports have suggested that tattoo-like lesions progress to darker blemishes (persistent stage), turn whiter (regression stage), and become almost invisible (healing stage) (18, 22). The microscopic findings of tattoo-like lesions were observed for the three categories, noting that for BF lesions these histological changes were milder than for WF and R lesions. ICIBs were absent, except for one skin lesion that was coinfected with HV, indicating a possible CePV-1 reactivation. The mild histopathological changes in these macroscopic categories can indicate advanced stages of lesions. Furthermore, all lesions showed high Ct values, which could suggest low viral loads. Together, these findings suggest that the CePV-1-positive skin manifestations may represent chronic stages of the skin disease, thus corroborating these findings with visual diagnostics.

HV was exclusively detected in most gross categories (except the TL-C lesions) across a wide range of skin manifestations, as has been previously reported with wild cetacean populations (45, 71). Furthermore, consistent with previous studies, we commonly observed epidermal necrosis, atypical keratinocytes with both cell and nucleus pleomorphism, and ICI that predominantly involved neutrophils (86, 87). An association between the most prevalent histologic findings and the macroscopic appearance of HV-positive skin lesions was not observed, except for the Ts lesions. Accordingly, all Ts lesions were disrupted in the stratum corneum with well-delimited multifocal crusts of degenerated keratinocytes and neutrophils. Molecular tests revealed that almost all lesions from which HV was identified had high Ct values indicative of low viral loads, suggesting that the lesions could be in chronic or latent stages, though this might also result from poor sampling or nucleic acid degradation. Furthermore, one case in this study showed histopathological changes that were remarkably similar to changes observed in a previously reported HV-positive skin lesion from an Atlantic bottlenose dolphin (34). Both lesions were slightly raised in the stratum corneum, with swollen and irregularly distributed keratinocytes with intranuclear and intracytoplasmic inclusion bodies. In attempting to associate histological changes with the macroscopic appearance of this lesion, Manire and co-workers described the lesion as a hyperplastic area with hundreds of 1–3-mm small spherical firm papules affecting the rostrum, head, dorsal fin, and flanks (34). The lesion in the present study, however, was macroscopically different; it was a TL-O lesion with an apparent porous consistency localized dorsal to the right eye; CePV-1 was also detected in this lesion.

Six of the nine CePV-1 and HV-coinfected lesions showed tattoo-like patterns. To the best of our knowledge, HV has been detected in various skin manifestations (35, 88), excluding these characteristic lesions that have so far been strictly attributed to CePV, and this study is the first to show HV in tattoo-like lesions. Therefore, the diagnosis of a skin pathogen should therefore use molecular tests to corroborate the results of visual assessments. Histologically, in coinfected lesions, the above-mentioned CePV-1 and HV microscopic findings were more severe, in contrast with lesions from which one of these pathogens was exclusively detected. Molecular tests of coinfected skin lesions often showed variable Ct values, but one of the pathogens usually showed high viral loads. Despite this, the HV-associated microscopic changes were generally more prominent than those associated with CePV-1, which may result from the severe infectiousness of HV in the skin (87, 89). Opportunistic pathogens take advantage of pre-existing wounds as portals of entry (40% of the analyzed lesions in this study derive from rake marks), and a conceivable pathway of infection in coinfected skin lesions could be the initial entry of CePV-1 leading to the reactivation of latent HV (90, 91). Another possible scenario, although less likely, would be CePV-1 infection as an initial step leading to an increased susceptibility to a secondary HV infection.

CeMV has also been detected in skin lesions, which are related to rash, erosive, and ulcerative patterns (40, 83, 92). The presence of CeMV in skin lesions (1.82%) in this study was low. However, the detection of CeMV in a BF lesion, which can macroscopically be attributed to advanced poxvirus-like lesions, demonstrates the necessity of evidence-based studies to verify pathogens in skin disorders. Additionally, definitive CeMV-related skin patterns have not yet been established in cetaceans. The detection of this re-emergent systemically infectious virus in a skin lesion is important for monitoring cetacean populations to forecast possible epizootic outbreaks. Indeed, the animal in this study with a CeMV-positive lesion also presented multiorgan infection by this same virus.

From the seven CePV-1 sequences used for constructing the phylogenetic tree, three (from the common dolphin, common bottlenose dolphin, and striped dolphin) were mainly clustered according to their detection in the same host species, which is in accordance with previous reports that proposed that the CPV-1 group may contain several sub-groups specific for the different families of odontocetes (49). The other four sequences from our study were non-clustered or were grouped with sequences detected in other host species, possibly because these host species have no entries in GenBank (Risso’s dolphin, short-finned pilot whale, and Atlantic spotted dolphin).

On the other hand, the sequences were more widely distributed based on the HV phylogenetic tree, with sequences belonging to both Gammaherpesvirinae and Alphaherpesvirinae subfamilies. Remarkably, as previously reported (93), herpesviruses seem to be host specific, as most of the sequences in our study were grouped with sequences from the same host species. Only two of the herpesvirus sequences in our study belonged to the Gammaherpesvirinae subfamily and showed 100% identity with one detected in a penile lesion in a striped dolphin stranded in the Canary Islands (94). This is consistent with reports of this herpesvirus subfamily, which is more frequently detected in genital and mucosal lesions (95), though it has also been detected in the skin (35, 96).

Only three alphaherpesvirus sequences in this study were grouped with sequences previously obtained from skin lesions (86, 96), while most of them were close to sequences acquired from other tissues including ovary (97), pulmonary lymph node (27, 31), kidney, lung, spleen (26), and brain (30). This suggests that the same strains probably affect tissues other than skin. In this sense, another distinct alphaherpesvirus sequence was detected from the adrenal gland of a bottlenose dolphin (case 27, CET 1151), which in turn presented four skin lesions with two different alphaherpesvirus strains. The amplicon recovered from the adrenal gland showed a 100% similarity to a sequence obtained from the skin of a stranded bottlenose dolphin in Germany (86). Moreover, this amplicon was highly similar to another identified from a skin lesion of the same animal, which suggests that the virus may have been disseminated (25).

Finally, one of the skin lesions from this study that histologically presented large intranuclear inclusion bodies surrounded by a clear halo was similar to sequences from animals with HV-related acute and severe lesions including INIBs, necrotic changes, malacia, and lymphoid depletion. Likewise, Eva Sierra and co-workers (30) identified sequences from four cases presenting with severe acute brain lesions that could lead to death; these sequences clustered with the abovementioned pathogenic HV strains. However, as stated above, caution should be exercised when interpreting these short sequences.



5. Conclusion

In light of the growing emergence of viral diseases in cetacean populations, methods other than visual assessment are needed to diagnose skin diseases and enable their use as potential health indicators. For this purpose, stranded cetaceans are outstanding resources for testing evidence-based approaches to identifying viruses from skin lesions. Future studies should combine macroscopic and histopathological studies of skin lesions with quantitative molecular analyses to further understand the epidemiology of viral skin diseases in cetacean wild populations.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The requirement of ethical approval was waived by Environmental department of the Canary Islands Government and the Spanish Ministry of Environment for the studies involving animals because no experiments were performed on live animals. The studies were conducted in accordance with the local legislation and institutional requirements.



Author contributions

ES, AF, CF, and MAn: conceptualization and review and editing. SS-G, ES, AF, MAr, MAB, CF, IF-J, and AC-R: methodology and formal analysis. SS-G, ES, and CF: writing – original draft preparation. ES, AF, MAr, CF, and MAB: supervision. AF, ES, and MAr: funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This research was partially supported by a National Project (ref. PID2021-127687NB-I00); by the Canary Islands Government, which has founded and provided support to the stranding network; Agencia Canaria de Investigación, Innovación y Sociedad de la Información (ref. CEI2020-05); and by Fundación Loro Parque.



Acknowledgments

The authors would like to thank Canary Islands Cetacean Stranding Network and Fundación Loro Parque.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1188105/full#supplementary-material



Footnotes

1   www.ncbi.nlm.nih.gov/blast/Blast.cgi



References

 1. Wells, R, Rhinehart, H, Hansen, L, Sweeney, J, Townsend, F, Stone, R , et al. Bottlenose dolphins as marine ecosystem sentinels: developing a health monitoring system. EcoHealth. (2004) 1:246–54. doi: 10.1007/s10393-004-0094-6

 2. Bossart, GD. Marine mammals as sentinel species for oceans and human health. Vet Pathol. (2011) 48:676–90. doi: 10.1177/0300985810388525

 3. Nelson, TM, Apprill, A, Mann, J, Rogers, TL, and Brown, MV. The marine mammal microbiome: current knowledge and future directions. Microbiol Aust. (2015) 36:8. doi: 10.1071/MA15004 

 4. Bossart, GD, and Duignan, PJ. Emerging viruses in marine mammals. CAB Rev. (2018) 13:1–17. doi: 10.1079/PAVSNNR.2019.13052

 5. van Bressem, MFE, Flach, M-F, Reyes, L, Echegaray, JC, Santos, M, Viddi, F , et al. Epidemiological characteristics of skin disorders in cetaceans from South American waters. LAJAM. (2015) 10:20–32. doi: 10.5597/lajam190

 6. Mazzariol, S, Arbelo, M, Centelleghe, C, Di Guardo, G, Fernandez, A, and Sierra, E. Emerging pathogens and stress syndromes of cetaceans in European waters: cumulative effects. Mar Mammal Ecotoxicol Impacts Mult Stress Popul Health. (2018) 15:401–28. doi: 10.1016/B978-0-12-812144-3.00015-2

 7. Pettis, HM, Rolland, RM, Hamilton, PK, Brault, S, Knowlton, AR, and Kraus, SD. Visual health assessment of North Atlantic right whales (Eubalaena glacialis) using photographs. Can J Zool. (2004) 82:8–19. doi: 10.1139/z03-207

 8. Wilson, B, Arnold, H, Bearzi, G, Fortuna, CM, Gaspar, R, Ingram, S , et al. Epidermal diseases in bottlenose dolphins: Impacts of natural and anthropogenic factors. Proc R Soc B Biol Sci. (1999) 266:1077–83. doi: 10.1098/rspb.1999.0746 

 9. Romero, A, and Keith, EO. New Approaches to the Study of Marine Mammals. Rijeka, RJK, Croatia: InTech; (2012), 110–129.

 10. Van Bressem, MF, Raga, JA, Di Guardo, G, Jepson, PD, Duigman, PJ, Siebert, U , et al. Emerging and Recurring Diseases in Cetaceans Worldwide and the Role of Environmental Stressors. In: 60th Annual Meeting, Scientific Committee, International Whaling Commission. Santiago, Chile; (2008). p. 13.

 11. Mouton, M, and Both, A. Cutaneous lesions in cetaceans: an indicator of ecosystem status? In: O Romero Aldemaro and E Keith, editors. New Approaches to the Study of Marine Mammals. Rijeka, Croatia: InTech (2012). 232.

 12. Savini, V, Marrollo, R, Nigro, R, Fusella, C, and Fazii, P. Skin and soft tissue infections following marine injuries In: K Kon and M Rai, editors. The Microbiology of Skin Tissue, Bone and Joint Infections. Cambridge: Academic Press. Elsevier Inc. (2017). 2:93–103.

 13. Gonzalvo, J, Giovos, I, and Mazzariol, S. Prevalence of epidermal conditions in common bottlenose dolphins (Tursiops truncatus) in the Gulf of Ambracia, western Greece. J. Exp. Marine Biol. Ecol. (2014) 463:32–8. doi: 10.1016/j.jembe.2014.11.004

 14. Koch, MS, De Pasquale Da Silva, V, Rodrigues Loureiro Bracarense, A. P. F., and Domit, C. Environmental Aspects and Diseases Related to Immunosuppression in Cetaceans: A Concise Review. Vol. 39, Semina: Ciencias Agrarias, Universidade Estadual de Londrina; (2018). p. 2897–2918.

 15. Taylor, JS, Hart, LB, and Adams, J. Skin lesion prevalence of estuarine common bottlenose dolphins (Tursiops truncatus) in North Carolina, with comparisons to other east coast study sites. Mar Mamm Sci. (2021) 37:127–41. doi: 10.1111/mms.12731

 16. St Leger, J, Raverty, S, and Mena, A. Cetacea In: J St Leger, S Raverty, and A Mena, editors. Pathology of Wildlife and Zoo Animals. Netherlads, Amsterdam: Elsevier (2018). 533–68.

 17. Van Bressem, MF, Van Waerebeek, K, and Duignan, PJ. Tattoo skin disease in Cetacea: a review, with new cases for the northeast pacific. Animals. (2022) 12:3581. doi: 10.3390/ani12243581 

 18. van Bressem, M, van Waerebeek, K, Aznar, FJ, Raga, JA, Jepson, PD, Duignan, P , et al. Epidemiological pattern of tattoo skin disease: a potential general health indicator for cetaceans. Dis Aquat Org. (2009) 85:225–37. doi: 10.3354/dao02080 

 19. Hart, LB, Rotstein, DS, Wells, RS, Allen, J, Barleycorn, A, Balmer, BC , et al. Skin lesions on common bottlenose dolphins (Tursiops truncatus) from three sites in the Northwest Atlantic, USA. PLoS One. (2012) 7:e33081. doi: 10.1371/journal.pone.0033081 

 20. Sacristán, C, Catão-Dias, JL, Ewbank, AC, Ferreira-Machado, E, Neves, E, Santos-Neto, EB , et al. Novel and highly sensitive SYBR® Green real-time PCR for poxvirus detection in odontocete cetaceans. J Virol Methods. (2018) 259:45–9. doi: 10.1016/j.jviromet.2018.06.002 

 21. Geraci, JR, Hicks, BD, and St Aubin, DJ. Dolphin pox: a skin disease of cetaceans. Can J Comp Med. (1979) 43:399–404.

 22. Sacristán, C, Esperón, F, Marigo, J, Ewbank, AC, de Carvalho, RR, Groch, KR , et al. Molecular identification and microscopic characterization of poxvirus in a Guiana dolphin and a common bottlenose dolphin, Brazil. Dis Aquat Org. (2018) 130:177–85. doi: 10.3354/dao03271 

 23. Powell, SN, Wallen, MM, Bansal, S, and Mann, J. Science of the Total Environment Epidemiological investigation of tattoo-like skin lesions among bottlenose dolphins in Shark Bay, Australia. Sci Total Environ [Internet]. (2018) 630:774–80. doi: 10.1016/j.scitotenv.2018.02.202 

 24. Rodrigues, TCS, Subramaniam, K, Varsani, A, McFadden, G, Schaefer, AM, Bossart, GD , et al. Genome characterization of cetaceanpox virus from a managed Indo-Pacific bottlenose dolphin (Tursiops aduncus). Virus Res. (2020) 278:197861. doi: 10.1016/j.virusres.2020.197861 

 25. Blanchard, TW, Santiago, NT, Lipscomb, TP, Garber, RL, McFee, WE, and Knowles, S. Two novel alpha herpesviruses associated with fatal disseminated infections in Atlantic bottlenose dolphins. J Wildl Dis. (2001) 37:297–305. doi: 10.7589/0090-3558-37.2.297

 26. Arbelo, M, Sierra, E, Esperón, F, Watanabe, TTN, Bellière, EN, De Los Monteros, AE , et al. Herpesvirus infection with severe lymphoid necrosis affecting a beaked whale stranded in the Canary Islands. Dis Aquat Organ. (2010) 89:261–4. doi: 10.3354/dao02208 

 27. Soto, S, González, B, Willoughby, K, Maley, M, Olvera, A, Kennedy, S , et al. Systemic herpesvirus and morbillivirus co-infection in a striped dolphin (Stenella coeruleoalba). J Comparat Pathol Ther. (2012) 146:269–73. doi: 10.1016/j.jcpa.2011.04.002

 28. Sierra, E, Zucca, D, Arbelo, M, García-Álvarez, N, Andrada, M, Déniz, S , et al. Fatal Systemic Morbillivirus Infection in Bottlenose Dolphin, Canary Islands, Spain. Emerg Infect Dis. (2014) 20:269. doi: 10.3201/eid2002.131463

 29. Sierra, E, Fernández, A, Felipe-Jiménez, I, Zucca, D, Díaz-Delgado, J, Puig-Lozano, R , et al. Histopathological differential diagnosis of meningoencephalitis in cetaceans: morbillivirus, herpesvirus, Toxoplasma gondii, Brucella sp, and Nasitrema sp. Front Vet Sci. (2020):7:650. doi: 10.3389/fvets.2020.00650

 30. Sierra, E, Fernández, A, Fernández-Maldonado, C, Sacchini, S, Felipe-Jiménez, I, Segura-Göthlin, S , et al. Molecular characterization of herpesviral encephalitis in cetaceans: correlation with histopathological and immunohistochemical findings. Animals (Basel). (2022) 12:1149. doi: 10.3390/ani12091149

 31. Vargas-Castro, I, Crespo-Picazo, JL, Rivera-Arroyo, B, Sánchez, R, Marco-Cabedo, V, Jiménez-Martínez, MÁ , et al. Alpha- and gamma herpesviruses in stranded striped dolphins (Stenella coeruleoalba) from Spain: first molecular detection of gamma herpesvirus infection in central nervous system of odontocetes. Vet Res. (2020) 16:1–9. doi: 10.1186/s12917-020-02511-3 

 32. Vargas-Castro, I, Melero, M, Crespo-Picazo, JL, Jiménez, MÁ, Sierra, E, Rubio-Guerri, C , et al. Systematic determination of herpesvirus in free-ranging cetaceans stranded in the western Mediterranean: tissue tropism and associated lesions. Viruses. (2021) 13:2180. doi: 10.3390/v13112180 

 33. Martineau, D, Lagacé, A, Béland, P, Higgins, R, Armstrong, D, and Shugart, LR. Pathology of stranded beluga whales (Delphinapterus leucas) from the St. Lawrence Estuary, Québec, Canada. J Comp Pathol. (1988) 98:287–310. doi: 10.1016/0021-9975(88)90038-2 

 34. Manire, CA, Smolarek, KA, Romero, CH, Kinsel, MJ, Clauss, TMBL, and Byrd, L. Proliferative dermatitis associated with a novel alpha herpesvirus in an atlantic bottlenose dolphin (Tursiops truncatus). J Zoo Wildl Med. (2006) 37:174–81. doi: 10.1638/05-006.1 

 35. Sacristán, C, Esperón, F, Ewbank, AC, Díaz-Delgado, J, Ferreira-Machado, E, Costa-Silva, S , et al. Novel herpesviruses in riverine and marine cetaceans from South America. Acta Trop (Basel). (2019) 190:220–7. doi: 10.1016/j.actatropica.2018.11.021 

 36. Smith, AW, Skilling, DE, and Ridgway, S. Calicivirus-induced vesicular disease in cetaceans and probable interspecies transmission. J Am Vet Med Assoc. (1983) 183:1223–5.

 37. Smith, AW, and Boyt, PM. Caliciviruses of ocean origin: a review. J Zoo Wildl Med. (1990) 21:3–23.

 38. Raga, JA, Van Waerebeek, K, and Van Bressem, M-F. A review of virus infections of cetaceans and the potential impact of morbilliviruses, poxviruses and papillomaviruses on host population dynamics. Dis Aquat Org. (1999) 83:53–65.

 39. Van Bressem, MF, Duignan, PJ, Banyard, A, Barbieri, M, Colegrove, KM, de Guise, S , et al. Cetacean morbillivirus: current knowledge and future directions. Viruses. (2014) 6:5145–81. doi: 10.3390/v6125145

 40. Dagleish, MP, Perri, A, Maley, M, Ballingall, KT, Baily, JL, Davison, NJ , et al. Novel dermatitis and relative viral nucleic acid tissue loads in a fin whale (Balaenoptera physalus) with systemic cetacean morbillivirus infection. J Comp Pathol. (2021) 183:57–62. doi: 10.1016/j.jcpa.2021.01.005 

 41. Groch, KR, Taniwaki, SA, Favero, CM, Brandão, PE, Díaz-Delgado, J, Fernández, A , et al. A novel real-time PCR to detect Cetacean morbillivirus in Atlantic cetaceans. J Virol Methods. (2020) 285:113964. doi: 10.1016/j.jviromet.2020.113964 

 42. Hunt, KE, Moore, MJ, Rolland, RM, Kellar, NM, Hall, AJ, Kershaw, J , et al. Overcoming the challenges of studying conservation physiology in large whales: a review of available methods. Conserv Physiol. (2013) 1:cot006. doi: 10.1093/conphys/cot006 

 43. de Mello, DMD, and de Oliveira, CA. Biological matrices for sampling free-ranging cetaceans and the implications of their use for reproductive endocrine monitoring. Mamm Rev. (2016) 46:77–91. doi: 10.1111/mam.12055

 44. Almunia, J, Delponti, P, and Rosa, F. Using big data to estimate whale watching effort. Front Marine Sci. (2020) 8:1–13. doi: 10.3389/fmars.2021.635568

 45. van Bressem, M, Raga, JA, Di Guardo, G, Jepson, PD, Duignan, PJ, Siebert, U , et al. Emerging infectious diseases in cetaceans worldwide and the possible role of environmental stressors. Dis Aquat Org. (2009) 86:143–57. doi: 10.3354/dao02101 

 46. Riggin, JL, and Maldini, D. Photographic case studies of skin conditions in wild-ranging bottlenose dolphin (Tursiops truncatus) calves. J Mar Anim Their Ecol. (2010) 3:5–9.

 47. Melero, M, Rubio-Guerri, C, Crespo, JL, Arbelo, M, Vela, AI, García-Párraga, D , et al. First case of erysipelas in a free-ranging bottlenose dolphin (Tursiops truncatus) stranded in the Mediterranean Sea. Dis Aquat Org. (2011) 97:167–70. doi: 10.3354/dao02412 

 48. Esperón, F, García-Párraga, D, Belliére, EN, and Sánchez-Vizcaíno, JM. Molecular diagnosis of lobomycosis-like disease in a bottlenose dolphin in captivity. Med Mycol. (2012) 50:106–9. doi: 10.3109/13693786.2011.594100 

 49. Blacklaws, BA, Gajda, AM, Tippelt, S, Jepson, PD, and Deaville, R. Molecular Characterization of Poxviruses Associated with Tattoo Skin Lesions in UK Cetaceans. PLoS One. (2013) 8:71734. doi: 10.1371/journal.pone.0071734 

 50. Bracht, AJ, Brudek, RL, Ewing, RY, Manire, CA, Burek, KA, Rosa, C , et al. Genetic identification of novel poxviruses of cetaceans and pinnipeds. Arch Virol. (2006) 151:423–38. doi: 10.1007/s00705-005-0679-6 

 51. Fiorito, C, Palacios, C, Golemba, M, Bratanich, A, Argüelles, MB, Fazio, A , et al. Identification, molecular and phylogenetic analysis of poxvirus in skin lesions of southern right whale. Dis Aquat Org. (2015) 116:157–63. doi: 10.3354/dao02918 

 52. Kuiken, T, and Hartmann, M-G. Cetacean Dissection techniques and tissue sampling In: T Kuiken and M-G Hartmann, editors. The First European Cetacean Society Workshop on Cetacean Pathology: Dissection Techinques and Tissue Sampling. Leiden, Nederlands: (1991). 13–14.

 53. Arbelo, M, Espinosa de los Monteros, A, Herráez, P, Andrada, M, Sierra, E, Rodríguez, F , et al. Pathology and causes of death of stranded cetaceans in the canary Islands (1999-2005). Dis Aquat Org. (2013) 103:87–99. doi: 10.3354/dao02558 

 54. Díaz-Delgado, J, Fernández, A, Sierra, E, Sacchini, S, Andrada, M, Vela, AI , et al. Pathologic findings and causes of death of stranded cetaceans in the Canary Islands (2006-2012). PLoS One. (2018) 13:e0204444. doi: 10.1371/journal.pone.0204444 

 55. Ijsseldijk, LL, Brownlow, AC, and Mazzariol, S. Best Practice on Cetacean Post Mortem Investigation and Tissue Sampling. Istanbul, Republic of Turkey: ACCOBAMS/ASCOBANS. (2019). 72 p.

 56. Hampton, JO, Mawson, PR, Coughran, DK, and Vitali, SD. Validation of the use of firearms for euthanising stranded cetaceans. J Cetacean Res Manag. (2015) 14:117–23. doi: 10.47536/jcrm.v14i1.528

 57. Field, CL, Gulland, FMD, Johnson, SP, Simeone, CA, and Whoriskey, ST. Euthanasia In: FMD Gulland, LA Dierauf, and KL Whitman, editors. CRC Handbook of Marine Mammal Medicine. Unitated States. Boca Raton, Florida: CRC Press (2018). 675–92.

 58. Geraci, JR, and Lounsbury, VJ. Marine Mammals Ashore: A Field Guide for Strandings. 2nd ed. Baltimore, MD: National Aquarium in Baltimore, Inc (2005). 371 p.

 59. Reidenberg, JS, and Laitman, JT. Cetacean prenatal development. Encycl Mar Mamm. 3rd ed. (2009):307–312. doi: 10.1016/B978-0-12-804327-1.00116-3

 60. Díaz-Santana, P, Fernández, A, Díaz-Delgado, J, Vela, AI, Domínguez, L, Suárez-Santana, C , et al. Nocardiosis in free-ranging cetaceans from the central-eastern Atlantic Ocean and contiguous Mediterranean Sea. Animals. (2022) 12:434. doi: 10.3390/ani12040434 

 61. Deliamure, SL. Helminthofauna of Marine Mammals; Ecology and Phylogeny. Israel: Program for Scientific Translations. (1968).

 62. Sacristán, C, Carballo, M, Muñoz, MJ, Bellière, EN, Neves, E, Nogal, V , et al. Diagnosis of Cetacean morbillivirus: a sensitive one step real time RT fast-PCR method based on SYBR® Green. J Virol Methods. (2015) 226:25–30. doi: 10.1016/j.jviromet.2015.10.002 

 63. VanDevanter, DR, Warrener, P, Bennett, L, Schultz, ER, Coulter, S, Garber, RL , et al. Detection and analysis of diverse herpesviral species by consensus primer PCR. J Clin Microbiol. (1996) 34:1666–71. doi: 10.1128/jcm.34.7.1666-1671.1996 

 64. al Bayat, S, Mundodan, J, Hasnain, S, Sallam, M, Khogali, H, Ali, D , et al. Can the cycle threshold (Ct) value of RT-PCR test for SARS CoV2 predict infectivity among close contacts? J Infect Public Health. (2021) 14:1201–5. doi: 10.1016/j.jiph.2021.08.013 

 65. Mitchell, SL, and Loeffelholz, MJ. Considerations regarding interpretation of positive SARS-CoV-2 molecular results with late cycle threshold values. J Clin Microbiol. (2022) 60:e0050122. doi: 10.1128/jcm.00501-22 

 66. Mishra, B, Ranjan, J, Purushotham, P, Saha, S, Payal, P, Kar, P , et al. High proportion of low cycle threshold value as an early indicator of COVID-19 surge. J Med Virol. (2022) 94:240–5. doi: 10.1002/jmv.27307 

 67. Kumar, S, Stecher, G, Li, M, Knyaz, C, and Tamura, K. MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol Biol Evol. (2018). 35:msy096. doi: 10.1093/molbev/msy096 

 68. Tamura, K, Peterson, D, Peterson, N, Stecher, G, Nei, M, and Kumar, S. MEGA5: Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Methods. Molecular Biology and Evolution. (2011). 28:2731–2739.

 69. Schafer, KA, Eighmy, J, Fikes, JD, Halpern, WG, Hukkanen, RR, Long, GG , et al. Use of severity grades to characterize histopathologic changes. Toxicol Pathol. (2018) 46:256–65. doi: 10.1177/0192623318761348 

 70. Díaz-Delgado, J, Groch, KR, Ressio, R, Riskallah, IPJ, Sierra, E, Sacchini, S , et al. Comparative immunopathology of cetacean morbillivirus infection in free-ranging dolphins from Western Mediterranean, Northeast-Central, and Southwestern Atlantic. Front Immunol. (2019) 10:485. doi: 10.3389/fimmu.2019.00485 

 71. Fury, CA, and Reif, JS. Incidence of poxvirus-like lesions in two estuarine dolphin populations in Australia: links to flood events. Sci Total Environ. (2012) 416:536–40. doi: 10.1016/j.scitotenv.2011.11.056 

 72. Segura-Göthlin, S, Fernández, A, Arbelo, M, Felipe-Jiménez, I, Colom-Rivero, A, Almunia, J , et al. The validation of a non-invasive skin sampling device for detecting cetacean poxvirus. Animals. (2021) 11:2814. doi: 10.3390/ani11102814 

 73. Exposto Novoselecki, H, Catão-Dias, JL, Ewbank, AC, Navas-Suárez, PE, Duarte-Benvenuto, A, Lial, HC , et al. Highly divergent herpesviruses in threatened river dolphins from Brazil. Sci Rep. (2021) 11:24528. doi: 10.1038/s41598-021-04059-0 

 74. Felipe-Jiménez, I, Fernández, A, Andrada, M, Arbelo, M, Segura-Göthlin, S, Colom-Rivero, A , et al. Contribution to Herpesvirus Surveillance in Beaked Whales Stranded in the Canary Islands. (2021). doi: 10.3390/ani11071923

 75. Van Bressem, M, Van, Waerebeek K, and Duignan, PJ. Tattoo Skin Disease as an Indicator of Health and Environment Quality in Captive Dolphins. San Francisco, California Ordinal: 21st Biennial Conference on the Biology of Marine Mammals. (2015), 13–18. doi: 10.13140/RG.2.1.3010.9527

 76. Segura-Göthlin, S, Fernández, A, Arbelo, M, Almunia, J, von Fersen, L, Baumgartner, K , et al. Towards understanding host–pathogen dynamics of cetacean poxvirus: attainable approach through the application of a repetitive non-invasive skin sampling in bottlenose dolphins (Tursiops truncatus) under human care. Front Mar Sci. (2023) 10:1125629. doi: 10.3389/fmars.2023.1125629

 77. Cocumelli, C, Fichi, G, Marsili, L, Senese, M, Cardeti, G, Cersini, A , et al. Cetacean poxvirus in two striped dolphins (Stenella coeruleoalba) stranded on the Tyrrhenian Coast of Italy: histopathological, ultrastructural, biomolecular, and ecotoxicological findings. Front Vet Sci. (2018) 5:219. doi: 10.3389/fvets.2018.00219 

 78. Melero, M, García-Párraga, D, Corpa, JM, Ortega, J, Rubio-Guerri, C, Crespo, JL , et al. First molecular detection and characterization of herpesvirus and poxvirus in a pacific walrus (Odobenus rosmarus divergens). BMC Vet Res. (2014) 10:968. doi: 10.1186/s12917-014-0308-2 

 79. Santos FAA, Monteiro, M, Pinto, A, Carvalho, CL, Peleteiro, MC, Carvalho, P , et al. First description of a herpesvirus infection in genus Lepus. PloS One. (2020) 15:e0231795. doi: 10.1371/journal.pone.0231795 

 80. House, JA, Wilson, TM, El, NS, Karim, IA, Ismail, I, El, DN , et al. The isolation of lumpy skin disease virus and bovine herpesvirus-4 from cattle in Egypt. J Vet Diagn Invest. (1990) 2:111–5. doi: 10.1177/104063879000200205 

 81. Abdo, W, Magouz, A, El-khayat, F, and Kamal, T. Acute outbreak of co-infection of fowl pox and infectious laryngotracheitis viruses in chicken in Egypt. Pak Vet J. (2017) 52:321–5.

 82. Sierra, E, Sánchez, S, Saliki, JT, Blas-Machado, U, Arbelo, M, Zucca, D , et al. Retrospective Study of Etiologic Agents Associated with Nonsuppurative Meningoencephalitis in Stranded Cetaceans in the Canary Islands. (2014) 2:2390–7. doi: 10.1128/JCM.02906-13

 83. Sierra, E, Fernández, A, Zucca, D, Câmara, N, Felipe-Jiménez, I, Suárez-Santana, C , et al. Morbillivirus infection in Risso’s dolphin Grampus griseus: a phylogenetic and pathological study of cases from the Canary Islands. Dis Aquat Org. (2018) 129:165–74. doi: 10.3354/dao03248 

 84. Garofolo, G, Petrella, A, Lucifora, G, Di Francesco, G, Di Guardo, G, Pautasso, A , et al. Occurrence of Brucella ceti in striped dolphins from Italian Seas. PLoS One. (2020) 15:e0240178. doi: 10.1371/journal.pone.0240178 

 85. Powell, SN, Wallen, MM, Bansal, S, and Mann, J. Epidemiological investigation of tattoo-like skin lesions among bottlenose dolphins in Shark Bay, Australia. Sci Total Environ. (2018) 630:774–80. doi: 10.1016/j.scitotenv.2018.02.202

 86. Smolarek Benson, KA, Manire, CA, Ewing, RY, Saliki, JT, Townsend, FI, Ehlers, B , et al. Identification of novel alpha-and gammaherpesviruses from cutaneous and mucosal lesions of dolphins and whales. J Virol Methods. (2006). 136:261–6. doi: 10.1016/B978-0-12-804327-1.00116-3

 87. Van Elk, CE, Van De Bildt, MWG, De Jong, AAW, Osterhaus, ADME, and Kuiken, T. Genital herpesvirus in bottlenose dolphins (Tursiops truncatus): cultivation, epidemiology and associated pathology. J Wildl Dis. (2009). 45:895–906. doi: 10.7589/0090-3558-45.4.895

 88. Van Bressem, M-F, Van Waerebeek, K, and Bennett, M. Orthopoxvirus neutralising antibodies in small cetaceans from the southeast pacific. Lat Am J Aquat Mamm. (2006) 5:91. doi: 10.5597/lajam00091

 89. Saliki, JT, Cooper, EJ, Rotstein, DS, Caseltine, SL, Pabst, DA, McLellan, WA , et al. A novel gamma herpesvirus associated with genital lesions in a Blainville’s beaked whale (Mesoplodon densirostris). J Wildl Dis. (2006) 42:148. doi: 10.7589/0090-3558-42.1.142

 90. Grinde, B. Herpesviruses: latency and reactivation – viral strategies and host response. J Oral Microbiol. (2013) 5:22766.

 91. Zhu, S, and Viejo-Borbolla, A. Pathogenesis and Virulence of Herpes Simplex Virus. (2021). 12:2670–2702. doi: 10.3402/jom.v5i0.22766

 92. Cassle, SE, Nelmarie, L-G, Farina, LL, Leone, A, Wellehan, JFX Jr, Stacy, NI , et al. Coinfection by Cetacean morbillivirus and Aspergillus fumigatus in a juvenile bottlenose dolphin (Tursiops truncatus) in the gulf of Mexico. J Vet Diagn Investig. (2016) 28:729–34. doi: 10.1177/1040638716664761 

 93. Maness, HTD, Nollens, HH, Jensen, ED, Goldstein, T, LaMere, S, Childress, A , et al. Phylogenetic analysis of marine mammal herpesviruses. Vet Microbiol. (2011) 149:23–9. doi: 10.1016/j.vetmic.2010.09.035 

 94. Sierra, E, Díaz-Delgado, J, Arbelo, M, Andrada, M, Sacchini, S, and Fernández, A. Herpesvirus-associated genital lesions in a stranded striped dolphin (STENELLA COERULEOALBA) in the Canary Islands, Spain. J Wildl Dis. (2015) 51:696–702. doi: 10.7589/2014-07-185 

 95. van Elk, C, van de Bildt, M, van Run, P, de Jong, A, Getu, S, Verjans, G , et al. Central nervous system disease and genital disease in harbor porpoises (Phocoena phocoena) are associated with different herpesviruses. Vet Res. (2016) 47:28:1–11. doi: 10.1186/s13567-016-0310-8

 96. Melero, M, Rubio-Gueri, C, Crespo, JL, García-Párraga, D, and Sánchez-Vizcaíno, JM. Herpesvirus determination in free-ranging cetaceans stranded in the Mediterranean Sea between June 2010 and June In: International Association for Aquatic Animal Medicine 2015. Chicago, United States: 46th Annual International Association for Aquatic Animal Medicine (IAAAM). (2015)

 97. Bellière, EN, Esperón, F, Arbelo, M, Muñoz, MJ, Fernández, A, and Sánchez-Vizcaíno, JM. Presence of herpesvirus in striped dolphins stranded during the cetacean morbillivirus epizootic along the Mediterranean Spanish coast in 2007. Arch Virol. (2010) 155:1307–11. doi: 10.1007/s00705-010-0697-x 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Viral skin diseases in odontocete cetaceans: gross, histopathological, and molecular characterization of selected pathogens



		1. Introduction



		2. Materials and methods



		2.1. Macroscopic analysis of skin lesions



		2.2. Molecular analysis of skin lesions



		2.3. Phylogenetic analysis



		2.4. Histopathological analysis of skin lesions









		3. Results



		3.1. Macroscopic findings of skin lesions



		3.2. Molecular findings of skin lesions



		3.3. Phylogenetic findings



		3.4. Histopathological and immunochemical findings









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Viral skin diseases in odontocete
cetaceans: gross,
histopathological, and molecular
characterization of selected
pathogens












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






OPS/images/fvets-10-1188105-g005.jpg





OPS/images/fvets-10-1188105-g006.jpg





OPS/images/fvets-10-1188105-g003.jpg





OPS/images/fvets-10-1188105-g004.jpg





OPS/images/fvets-10-1188105-t003.jpg
Skin associated CePV-1(n=22) HV (n =15) CeMV (n=1) Coinfection (n=9)
lesions

Lesions Percentage Lesions Percentage Lesions Percentage Lesions Percentage

(n) (%) (n) (%) (n) (%) (n) (%)
Minimal 4 18.18 2 1333 1 100 0 0
Mild 4 18.18 S 20 o o 3
Hyperkeratosis Moderate 5 272 1 6.67 o o 2
Severe 0 0 o 0 o o 0 0
bl J 59.09 6 40 1 100 5 55.55
Minimal 7 31.81 1 6.66 o o 0 0
Mild 7 3181 ¥ 20 | 100 5 5535
Acanthosis Moderate 1 454 2 1333 o o 1 111
Severe 0 0 o 0 o o 0 0
15 68.16 6 39.99 1 100 6 66.66
Minimal 6 2727 o 0 o o 1 1111
Mild 2 9.09 o 0 o o 3
Ballooning
degeneration Moderate 3 13.63 o 0 o o 2 2222
Severe 1 4.54 o 0 o o 0 0
12 54.53 o o o o 6 66.66
Minimal 2 9.09 o 0 o o 1 1.1
Mild 1 4.54 o 0 o o 0 0
Spongiosis Moderate 0 0 0 0 0 0 0 0
Severe 4 18.18 o 0 o o 0 0
7 3181 0 0 0 0 1 i
Minimal 0 0 3 20 o o 2 2222
Mild 0 0 i 6.66 o o 0 0
Necrosis Moderate 0 0 1 666 0 0 1 1
Severe 0 0 o 0 o o 0 0
0 0 5 3332 o o 3 3333
Satelltosis 0 0 1 667 0 0 1 667
Minimal 4 18.18 1 6.66 o o 0 0
Mild 3 13.63 o 0 o o 0 0
Hyperpigmentation | Moderate 0 0 0 0 0 0 0 0
Severe 0 0 o 0 o o 0 0
7 31.81 (] 6.66 o o o 0
Minimal 0 0 1 6.66 o o 0 0
Mild 0 0 2 1333 o o 0 0
Moderate 0 0 o 0 o o 0 0
Severe 0 0 o 0 o o 0 0
0 0 3 20 o o o 0
Fused rete ridges Minimal 2 9.09 2 1333 o o 2 2222
Mild 0 0 o 0 o o 0 0
Moderate 0 0 ¥ 6.66 1 1 0 0
Severe 0 0 1 666 0 0 0 0
2 9.09 4 26.65 L 4 100 2 2222
ICIBs. 6 27.27 o o o o 6 66.66
INIBs 0 I 1 6.66 o 0 1 6.67
Inflammatory cell Minimal 8 36.36 3 20 1 100 2 2222
infltration Mild 4 18.18 0 0 0 0 3 333
Moderate 1 450 0 0 0 0 0 0
Severe 0 0 3 20 o o 0 0
13 59.09 6 40 1 100 5 55.55
Congestion Minimal 4 1818 2 1333 0 0 1 667
Mild 2 9.09 2 1333 o o 2 2222
Moderate 1 454 o 0 o o 2 2222
Severe 0 0 1 6.66 o o 0 0
7 31.81 ] 3332 o o ] 5111
Dyskeratosis/ Minimal 4 1818 1 6.66 o o 0 0
apoptosis Mild 1 454 0 0 0 0 1 667
Moderate 0 0 o 0 o o 1 6.67
Severe 0 0 o 0 o o 0 0
5 2272 1 6.66 o o 2 13.34
Pearl corns Minimal 0 0 2 JEXS] 0 0 2 22
Mild 0 0 1 6.66 o o 0 0
Moderate 0 0 o 0 o o 0 0
Severe 0 0 o 0 o o 0 0
0 0 3 20 o o 2 2222

“CePV-1, cetacean poxvirus; CeMV, cetacean morbillvirus; HV, herpesvir

Bold indicates the percentages, and underlined numbers represents the highest values.






OPS/images/fvets-10-1188105-t001.jpg
Category Description Gross-findings Incidence

Lesions Percentage
(n=55) (%)

Round to irregular well-
a. Oval- marked lesions with dark
12 21.81
shaped margins and stippled pattern

in the centre.

Case 16 (CET 995) Grampus macrorhynchus Lesion
Al

1. Tattoo-like b. Coalesced  Oval-shaped lesions that have

9" coalesced between each other.

Case 2 (CET 601) Stenella frontalis Lesion Al

Multiple small stippled black
lesions very closely located
c between cach other or even
Serpiginous | coalesced. Their unification
and distribution resulted into

aserpiginous appearance.

Case 3 (CET 642) Stenella frontalis Lesion A1

“This category refers to those
round lighter patches in
contrast to the average

with

coloration of the
2. Black-fringed (19)* blurred black margins. 9 1636
Occasionally, they presented a

Slightly dark pinhole or

irregular jagged pattern in the
centre, Case 21 (CET 1056) Stenella frontalis Lesion A1

“This category comprised those
round black blemishes or
normally colored skin with
3. White-fringed (19)* fade whitish margins. In some 8 1454
cases, an irregular pattern can

be present in the centre of the

lesions.

Case 26 (CET 1138) Stenella frontalis Lesion A1

“This category refers to pale in
4. Pale (19) color and irregular in shape

lesions.

Case 25 (CET 1103) Tursiops truncatus Lesion A2

Irregular shaped open skin
5. Ulcerative (11)* lesions with completely loss of

the epidermis.

Case 20 (CET 1045) Delphinus delphis Lesion A4

“This category presented oval

lesions with dark margins and
6. Target-like (16)* depressed centre that

occasionally could be eroded

or ulcerated.

Case 26 (CET 1138) Stenella frontalis Lesion Ad

Included in this category were
oval flatlesions with uniform
divergent colors from black,
7. Ring (11)* gy, to white, and even 6 1090
almost imperceptible

blemishes that have acquired

the color of the normal skin.
Case 28 (CET 1152) Stenella frontalis Lesion A1

“This category refers to black or

white linear lesions setting out
8. Tortuous tortuous tracts. Additionally,

they can show depressed o

raised pattern.

Case 23 (CET 1067); Lesion A3

“N, number of lesions. Asterisks indicate references from which these categories have been previously established.





OPS/images/fvets-10-1188105-t002.jpg
ID code = Species Lesion PCR results T values Sequences

[GERVETE HV CeMV CePV-1 HV HV
N=21/55  N=15/55 N=1/55

1 CETS566 . coeruleoalba Al WE - - - - - - - = =
2 CET601 S, frontalis Al TL-C + - - 2289 - - ON600451 - -
3 CET642 . frontalis Al TLS + + - 1924 27.19 - ON600452 OM456331 -
4 CET663 D, delphis Al TL-O + - - 2095 - - ON600453 - -
5 CET705 . coeruleoalba Al TLS + - - 2209 - - ON600454 - -
6 CET748 | S. coeruleoalba Al TLS + - - 3210 - - ON600455 - -
7 CET751 | G.griseus Al TLO + - - 20,06 - - ON600456 - -
8 CET947 | D.delphis A3 TL-O + + - 17.73 35.64 - ON600460 OM456332 -
9 CET951 | S. coeruleoalba Al TL-O + + - 3483 24.17 - ONG600461 OM456333 -
10 CET959 | S. coeruleoalba Al u - - - - - - - = =
1 CET969 | G.macrorhynchus | A6 TL-O + - - 3472 - - ON600462 - -
2 CET983 . coeruleoalba A3 TL-C + - - 3513 - - ON600463 - -
3 CET984 | G.griseus A4 TL-O + + - 36.05 36.83 - ONG600464 OM456334 -
14 CET985 . coeruleoalba Al TLS + + - 37.49 3479 - ON600465 OM456335 -
15 CET991 . coeruleoalba A3 R - - - - - - - = =
16 CET995 | G.macrorhynchus | Al TL-O + - - 204 3820 - ON600457 - -
17 CET1020 | T truncatus Al TL-O + + - 1379 3555 - ON600466 OM456336 -
18 CET1035 . coeruleoalba A2 BE - - + - - 232 - - ON314830
19 CET1044 . frontalis Al R - + - - 2921 - - OM456337 -
20 CET1045 | D, delphis A4 u - + - - 3760 - - OM456338 -
21 CET1056 . frontalis Al BE - + - - 2475 - - OM456339 -
2 CET1058 . frontalis Al BE + + - 3841 33.86 - ON600467 OM456340 -
2 CET1067 . frontalis A3 T - + - 3630 3170 - - ON314829 -
2 CET1069 . coeruleoalba Al R + - - 37.21 - - ON600468 - -
25 CET1103 | T truncatus A2 3 - + - - 3531 - - OM456341 -
2 CET 1138 Al WE - + - - 1927 - - OM456342 -
A2 WE - + - - 2390 - - OM456342 -
S. frontalis A3 T - + - - 3580 - - OM456342 -
A4 T - - - - - - - - -
As U - + - - 2122 - - OM456342 -
27 CET1IS1 | T truncatus Al TLS + + - 23.65 32.60 - ON600458 OM456343 -
A3 T - + - - - - - OM456344 -
A4 u - + - - 2987 - - OMa56343 -
A6 R + + - 3180 2852 - ON600458 OM456344 -
3 CET 1152 Al T - + - - 3671 - - OM456345 -
A2 WE - + - - 2137 - - OM456345 -
S. frontalis A3 T - - - - - - - -
A4 R - + - - 3734 - - OM456345 -
As BE - + - - 3468 - - OM456345 -
2 CETNS3 D delphis Al BE - B - - - = N = =
A2 T - - - - N - - = =
A3 BE - - - - - - - = =
30 CET1173 S, frontalis Al TLO + - - 1565 - - ONG600459 - -
A2 TL-O + - - 15.08 - - ONG00459 - -
A3 TL-O + - - 16.42 - - ON600439 - -
A4 BE + - - 3363 - - ON600459 - -
As BE + - - 25.02 - - ON600459 - -
A6 WE + - - 3344 - - ON600459 - -
A7 WE + - - 3179 - - ON600459 - -
A R + - - 3537 - - ON600459 - -
A9 WE + - - 2849 - - ON600459 - -
Al0 WE + - - 1201 - - ON600459 - -
31 CET 1181 Al TL-O + - - 1301 - - ON600469 - -
G. macrorhynchus | A2 TL-C - - - - - - - - -
A3 BE + - - 27.43 - - ON600469 - -
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ing; T, target-like; T, tortuous; TL-C, tatoo-like, coalesced; TL-S, tattoo-like, serpiginous; T1-O, tattoo-like, oval-shaped; P pale; U, ulcerative; W, white-fringed; —, negative. CePV-1 and
HYV coinfected samples are indicated in boldface.
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