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Nowadays, zoos and aquariums, along with the constant advancement of sociocultural moral values, are proactively committed to ensuring and safeguarding cetacean health standards. This entails developing new approaches to health assessments by embracing minimally invasive sampling methods and enhanced animal handling and management, among other aspects. Hence, in the present survey, to appraise skin diseases, the implementation of cytology cell samplers as a non-invasive skin sampling device on 18 bottlenose dolphins housed in two facilities in the Canary Islands during the months of April, October, and December 2019 was performed to isolate cetacean poxvirus in tattoo-like lesions through a real-time PCR-based method using the DNA polymerase gene. Samples were repeatedly collected over time from eleven tattoo-like lesions and from apparently healthy skin to serve as a control for all study animals. From a total of 55 skin samples, detection of the poxvirus was attained in 31 (56.36%); specifically, on 20 of 21 samples collected from tattoo-like lesions (95.23%) and on 11 of 34 samples acquired from apparently healthy skin (32.35%). Correspondingly, the current study constitutes the first report of the isolation of cetacean poxvirus in skin samples without macroscopical signs of tattoo lesions in cetaceans. Likewise, ten of the eleven dolphins that showed tattoo lesions housed in Facility 1 were positive for tattoo skin disease, while four dolphins held in Facility 2 were positive for cetacean poxvirus without ever showing clinical evidence of the disease. This raises the question of whether this pathogen can produce latent infections and whether progression of the disease may depend on environmental stimuli, viral load, or the good health/immunological status of individual animals. Accordingly, further scientific research on cetaceans under human care could provide the knowledge, skills, and resources to understand the host–pathogen dynamics of cetacean poxviruses and their effect on cetaceans’ health.




Keywords: bottlenose dolphins, cetacean poxvirus, cytology cell sampler, health, PCR, skin lesions, under human care




1 Introduction

During the past few decades, growing social concern regarding cetacean well-being has been accompanied by a remarkable ethical awareness of their maintenance in public display facilities (Jiang et al., 2008; Brando et al., 2018; Makecha and Highfill, 2018; Miller et al., 2018). This has forced these establishments to undergo reinvention to adapt to the demands of a constant change in social moral values and culture (Fraser and Switzer, 2021; Miranda et al., 2022). By this means, current modern zoo and aquarium objectives are not only based on ensuring animal conservation but also on promoting public education and recreation and taking part in scientific investigation (Draper and Harris, 2012; Gross, 2015; EAAM, 2019; EAZA, 2019; Rose and Riley, 2022). What these four goals have in common is that, in order to attain them, cetaceans under human care must be provided with the best health conditions possible (Daoust et al., 2014; Brando et al., 2018; Samelius, 2018; Wolfensohn et al., 2018).

A common approach to assessing animal health in zoos is to perform qualitative assessments through animal-based resources that relate to physical health and/or the prevalence and incidence of diseases and injuries, among others (Broom, 1991; Lerner, 2008; Clegg et al., 2015; Salas and Manteca, 2016; Whitham et al., 2017). For instance, the body condition score, commonly used in farm animals, is beginning to be applied to bottlenose dolphins under human care with the aim of assessing their nutritional status and overall health (Wells et al., 2004; Clegg et al., 2015; Patterson, 2016; Castrillon and Nash, 2020). Another proposed physical bodily measure of health is the quantification of rake marks as an indirect measure of aggression in cetaceans. This has already been applied to other studies (Pettis et al., 2004; Scott et al., 2005; Clegg et al., 2015). Further, best animal management and handling practices, along with the fulfillment of ethical matters, go hand in hand with animal health assessments (Lauderdale et al., 2021a; Schilling et al., 2022). Thus, the goal of any investigation developed in those facilities might be conducted along with the enhancement of innovative approaches and/or the improvement of sampling techniques to assess their well-being through minimally- or non-invasive methods, usually aiming to avoid long-lasting manipulations of animals (Zemanova, 2020; Schilling et al., 2022). Hence, different methods that minimize impact while sampling marine mammals in managed care have been reported, including the use of exhaled breath condensate to examine respiratory-associated microbial microorganisms (Lima et al., 2012), rubberized scrapers to obtain sloughed skin to further determine skin cortisol concentrations (Bechshoft et al., 2015), or swabs to collect saliva (Rickert et al., 2022), among others.

Accordingly, a previous study (Segura-Göthlin et al., 2021) proved the feasibility of using cytology cell samplers (CCS) as a skin sampling method to detect cetacean poxvirus (CePV) on sloughed skin when compared to skin biopsies on stranded cetaceans. The results showed that slightly increased sensitivity to further molecular isolation of this pathogen was gained through sloughed skin collected with this device in contrast to biopsied samples. Thus, CCS could serve as a novel and reliable skin sampling technique for cetaceans under human care, with the view that it might be a potential alternative to avoid invasive and enduring manipulations as well as minimize the risk of affecting their well-being during the procedure. Although CePV is currently not known to be lethal (van Elk et al., 2000), it is thought to be a potential health indicator due to the relative ability to distinguish their characteristic skin blemishes known as “tattoo-like” lesions, which show gray, black, or yellowish color with an irregular stippled pattern (Powell et al., 2018; Rodrigues et al., 2020; Luciani et al., 2022) and because its clinical manifestation has been implied to be the reflection of long-term environmental pressures, making the animals more susceptible to disease (Van Bressem et al., 2009b; Bossart and Duignan, 2018; Koch et al., 2018). In line with the aforementioned and because of their distinctive macroscopical appearance, a significant extent of what has been reported regarding CePV consists of photographic surveys identifying tattoo-like lesions in free-ranging cetaceans, assuming their emergence is related to CePV infection (Van Bressem et al., 2003; Riggin and Maldini, 2010; Fury and Reif, 2012; Powell et al., 2020). However, despite being highly recognizable, it is important to diagnose CePV in those lesions using diagnostic-based methods to confirm tattoo skin disease (TSD) and avoid subjective assumptions.

Since its first description through transmission electron microscopy (TEM) about several decades ago (Flom and Houk, 1979; Geraci et al., 1979; Van Bressem et al., 1993; Van Bressem and Van Waerebeek, 1996), which is considered, together with PCR techniques, the key diagnostic methods for CePV identification (Blacklaws et al., 2013; Barnett et al., 2015; Luciani et al., 2022), poxvirus-like lesions have been reported worldwide (Van Bressem et al., 2022). Through these assays, despite the limited available sequencing data, it has been possible to ascribe this viral pathogen to an unclassified genus within the Chordopoxvirinae subfamily, which subsequently includes two described groups: CePV-1 in odontocetes and CePV-2 in mysticetes (Sacristán et al., 2018b). Hence, these characteristic skin blemishes have been distinguished in a notable number of cetacean species, from small cetaceans such as porpoises to larger ones like southern right whales (Baker, 1992; Van Bressem et al., 1993; Raga et al., 1999; Bracht et al., 2006; Fiorito et al., 2015; Yang et al., 2015; Cocumelli et al., 2018). Even though this skin disease does not exclusively affect free-ranging cetaceans, only a few studies have reported its emergence in cetaceans under human care, in contrast to what has been described in wild populations (Flom and Houk, 1979; Ridgway, 1984; Cao et al., 2017; Terio et al., 2018). Nevertheless, the accessibility of marine mammals in housed conditions might provide an opportunity to gain a more detailed view of a wide range of features, which in this regard may contribute to a better understanding of CePV host–pathogen interactions and their possible effects on cetaceans’ health. Hence, the aim of the present study was to implement the use of CCS, a non-invasive skin sampling device, as an alternative to skin biopsies by validating their efficacy in detecting CePV in “tattoo-like” lesions in cetaceans in managed facilities. This is intended to corroborate tattoo skin disease (TSD) through evidence-based methods and prove cetaceans in house conditions to serve as an attainable model to improve our knowledge of the health of these marine mammals.




2 Materials and methods



2.1 Study animals

Eighteen bottlenose dolphins (Tursiops truncatus), which were housed in two different outdoor pool enclosures in two public display facilities in the Canary Islands, Spain, participated in the present survey. In addition, eight dolphins were held in Rancho Texas Lanzarote Park (Facility 1, FAC1), forming a pod only composed of males. Loro Parque (Facility 2, FAC2) housed the remaining ten animals, where both female and male dolphins formed the group. Dolphins vary in age, establishing three different categories based on their reproductive history (Robeck et al., 2008; Ijsseldijk et al., 2019). Generally, most of the animals were born under human care, specifically second-generation offspring, and they have been kept in almost two different zoos throughout their lives. Both establishments held bottlenose dolphins in five interconnected closed life support pools with a total volume of salt water of more than 7 million liters and a support system of chlorine and ozone. Aside from the temperature of the water, which was regularly monitored to prevent it from exceeding 25°C, dolphins experienced normal fluctuations in environmental conditions, including the day/night cycle and weather temperature.

In FAC1, two study animals (FAC1-N6 and FAC1-N7) had recently been moved from an indoor facility in Germany precisely one month before starting this study. At first, these animals were maintained separately from the main group to comply with appropriate quarantine procedures. During the study, they were gradually allowed to join the social group and subsequently allowed to mix with the other animals, always being controlled by trained animal care staff. Regarding dolphins held in FAC2, dolphin enclosures were freely connected, leaving the gates open, allowing animals to voluntarily perform social mixes within the female and male groups. Sometimes, staff coordinated those mixes to avoid unpredictable breeding or to manage training and medical sessions.




2.2 Sample collection

Skin sample collection was performed at different times throughout the year in 2019. Further, three different visits to FAC1 were conducted in the months of April, October, and December, while one visit was undertaken to FAC2 at the end of October. Unlike animals from this last facility, those housed in FAC1 showed tattoo-like lesions that appeared over different periods of time, which allowed for both macroscopic appraisal and sampling over time. Table 1 provides an overview of general animal information and their individual contributions to the current survey. Skin was sampled from both tattoo-like lesions and apparently healthy skin using CCS, which are sterile plastic swabs with a tip coated with a brush with soft-like texture that rapidly and efficiently dislodge cells in much the same way as described in Segura-Göthlin et al. (2021) (Segura-Göthlin et al., 2021), but with the difference that the present study was accomplished on bottlenose dolphins under professional care in place of stranded cetaceans. Samples were collected by the same person on every visit: the head dolphin trainer or the principal investigator of the present study. Moreover, they were collected individually and on a one-to-one basis in order to prevent cross-contamination. Collecting samples from apparently healthy skin was performed with the aim that they could serve as a control in each sampling procedure.


Table 1 | Overview of the study animals and collected skin samples.



Sloughed skin was collected by gently brushing the surface of the epidermis of the lesions (Figures 1A, B). With the objective of standardizing the sampling protocol, samples of skin that presumably did not show any lesions macroscopically were intended to be collected at the same location for each individual. Thus, a considerable amount of loose skin was easier to obtain from the dorsal fin of the individuals, in addition to being an area where samples can be collected without the risk of being submerged in water. Consecutively, CCS tips from each sample were introduced into 1.5 ml sterile RNAse- and DNA-se-free microcentrifuge tubes (Thermofisher Scientific, Madrid, Spain), to which 1 ml of RNAlater Stabilization Solution (Thermofisher Scientific, Madrid, Spain) had previously been added, aiming to preserve both RNA and DNA qualities. Plastic stems were cut to the level of the microcentrifuge tubes’ tops, allowing the closure of the vials with the bristled top of the swabs embedded in RNAlater inside of them. Microcentrifuge tubes were stored at room temperature until their subsequent molecular analysis, which was performed within a working week.




Figure 1 | Non-invasive skin sampling of tattoo-like lesions in a housed bottlenose dolphin (FAC1-N7) with cytology cell samplers at Facility 1. (A) FAC1-N7 is voluntarily rearing its head on the surface of the water by the edge of the pool, allowing a trainer to collect skin samples. Lower inset: close-up detail of the gentle brushing of two near tattoo-like lesions located adjacent to the blowhole. (B) While FAC1-N7 is maintaining the same position, the trainer can collect sloughed skin from a second tattoo-like lesion that is located over the right eye.



Skin samples from this study were collected in parallel with photo identification of the skin lesions and animals. Firstly, whole body images were taken from each side of the dolphins, aiming to have a correct perspective of the localization as well as the size of the lesions. To achieve this, dolphins were voluntarily beached or positioned on the surface of the water along one side of the edge of the pool. Furthermore, close-up images allowed for an improved evaluation of the appearance of the tattoo-like lesions.

DNA extraction from sloughed skin samples was carried out through the DNeasy™ Blood and Tissue Kit (Qiagen, Inc., Valencia, CA, USA) with some adaptations as thoroughly explained in Segura-Göthlin et al. (2021) (Segura-Göthlin et al., 2021). Subsequently, the molecular detection of CePV-1 was performed using a real-time polymerase chain reaction (q-PCR) method to amplify a conserved region (150 bp) of the DNA polymerase gene by using the degenerate primer sets designed by Sacristán et al. (2018a) (Odontopox-F: 5’-CARGAAATMAAAAAGAARTTTCCATC-3’, and Odontopox-R: 5’-ACGTTCTGTTAARA AYCGTCTTAGTA-3’). Negative (nuclease-free water) and positive controls previously confirmed by our group for both extraction and amplification were included. The PCR products from positive lesions were purified using a commercial kit (Real Clean Spin kit 50 Test-REAL) and then sequenced using Sanger DNA sequencing (Secugen S.L., Madrid, Spain). The amplicon identities were confirmed with BLAST (www.ncbi.nlm.nih.gov/blast/Blast.cgi).





3 Results



3.1 Study animals and sample collection

In the present survey, eleven samples from tattoo-like skin lesions that were evolving and/or showed different stages that appeared and remitted during three different periods of 2019 were repeatedly collected, obtaining, therefore, a total of 21 samples from those lesions. Furthermore, ten apparently healthy skin samples from animals belonging to FAC2 were collected with eight periodically collected skin samples from the housed dolphins in FAC1. In this way, 34 skin samples were acquired without macroscopical evidence of being affected. This resulted in the collection of 55 skin samples.



3.1.1 First sample collection

A first sample collection was undertaken in April 2019 at FAC1. In this instance, ten skin samples were collected: two from tattoo-like lesions and eight from apparently healthy skin. FAC1-N6, one of the males that came from a facility in Germany one month before starting the present study, showed multiple and variable tattoo-like skin lesions all over the body on the first day it joined the dolphinarium. However, by the time the study started, only two remaining tattoo-like lesions on the left ear (A1) and the right side of the peduncle (A2) were present. Macroscopically, both lesions were oval-shaped, well delimited with a stippled pattern in the center, and associated with rake marks (Figure 2). The first lesion (Figure 2A) was smaller in size (3.5 × 2.2 cm) and slightly clearer than the second one (4.5 × 4.5 cm), which was gray in color with black borders (Figure 2D). Similarly, in the case of FAC1-N7, another male that had also recently arrived at the dolphinarium, all tattoo-like lesions apparently went into remission. Thus, after just one month since these individuals joined the dolphinarium, almost all lesions disappeared. Accordingly, both tattoo-like lesions from FAC1-N6 were collected using CCS. Additionally, eight other samples of apparently healthy skin collected from the dorsal fins of each of the eight animals that formed the pod were also sampled. By this time, FAC1-N6 and FAC1-N7 were independent of the rest of the social group.




Figure 2 | Macroscopic development of two tattoo-like lesions between April and December 2019 in a bottlenose dolphin (FAC1-N6) at Facility 1. (A–C) Progress of lesion A1: a delimited oval tattoo-like lesion with a stippled pattern in the center that appeared to be associated with the left ear of the dolphin. (A) The lesion shows a black border with an evident pattern of dark dots in the center, but with some unaffected clear areas (3.5 × 2.2 cm) in April. (B) In October, a newly formed oval tattoo-like lesion appears associated with the initial one, increasing its size (5.5 × 3.5 cm). The border is still evident, but its black color is not that accentuated. A copious stippled pattern affecting the whole interior area of the lesion is observed. (C) The lesion has slightly increased in size (6 × 4 cm). The area where the new lesion appeared is slightly raised with marked dark dots in contrast to the rest of the blemish. (D–F) Progress of lesion A2: a delimited oval tattoo-like lesion with a stippled pattern in the center, associated with rake marks, and located on the peduncle of the dolphin. (D) The lesion is well-delimited with a thick black border, and an inner pinpoint pattern that is darker in the center than the closer areas of the margins (4.5 × 4.5 cm). (E) In October, the lesion apparently did not evolve significantly. (F) The lesion shows a slight increase in size with a thinner border and a diffuse stippled pattern (5 × 6.5 cm).






3.1.2 Second sample collection

A total of 26 skin samples were collected in October 2019. Eight samples were from tattoo-like lesions and 18 from supposedly healthy skin from both FAC1 and FAC2 individuals. Lesions from FAC1-N6 were systematically sampled. The lesion associated with the left ear doubled in size (5.5 × 3.5 cm), apparently coalescing with another new tattoo-like lesion that seemingly appeared and was superimposed over the initial lesion (Figure 2B). On the other hand, a lesion localized on the peduncle apparently remained in the same aspect (Figure 2E). Rake marks remained perceptible in both lesions. Furthermore, a third tattoo-like lesion appeared on the right dorsal flank of the animal and was collected (1.5 × 1 cm). On this second visit, FAC1-N7 showed multiple tattoo-like lesions on the melon and both flanks. They were different in size, and most were associated with rake marks. Two of those lesions were sampled, which were situated on the right side of the melon just beneath the blowhole and over the right eye. The first was two close-up tattoo-like lesions (1.5 × 1 cm and 2 × 1 cm) (Figure 3A), and the second seemed to show up as three tattoo-like lesions that had coalesced between each other (2.5 × 1 cm) (Figure 3C). During the summer and part of autumn, these two bottlenose dolphins were gradually introduced to the main group during staff-controlled sessions, participating in training and medical sessions as well as the show. Other two animals of the pod (FAC1-N2 and FAC1-N8) showed tattoo-like lesions that were particularly small (1 × 0.5 cm and 0.5 × 0.5 cm, respectively) (Figures 3E, G). Generally, they appeared on the melon of the dolphins and were also associated with rake marks. A total of two skin samples were collected from the lesions of both animals. A fourth individual (FAC1-N5) presented an irregular pale blemish that corresponded to the regression stage of a tattoo-like lesion and was situated dorsal to the right pectoral fin. Additionally, apparently healthy skin samples were collected from all the animals that were integrated into the group. It is important to highlight that the increase in interaction marks in every animal in the pod was notable compared to the beginning of the study.




Figure 3 | Macroscopical development of four tattoo-like lesions between October and December 2019 in three bottlenose dolphins (FAC1-N7, FAC1-N2, and FAC1-N8) at Facility 1. (A, B) Progression of lesion A1; tattoo-like lesion on the melon of dolphin FAC1-N2. (A) An oval tattoo-like lesion with a marked dark pinpoint pattern on the dorsal part of it, which could correspond to the beginning of the emergence of the margins of the lesion (1 × 0.5 cm). (B) In December, the lesion appeared well-delimited and slightly bigger in size (1.8 × 1.2 cm). (C, D) Progression of lesion A1; two nearby tattoo-like lesions located close to the blowhole and associated with rake marks on dolphin FAC1-N7. (C) Lesions showed slender black margins with a pronounced inner pinpoint pattern and were almost the same size (left lesion: 1.5 × 1 cm; right lesion: 2 × 1 cm). (D) In December, both lesions showed hardly any changes, neither in aspect nor size. (E, F) Progression of lesion A2: three coalesced tattoo-like lesions associated with rake marks and located next to the right eye on dolphin FAC1-N7. (E) In October, three oval tattoo-like lesions that apparently are coalescing between each other can be clearly distinguished, still appreciating the black outer margins of each lesion (2.5 × 1 cm). (F) In December, those lesions had almost completely merged with each other, with the margins that visually separated them (2.5 × 1 cm). (G, H) Progression of lesion A1; tattoo-like lesion on the melon of dolphin FAC1-N8. (G) Small tattoo-like lesion with marked margins that seemingly does not fully limit the lesion. It shows a dark center without a stippled pattern, and it is associated with rake marks (0.5 × 0.5 cm). (H) In December, the lesion appears to have coalesced with another with the same appearance and an increase in size (1.2 × 0.8 cm). Rake marks were no longer perceptible.






3.1.3 Third sample collection

In December 2019, the eight skin lesions described previously were consistently collected among the other three new ones, in addition to the other eight samples obtained from skin without macroscopical evidence of being affected, obtaining in this manner a total of 19 skin samples. Concerning tattoo-like lesions from FAC1-N6, both lesions from the ear and peduncle continued to increase. The lesion associated with the left ear reached 6 × 4 cm at the end (Figure 2C), and the one on the peduncle was 5 × 6.5 cm (Figure 2F). In addition, the third tattoo-like lesion that appeared on the dorsal right flank associated with a significant incision apparently maintained the same size but darkened slightly in color. Apparently, lesions collected from the melon of FAC1-N7 remained the same (Figure 3B) in contrast to the others that appeared on the right eye, which, by this time, appeared almost completely coalesced (2.5 × 1 cm) (Figure 3D). It must be noted that we observed the increased presence of rake marks with associated tattoo-like lesions on both flanks (Figure 4A). Lesions from FAC1-N2 and FAC1-N8 also continued to evolve until the day of sampling (Figures 3F, H). The lesion on FAC1-N2 located on the melon was darker in color and slightly enlarged (1.8 × 1.2 cm) with a well-marked dark border (Figure 3F). The associated rake marks were no longer perceptible. A small, new tattoo-like lesion was also observed on the tip of the same individual. The lesion from FAC1-N8 appeared to coalesce with another tattoo-like lesion with the same aspect as the initial one (1.2 × 0.8 cm) (Figure 4A). Furthermore, the amount of interaction marks in the melon and flank areas of this individual was remarkable, which, in turn, presented multiple small, associated pinpoint lesions (Figures 4B, C). By this time, the apparently regressive tattoo-like lesion that FAC1-N5 previously showed was no longer observable. Despite the foregoing, skin samples from this area were collected. The other three remaining individuals in the group also showed tattoo-like lesions, which were systematically sampled. FAC1-N3 and FAC1-N4 presented multiple pinpoint lesions associated with rake marks all over the body (Figure 4D). FAC1-N1 showed small tattoo-like lesions on the melon. Moreover, up to this point, all animals had formed a unique group and shared all the pools.




Figure 4 | Rake marks with associated tattoo-like and pinpoint lesions in three bottlenose dolphins at Facility 1. (A) Several short and nearly healed discontinuous interaction marks were followed one by another along the right lateral side of FAC1-N3. Lower inset: zoomed-in image of two coalesced tattoo-like lesions associated with barely noticeable interaction marks. (B) Several apparently superficial rake marks are randomly arranged, tracing different trajectories over the right lateral flank of FAC1-N7. Lower inset: note some small, tattoo-like lesions disposed close to rake marks. (C) Numerous rake marks showing different healing stages on the caudal area of the blowhole of FAC1-N8. A few almost imperceptible, small, pinpoint, and tattoo-like lesions are associated with the wounds. Lower inset: zoomed-in image of three coalesced tattoo-like lesions associated with rake marks. (D) Nearly healed, clear rake marks distributed in different directions on the right flank of FAC1-N8. Lower inset: with this interaction, small tattoo-like lesions are associated.







3.2 Molecular findings

From the 55 skin samples collected in the present survey, a total of 31 resulted in positive identification of CePV-1 (56.36%). Specifically, this pathogen was molecularly isolated in 20 of the 21 total samples collected from the eleven tattoo lesions in the present study (95.23%) and in eleven of the 34 total apparently healthy skin samples (32.35%). Table 2 specifies the samples, individual animals, and time at which CePV-1 was detected. On the first visit to FAC1, the two tattoo-like lesions that were observable on FAC1-N6 were positive for CePV-1. Subsequently, in October, there were five more tattoo lesions from four different individuals (FAC1-N2, FAC1-N5, FAC1-N7, and FAC1-N8) and the resurging of a new lesion from FAC1-N6, from which CePV-1 was isolated. Thus, considering that detection of CePV-1 was continuedly achieved in the two previous lesions from FAC1-N6, CePV-1 was isolated in a total of eight samples by this time. Those lesions continued to be positive on the third visit. Additionally, at that time, samples from three newly tattoo-like lesions that appeared on three more dolphins from the pod (FAC1-N1, FAC1-N3, and FAC1-N4) were collected and were also positive for CePV-1. In this way, a total of ten samples tested positive for CePV-1 on this last visit. To summarize, 20 samples collected from eleven tattoo-like lesions at different timepoints were positive for CePV-1. On the other hand, CePV-1 was also isolated in eleven of the 34 skin samples collected from which tattoo lesions were not macroscopically identified. Those samples were collected in every visit performed at FAC1 and FAC2. They were sampled from the same body part of each dolphin, specifically the dorsal fin, aiming to standardize the sampling method and avoid areas where lesions frequently appeared. In this manner, despite CePV-1 not being detected on either of the skin samples collected at the first visit, its isolation was achieved in October 2019 from six individuals: two bottlenose dolphins from FAC1 and four from FAC2. Furthermore, on the last visit carried out on FAC1, another five samples obtained from presumed healthy skin were positive for CePV-1. Consequently, it appears that, over time, isolation of CePV-1 from more skin samples is achieved, whether from tattoo-like lesions or apparently healthy skin from individuals with FAC1.


Table 2 | Molecular results from the 18 bottlenose dolphins of the present study.



A wide range of cycle threshold values (Ct) are observed. Among samples collected from tattoo-like lesions, the one from which higher viral loads were obtained was the lesion that appeared on the melon of FAC1-N2 on the second visit performed, with a Ct value of 15.35. In contrast, FAC1-N5 presented with lesions with a lower viral load and a Ct value of 35.25 in December. It is important to note that this lesion appeared in an apparently regressive state, showing a slightly paler, almost imperceptible color than the surrounding skin. Focusing on the dolphins whose skin lesions persisted and were sampled more than once, it is notable that they generally showed lower Ct values during the first sampling compared to the following collections, which could indicate that viral loads decreased over time. Hence, while lesions A1 from FAC1-N2 and FAC1-N8 showed Ct values of 15.35 and 18.20 in October, both values slightly increased to 17.94 and 23.13, respectively. Moreover, lesions A1 and A2 collected from FAC1-N6 remained with similar Ct values during the two first collections but were slightly raised in December. Additionally, a third lesion that appeared on the tip of the same animal in October and was repeatedly sampled in December presented a noted decrease in viral loads, changing from showing 16.10 to 30.55 Ct values, respectively. Accordingly, an evident correlation between these molecular results and the gross appearance of the latter lesion can be established, as it macroscopically evolved from a tattoo-like pattern into an irregular pale regressive lesion, which could explain the lower viral load from the last collection. The same association could be made with the regressed lesion of FAC1-N5, which turned out to show Ct values of 30.19 to 35.25 when it was barely distinguishable. Importantly, FAC1-N7 was the only animal that showed an increased viral load in one of its lesions (A2) at the end of the study, which might suggest possible reactivation of the lesion. Notwithstanding the observed slight increases in Ct values in tattoo lesions over time, lesions generally maintained a high viral load.

Regarding samples collected from areas of skin where lesions were macroscopically not distinguishable, CePV-1 was detected in almost one-third of the samples (32.35%). All samples from which the pathogen was detected showed low viral loads, with Ct values ranging from 34.24 to 39.33. However, there was one sample that showed a high viral load with a Ct value of 24.89 and was collected from FAC1-N2. Further interpretation of molecular results and their association with the macroscopic appearance of the lesions is considered in the Discussion section.

A CePV-1 DNA polymerase product of 98 bp from the 31 positive skin samples of the present survey was obtained. Accordingly, the same sequence was acquired from the eleven TSD-positive bottlenose dolphins of both zoological parks, whether they showed clinical evidence of the disease or not.





4 Discussion

So far, cetacean skin has been considered an essential matrix for understanding and acquiring an approximate approach to the overall health of these marine mammals (Mouton and Botha, 2012; Aubail et al., 2013; Barlow et al., 2019; Van Cise et al., 2020). Among the range of information that it can provide in relation to health, skin diseases constitute one of the most documented concerns, having their emergence related to environmental stressors such as anthropogenic threats, the exposure to persistent pollutants, and climate change, among others (Wilson et al., 1999; Van Bressem et al., 2009a; Bressem et al., 2015; Koch et al., 2018). However, little has been reported regarding skin diseases in cetaceans living in managed facilities (Thurman et al., 1983; Leamaster and Ostrowski, 1988; Ueda et al., 2013; Duignan et al., 2020). Much of the available information is related to free-ranging cetaceans. In view of the above, together with the fact that skin diseases might be both considerably visible and feasible to study in housed conditions in contrast to wild environments, appraising skin diseases in marine mammals under human care could potentially have great value not only in acquiring a better comprehension of their epidemiology and host-pathogen dynamics but also in assessing the overall health of cetaceans (Clegg et al., 2015).

Skin biopsies and sloughed skin collected with scalpels have been the sampling methods of choice with the aim of molecular diagnosis of specific pathogens in skin lesions in cetaceans, whether in the wild or under human care (Flom and Houk, 1979; Palmer et al., 1991; Esperón et al., 2012). Nevertheless, the employment of those techniques has been questioned because of their invasiveness (Harlin et al., 1999; Bearzi, 2000; Parsons et al., 2003; Kiszka et al., 2010; Noren and Mocklin, 2012; Schilling et al., 2022). This is largely due to ethical advances in the research field, which have advocated the refinement of sampling methods to limit the presumed discomfort that they may induce in the animals and safeguard their well-being, among other approaches. Thus, the present survey is one of the few studies that tries to address the importance of monitoring skin diseases in cetaceans under human care by managing to scientifically corroborate the presence of CePV-1 in tattoo-like lesions without compromising the well-being of individuals through the employment of a non-invasive sampling device.

Through CCS, sufficient desquamating epidermis was obtained by rubbing the surface of the skin several times without compromising it. This is in contrast to other skin sampling procedures used on cetaceans under human care that require deep sampling to maximize material recovery, thereby damaging the skin. As has previously been reported (Raga et al., 1999; Geraci and Lounsbury, 2005; Bracht et al., 2006; Van Bressem et al., 2009a; Powell et al., 2018), most tattoo-like lesions were located in the dorsal areas of the animal, mainly on the melon and lateral flanks. In this manner, whether the animals were voluntarily beached or remained at the exterior of the water at any place of the pool, each skin sample was collected without directly touching the water. This likely improved the adherence of sloughed skin to the bristles. Moreover, collection was neither time-consuming nor laborious. This is due, in part, to the high cellular turnover rate of cetacean skin, which facilitates the collection of sloughed skin (Flom and Houk, 1979; Geraci et al., 1979). Additionally, trainers at both participating facilities completed the skin sampling procedure without the need for dolphins to have undergone previous operant conditioning training (Lauderdale et al., 2021b). Thus, gently rubbing their skin with the bristles of the CCS was rather similar to scratching, which is a positive stimulus commonly used in training sessions at dolphinariums as a supportive reward (Clegg et al., 2019). Likewise, through the employment of CCS, further isolation of CePV-1 in the present survey was attained. Hence, this device could be considered a reference for an innovative sampling method to collect enough epidermal material for the molecular isolation of pathogens without creating discomfort or perturbing animal wellbeing.

Almost all bottlenose dolphins from FAC1, at different times, showed similar tattoo lesions with their characteristic round to oval shape and stippled pattern at the center. Generally, lesions were small and appeared solitary, mostly on the melon or lateral flanks of the animals. Macroscopically, almost all the sampled lesions did not generally undergo any substantial change other than a part of them turning slightly darker with widening borders and barely enlarging as previously described (Sacristán et al., 2018b), and certain ones coalescing between each other. However, there was one individual (FAC1-N5) that showed a tattoo lesion that, at the time of collection, was hardly perceptible and had apparently evolved to a healed stage, according to the denotation given in prior descriptions (Van Bressem et al., 2009b; Sacristán et al., 2018b), to finally disappear on the third visit. With this, it is understood that the macroscopic progression of the lesions of a housed social group continuously sharing the same environment might be divergent and independent of the rest of the pod, observing different stages of the lesions between animals. Thus, while some lesions remained persistent during the same period, others had disappeared. This suggests that what has previously been reported about tattoo lesions can progress in a distinctive manner over time (Geraci et al., 1979; Van Bressem et al., 2008). Furthermore, the might also be applied from an individual standpoint because, besides showing persistent tattoo lesions, animals also presented other poxvirus-like lesions that appeared and rapidly remitted in a short period of time, impeding their collection on time.

Between the months of April and December 2019, molecular isolation of CePV-1 was attained from ten tattoo-like lesions repeatedly collected over time from seven bottlenose dolphins held in FAC1. Thus, molecular corroboration of TSD was achieved in seven of the eight animals. Correspondingly, there was one individual (FAC1-N1), for whom, despite the identification of tattoo lesions at the end of the study, isolation of CePV-1 could not be achieved. However, notwithstanding this negative result, it is highly likely that this dolphin presented with TSD as all the members of the social group contracted the infection over time. This is likely since an inappropriate sampling collection was carried out, resulting in the collection of insufficient sloughed skin. Another possible explanation may be that an incorrect genomic DNA procedure on this skin sample was unintentionally conducted. Either way, excluding the latter, all tattoo lesions sampled in the present study resulted in a positive diagnosis of CePV-1.

One of the most notable findings of the present study was the molecular isolation of CePV-1 from apparently healthy skin. Thus, skin that does not show macroscopic evidence of lesions compatible with poxvirus from the dorsal fin of the 18 bottlenose dolphins in the current study was collected along with the sampling of tattoo-like lesions, aiming to serve as a control for further DNA extraction. Unexpectedly, this resulted in the detection of CePV-1 in eleven apparently healthy skin samples collected from five individuals from FAC1 and four dolphins housed in FAC2. To our knowledge, this is the first report in which the isolation of CePV-1 from apparently healthy skin in cetaceans is achieved. Further, in a prior study carried out by Melero and co-workers (Melero et al., 2014), performed on another marine mammal, specifically a Pacific walrus (Odobenus rosmarus divergens) held under human care, the authors detected poxvirus in the skin and in other organs such as the pre-scapular and tracheobronchial lymph nodes and tonsils, without the animal showing gross lesions. The amplicons obtained had a striking similarity to CePV-1. Inevitably, the molecular detection of CePV-1 in the absence of clinical evidence raises several questions. A possible explanation for these results might be related to the high sensitivity of q-PCRs, which can sometimes highlight increased probabilities of contamination and possible subsequent false-positive data (Opota et al., 2015). Contamination can be due to the circulating cell-free DNA brought from the environment, which raises another question of whether the detection of CePV-1 was due to the presence of viral particles in the water interfering with the sample rather than its isolation in apparently healthy skin. However, in order to detect the virus in this medium, specific protocols for pathogen concentration are normally required, as has been proven in multiple studies focused on the isolation of infectious agents that persist and are transmitted by aquatic means (Albinana-Gimenez et al., 2009; Girones et al., 2010). In addition, even though PCR is a very sensitive detection technique, in zoological conditions, pools are subjected to continuous disinfection treatments, which might significantly reduce the concentration of the virus (Girones et al., 2010; Lanrewaju et al., 2022). However, CePV-1 was also detected in apparently healthy skin samples from bottlenose dolphins from FAC2, a completely different scenario where tattoo-like lesions had not been reported in any of the dolphins. To date, thanks to the medical history carried out both by veterinarians and with the help of trainers, none of the dolphins on this establishment have ever shown clinical signs of the disease, and no molecular diagnostics of CePV have been performed. Accordingly, these results suggest that the latter individuals may have been developing the skin disease in a subclinical manner. Thus, CePV-1 could be present or even proliferating, resulting in the absence of clinical signs of the disease, which may be due to a low infective dose of the viral agent, and/or good animal health and/or the immunological status of the infected individuals, thus impeding disease progression. Correspondingly, Ct values from these apparently healthy skin samples showed remarkably low viral loads, ranging from 35.29 to 39.14, which could be one of the reasons why the skin disease did not eventually develop. With this last hypothesis, it could be deduced that low infective concentrations of the pathogen could have been present in areas of skin where there was no clinical evidence of poxvirus-like lesions in the bottlenose dolphins from FAC1, and that a route of entry through damaged skin may have been necessary for the development of the lesion. In this context, it is observed that Ct values obtained from these supposedly healthy skin samples indicated significant low viral loads, with values ranging from 30.89 to 38.8, which could support the hypothesis above stated. However, caution must be exercised when making these assumptions, as the present study, to our knowledge, is the first reported to date that has attempted to perform molecular analyses to detect poxvirus in apparently healthy skin in cetaceans.

Interestingly, the same sequence was derived from both tattoo lesions and skin samples without clinical evidence of the disease in dolphins from both FAC1 and FAC2 facilities. Besides, this amplicon showed a high homology of 99.10% and a query cover of 100% to the published sequence obtained from bottlenose dolphins in Brazil by Sacristán and co-workers (GenBank accession no. KU726612). A plausible interpretation of the fact that bottlenose dolphins kept under managed care showed a strain of CePV-1 with such remarkable similarities to another obtained from wild populations might reside in the likelihood that this pathogen has persisted through generations among housed cetaceans worldwide since the introduction of original wild-caught individuals around the 90s (Van Waerebeek et al., 2006), with the capability to be latent and cause subclinical infections in individuals without giving rise to the skin disease until reactivation by certain stimuli. Although there is no scientific evidence that corroborates TSD in the originally introduced and captured wild bottlenose dolphins, most of which came from Caribbean populations (Fisher and Reeves, 2007; Brownell and Reeves, 2008), prior reports have isolated CePV-1 sequences with high similarities to the one in question from social pods throughout the North and South Atlantic Seas (Sacristán et al., 2018a; Luciani et al., 2022), strengthening the possibility of the persistence of the virus along this geographical area. Furthermore, apparently this strain does not exclusively infect bottlenose dolphins, as quite homologous sequences have been detected in an Atlantic spotted dolphin and in a striped dolphin stranded along the Canary and Mediterranean coasts (Sacristán et al., 2018a; Segura-Göthlin et al., 2021). In this manner, the fact that it might have been transferred among different free-ranging cetacean species could indicate a high incidence of infection in wild populations. Moreover, supporting the latter hypothesis, a recent study from Rodrigues and co-workers (Rodrigues et al., 2020) achieved the isolation of a CePV-1 sequence from classic tattoo-like lesions from a managed Indo-Pacific bottlenose dolphin (Tursiops aduncus) kept in an oceanarium in Hong Kong, which also showed maximum likelihood with the above-mentioned strain (Bracht et al., 2006). The latter not only supports what is already known about the high distribution of this viral skin disease and the wide range of cetacean species that may be affected in the wild, but also raises the presumption that the same could also be happening in cetaceans held in zoos and aquariums around the world.

Little has so far been reported about the incidence of TSD in cetaceans under human care, which could represent a breakthrough in our understanding of the disease and the health of animal populations in captivity and in the wild. Up until now, some studies have suggested that environmental factors could influence the emergence of tattoo-like lesions in housed individuals. Thus, it has been found that water temperature changes at facilities that are in places where they experience notable fluctuations in the weather contribute to the emergence of tattoo-like lesions. In this way, elevated water temperatures favor the remission of the lesions, while reduced temperatures presumably encourage their presence (Gulland et al., 2018; St Leger et al., 2018). Comparing these observations with our current findings, it is assumed that the present survey was carried out in two facilities located on the Canary Islands, where subtropical temperatures are mild and stable throughout the year within the range of 18–24°C without noticeable interference with the water conditions (Bechtel, 2016). Certainly, bottlenose dolphins from FAC1 were gradually contracting the skin disease between the months of April and December, being that almost all animals were TSD-positive at the end of the year, coinciding with the winter season. However, it is very likely that this may be due to the progressive introduction of two CePV-1-positive bottlenose dolphins (FAC1-N6 and FAC1-N7) to the rest of the group, which could have led to the spread of the disease rather than mere variations in water temperature. Nevertheless, it is important to note the almost complete disappearance of the tattoo lesions in these two individuals during their first weeks of arrival at the enclosure, which could have been linked to environmental differences between the facility these dolphins came from and the one they were introduced to. Furthermore, the introduction of two new members of the pod caused a sustained reestablishment of the social hierarchy and, in turn, a gradual increase in interaction marks, which is normal behavior among this species (Scott et al., 2005; Clegg et al., 2015; Clegg et al., 2019). This survey reinforces what has previously been described in studies of cetaceans under managed care, noting that a great part of the emerging tattoo lesions in the present study were associated with rake marks (Van Bressem et al., 2017; St Leger et al., 2018). This suggests these discontinuities in the skin as a potential route of entry for the pathogen (Van Bressem et al., 2008; Mouton and Botha, 2012; Savini et al., 2017). In this manner, as interaction marks between animals increased, a higher prevalence of lesions was observed, as well as TSD-positive individuals.

Correspondingly, the current survey has served to probe whether CCS is a practical device in that it allows skin samples to be taken promptly and non-invasively without causing harm or affecting the well-being of the animals during the collection, being assertive in isolating CePV-1 from sloughed skin. Moreover, it is adaptable for trainers and caretakers due to the ease of performing the sampling and the unnecessary need to restrain or even capture the animals during clinical/health assessments, avoiding the stress that these procedures entail. Taken together, this CCS is a conceivable and innovative tool to enhance veterinary and husbandry practices to assess the health of captive cetaceans, which is an important target for zoos and aquariums. Furthermore, through this device, it has been possible to confirm with scientific corroboration what has previously been reported in relation to the epidemiology of this skin disease. Thus, tattoo lesions macroscopically evolve and persist on cetacean skin in an independent and indefinite manner and seem to recurrently disappear and appear. This supports hypotheses regarding the persistent nature of CePV infections due to a possible latent phase for a considerable period, where the virus is quiescent until reactivation is triggered by environmental stimuli or health conditions, as it could occur with the increase of intraspecific interactions due to imbalances in the social environment or fluctuations in water temperatures. However, even though this research constitutes one of the few prospective studies held on CePV in cetaceans under human care, it must be noted that additional longitudinal studies of this skin disease should be carried out to gain better scientific knowledge concerning host–pathogen interaction dynamics. Hence, in this article, we illustrate the significance of developing research in cetaceans under human care, which could be of significant value in taking steps towards improving and understanding animal health both in housed conditions and in the wild, and to progress on the conservation of these marine mammals.
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SKIN SAMPLES LOCATION ORIGIN CePV CT
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FACI-N1 A0 Dorsal fin Healthy skin N 388 -
Al Melon Tattoo-like NA NA ol
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Al Melon Tattoo-like NA 1535 17.94
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Al Dorsal fin Tattoo-like NA 30.19 3525
FAC1-N6 A0 Dorsal fin Healthy skin = = 34.96
| Al Left ear | Tattoo-like 19.16 [ 19.81 24.76
A2 Peduncle Tattoo-like 17.26 18.56 2122
A3 Tip | Tattoo-like NA 16.10 30.55
FAC1-N7 A0 Dorsal fin : Healthy skin - 3424 34.54
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* CePV, cetacean poxvirus; HV, herpesvirus; CT, cycle threshold; NA, not applicable; —, negative.
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COLLECTION DATE
SEX BORN FACILITY  SKIN SAMPLES = LOCATION ORIGIN

APRIL  OCTOBER  DECEMBER

A0 Dorsal fin Healthy skin v v v
FACI1-N1 A M Dolphinarium FAC1

Al Melon Tattoo-like - - v

A0 Dorsal fin ~ Healthy skin v 7 v
FAC1-N2 A M Dolphinarium FAC1

Al Melon Tattoo-like - - 4

A0 Dorsal fin Healthy skin v v v
FACI1-N3 A M Dolphinarium FAC1

Al Peduncle Tattoo-like - - v

A0 Dorsal fin Healthy skin v v v
FAC1-N4 A M Dolphinarium FAC1

Al Melon Tattoo-like - - v

A0 Dorsal fin Healthy skin v v v
FACI1-N5 ) M Dolphinarium FAC1

Al Dorsal fin Tattoo-like v v

A0 Dorsal fin Healthy skin v v v

Al center ear Tattoo-like v v v
FACI-N6 ] M Dolphinarium FAC1

A2 Peduncle Tattoo-like v v v

A3 Tip Tattoo-like - v v

A0 Dorsal fin ~ Healthy skin v v v
FAC1-N7 ] M Dolphinarium FAC1 Al Blowhole Tattoo-like - v v

A2 center eye Tattoo-like - v v

A0 Dorsal fin Healthy skin v v v
FACI-N8 ] M Dolphinarium FAC1

Al Dorsal side Tattoo-like - v v
FAC2-N1 A M wild FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N2 A F wild FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N3 A F wild FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N4 A M Dolphinarium FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N5 A F Dolphinarium FAC2 A0 Dorsal fin Healthy skin = v -
FAC2-N6 A F Dolphinarium FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N7 A M Dolphinarium FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N8 ] F Dolphinarium FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N9 A M Dolphinarium FAC2 A0 Dorsal fin Healthy skin - v -
FAC2-N10 (& M Dolphinarium FAC2 A0 Dorsal fin Healthy skin - v -

* A, adult; G, calve; F, female; FAC, facility 1; FAC2, facility 2; J, juvenile; M, male; ¥/, sample collected;

, sample not collected.
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