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The first cetacean circovirus, beaked whale circovirus (BWCV), was recently reported in a Longman’s beaked whale (Indopacetus pacificus) stranded in Hawai‘i and represents an emergent disease with unknown population impacts. In other species, circovirus infection may cause mortality or opportunistic co-infection by other pathogens. We report on a targeted surveillance of stranded cetaceans in the Pacific basin, including archived beaked whale species, strandings where pathological findings suggested disease presence, mass stranded animals, and additional individuals to represent a broad range of Hawaiian cetacean species. Archived tissues primarily from the brain, kidney, liver, lung, spleen, and lymph nodes of individuals stranded between 2000 and 2020 (n=30) were tested by PCR for the presence of BWCV. Suspect positive tissue amplicons were confirmed as BWCV through sequencing. Of the screened individuals, 15 animals tested positive in one or more tissues, with a single striped dolphin (Stenella coeruleoalba) testing positive in all six tissues. The highest rate of detection among positive cases was found in the brain (69%), followed by lymph (67%) and lung tissues (64%). Additionally, co-infections of cetacean morbillivirus (n=3), Brucella ceti (n=1), and Toxoplasma gondii (n=1) were found among the positive cases. These results expand the potential host range for BWCV into ten additional odontocete species. New host species include a dwarf sperm whale (Kogia sima) that stranded on O‘ahu in 2000, predating the initial case of BWCV. The results broaden the known geographic range of BWCV to Saipan in the Western Pacific, and American Samoa in the South Pacific, where stranded Cuvier’s beaked whales (Ziphius cavirostris) tested positive. Although the clinical significance is currently unknown, this study demonstrates that BWCV has a high prevalence within targeted cetacean screening efforts. Infectious diseases pose a major threat to cetaceans and BWCV may represent an important emerging disease within populations spanning the central, Western, and South Pacific.
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Introduction

Circoviruses are small, non-enveloped viruses with a circular genomic structure of single-stranded DNA (Breitbart et al., 2017). Circoviruses have long been recognized for their impact on mortality in the pet trade and agricultural industries, causing psittacine beak and feather disease in parrots, as well as porcine respiratory disease complex and post-weaning multi-systemic wasting syndrome in pigs (Crowther et al., 2003; Rose et al., 2012; Fogell et al., 2018). New viral species are recognized when nucleotide similarity to existing species falls below 80% (Breitbart et al., 2017) and in recent years many novel species and strains of circoviruses have been discovered, although their pathological significance can be difficult to discern. Many of these new circoviruses have been found in mammals, with recently discovered novel species being present in pandas, elk, wolverines, bats, and the first marine mammal (Fisher et al., 2020; Landrau-Giovannetti et al., 2020; Lecis et al., 2020; Bandoo et al., 2021; Dai et al., 2021). Additionally, novel avian strains have been discovered within species of duck and penguin, the latter of which was connected to a feather-loss disorder, demonstrating that pathogenicity is present in these emergent viruses (Morandini et al., 2019; Levy et al., 2020; Wang et al., 2021).

Circovirus infections do not always result in a pathogenic response, though many of the strains across various species can cause negative health impacts (Gavier-Widén et al., 2012). Disease due to pathogenic circovirus strains includes necrosis and inflammation in the brain, lung, liver, heart, spleen, intestine, and lymph tissues (Woods and Latimer, 2000; Rampin et al., 2006; Seo et al., 2014; Bexton et al., 2015; Yang et al., 2015). These viruses are frequently associated with respiratory illnesses (Lin et al., 2011; Seo et al., 2014; Chen et al., 2021) and several wasting diseases (Gavier-Widén et al., 2012; Seo et al., 2014; Yang et al., 2015). Circoviruses have been directly linked to reproductive failure and mortality in fish, birds, and swine, often in newly hatched or young offspring, although these outcomes can be found in infected juveniles and adults as well (Woods et al., 1993; Lőrincz et al., 2011; Grasland et al., 2013; Yang et al., 2015). There is also the potential for indirect negative impacts to infected hosts, with lymphoid depletion observed in cases of chronic circovirus infections that may indicate immune suppression (Yang et al., 2015; Mao et al., 2017; Palinski et al., 2017). Co-infections by other viruses and bacteria have been documented in both mammals and birds found to be infected with circoviruses (Zaccaria et al., 2016; Dal Santo et al., 2020; Lagan Tregaskis et al., 2020; Zhen et al., 2021).

Circovirus transmission can occur through multiple vectors and between different species. Horizontal transmission has been documented through direct contact with infected secretions such as feces, urine, and airborne respiratory aerosols (Patterson, 2010; Verreault et al., 2010; Rose et al., 2012). Vertical transmission from parent to offspring in mammals has been documented in transplacental investigations, dietary supplementation of pregnant test subjects, as well as embryonic survival studies (Mateusen et al., 2007; Ren et al., 2013; Dong et al., 2016). It has also been proposed as a likely route of transmission for avian circovirus strains (Li et al., 2014; Wang et al., 2016). Circoviruses have been shown to cross from one species to another (Firth et al., 2009; Zhai et al., 2017; Li et al., 2019). Porcine circovirus has been demonstrated to cross between species at the family level with a strain of porcine circovirus 2 being able to pass back and forth between swine and buffalo (Zhai et al., 2017). At the Order level, an avian strain of circovirus was recently found in the rainbow bee-eater (Merops ornatus), a Coraciiform species, when previously it had been thought to be restricted to Psittaciform and Columbiform birds, and it is presumed that circovirus transmitted from one Order of birds to another (Peters et al., 2014; Sarker et al., 2015). It is currently unknown if and how marine mammal circoviruses may transmit in terms of vectors and/or among and between different species.

The full genome of the first known marine mammal circovirus was characterized in a Longman’s beaked whale (Indopacetus pacificus) that stranded in Maui, Hawai‘i in 2010, which is now recognized as beaked whale circovirus (BWCV) (GenBank Acc. No. MN103538.1) (Landrau-Giovannetti et al., 2020). Longman’s beaked whales have been described as the second most poorly known of all whale species, with fewer than 20 strandings having occurred world-wide (Kobayashi et al., 2021). The potential threats that this species may face are poorly understood, including the population level impact of infectious disease. The stranded Maui, Hawai‘i individual was co-infected with both morbillivirus and herpesvirus at time of death, confounding the ability to determine if the pathology observed can be attributed to the presence of circovirus that was later discovered in archived tissues from this same individual (West et al., 2013; Landrau-Giovannetti et al., 2020). Necropsy and histopathology findings from the Longman’s beaked whale infected with BWCV included pathology that is common to pathogenic circoviruses in other species, including lymphoid depletion and pulmonary edema, but these may also be associated with the co-infections described in this individual and/or a result of the immunosuppressive effect of circovirus infections documented in other species (West et al., 2013; Seo et al., 2014; Pendl and Tizard, 2016).

Sequencing of the full BWCV genome allowed for the development of DNA primers and subsequent polymerase chain reaction (PCR) amplification of the viral DNA to test a suite of tissues for BWCV presence in the infected Longman’s beaked whale which were all positive by PCR (Landrau-Giovannetti et al., 2020). To our knowledge, the Longman’s beaked whale represents the only marine mammal tested by PCR to date for the presence of a circovirus. This investigation aimed to determine if BWCV was limited to a single Longman’s beaked whale stranding, or if the virus may be present among other cetacean species. We conducted PCR screening for this virus in archived tissues from previously stranded individuals that represent a wide range of cetacean species (13 total species). Other objectives involved investigating the potential spatial and temporal scope of BWCV presence across the Pacific basin. In order to address this, we included previously stranded cetaceans from the main Hawaiian Islands, American Samoa, Guam, and the Commonwealth of the Northern Mariana Islands in our screening, as well as archived samples dating back to 2000 to better understand the emergence of beaked whale circovirus in the Pacific.



Materials and methods


Animal selection

To investigate the presence of circovirus among cetacean species throughout the Pacific Ocean basin, 30 previously stranded individuals were targeted for screening of BWCV presence (Table 1). Selected specimens for screening included the following: five Cuvier’s beaked whales (Ziphius cavirostris), a Blainville’s beaked whale (Mesoplodon densirostris), five short-finned pilot whales (Globicephala macrorhynchus) that mass stranded in 2017, and seven pygmy killer whales (Feresa attenuata) that stranded during a prolonged mass stranding event in 2019, as well as a humpback whale (Megaptera novaeangliae), a sperm whale (Physeter macrocephalus), a dwarf sperm whale (Kogia sima), a false killer whale (Pseudorca crassidens), a melon-headed whale (Peponocephala electra), and several species of dolphin. Tissues tested were obtained from the University of Hawai‘i Health and Stranding Laboratory’s tissue archive of cetaceans that have stranded in Hawai‘i and other regions of the Pacific since 1998, from animals with carcass condition codes of 2 and 3 (Geraci and Lounsbury, 2005). Field and laboratory necropsies of stranded animals included detailed gross examination of organs and tissues and collection of tissue samples. Initial cases selected for this study were archived beaked whale species, being that the virus was initially discovered in a Longman’s beaked whale. Stranded animals of other species with pathological findings associated with infectious disease, as well as those with confirmed presence of other diseases, were also selected for testing. Finally, representatives from mass stranding events that have occurred in Hawai‘i were investigated, as disease has been linked to mass strandings in other regions (Garrigue et al., 2016; Mazzariol et al., 2017; Vargas-Castro et al., 2020). Additional individuals were selected for screening to represent a broad assessment of the various cetacean species that regularly inhabit the region (Baird, 2016).


Table 1 | Stranded cetacean cases tested for presence of beaked whale circovirus.






BWCV detection by PCR

Tissues selected for testing from each individual targeted samples of brain, lung, kidney, spleen, liver, and lymph tissue (Table 1). When these specific tissues were unavailable, other available tissue types were substituted in order to test at least 6 different tissues from each individual when possible. Two cases had less than a full suite of tissues available, SL-2287 and PM-3464, which had three and five tissues available respectively for analysis. Brain and lung tissues from the original Longman’s beaked whale BWCV case were used as a positive control throughout the screening process (Table 2). DNA was extracted from tissue samples using DNeasy Blood and Tissue kits (Qiagen, Germantown, Maryland) and quantified using a Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts). Utilizing traditional polymerase chain reaction (PCR), each tissue extract was run in triplicate to test for the presence of BWCV. The PCR protocol used primers and thermocycler settings adapted from Landrau-Giovannetti et al., 2020, that were based on gene sequences obtained from both capsid and replication-associated proteins. The BWCV forward primer 5’ CTTCAGATTCCCCGTCAAGA 3’ and BWCV reverse primer 5’ GTCTCCCCACAATGGTTCAC 3’ were used with an initial denaturation at 94°C for five minutes, 40 cycles of denaturing at 94°C for 30 seconds, annealing at 56°C for 30 seconds, and extension at 72°C for 30 seconds, with a final extension step at 72°C for five minutes. A no template control was utilized in all runs to check for primer dimerization and ensure the quality of results.


Table 2 | Animal cases that tested positive for beaked whale circovirus, their demographics, and detected presence of other infections.



Amplified products were visualized through gel electrophoresis, with bands of 400bp in size indicating the likely presence of BWCV. Bands from the positive control and a minimum of one band from each positive case were excised from the gels and the PCR product was cleaned using Qiaquick PCR and Gel Cleanup Kits (Qiagen, Germantown, Maryland). Amplified DNA was sequenced at the Advanced Studies in Genomics, Proteomics, and Bioinformatics lab at the University of Hawai‘i.



Phylogenetic analyses

Phylogenetic analyses were performed on the resultant sequences for comparison to the BWCV reference genome (GenBank Acc. No. MN103538.1), as well as to other recognized and recently discovered circovirus genomes, including those closest in genetic similarity to BWCV (Landrau-Giovannetti et al., 2020). Geneious Prime v.2022.2.1 software and the NCBI BLAST database were then used to annotate, align, and perform analyses on the study sequences. The MAFFT Alignment v.1.5.0 plugin was used under default parameters to align the sequences and the MrBayes v.3.2.6 plugin was used to produce phylogenetic trees based on Bayesian parameters with a General Time-Reversible substitution model using a 1,100,000 chain length and 100,000 burn-in length (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003; Katoh and Standley, 2013).




Results

Of the thirty animals that were tested in this study, fifteen animals were positive for BWCV in one or more tissues (Table 1). Among these cases, brain tissue was the most consistently positive tissue type (69%), followed by lymph tissue (67%) and lung tissue (64%). BWCV was detected in lower frequencies in kidney, liver, and spleen tissue of positive cases. 

Positive cases were detected among ten different species that have stranded or were by-caught in the Pacific Islands region since 2000, bringing the total to eleven known cetacean species with BWCV when including the initial Longman’s beaked whale (Figure 1). New species where BWCV was detected as part of this screening effort included Cuvier’s beaked whales (n=3), Blainville’s beaked whales (n=1), sperm whales (n=1), dwarf sperm whales (n=1), spinner dolphins (Stenella longirostris) (n=3), striped dolphins (Stenella coeruleoalba) (n=1), Fraser’s dolphins (Lagenodelphis hosei) (n=1), melon-headed whales (n=1), false killer whales (n=1), and short-finned pilot whales (n=2, both from a single mass stranding event) (Table 2). Positive cases were found in seven adults (out of 15 tested), six subadults (out of 11 tested), one calf (out of three tested), and one neonate (only individual representing this age class). Both males and females were positive for the virus. The majority of these positive cases occurred geographically within the main Hawaiian Islands (n=12), on the islands of Hawai‘i, Kaua‘i, Maui, Moloka‘i, and O‘ahu. Two of the BWCV positive Cuvier’s beaked whales stranded in the Western and South Pacific. Stranding locations of positive Cuvier’s beaked whales included American Samoa and Saipan in the Commonwealth of the Northern Mariana Islands. A single positive individual was by-caught approximately 700 km south of the main Hawaiian Islands.




Figure 1 | Stranding locations of beaked whale circovirus positive animals. Hawaiian Islands (n=13, *initial Longman's beaked whale); Saipan (n=1); American Samoa (n=1). Location of open ocean by-caught false killer whale not pictured. Base map source: ESRI, GEBCO, NOAA, National Geographic, DeLorme, NaturalVue.



The average percent similarity of all study sequences to the BWCV reference genome was 96.7%. The average query cover was 93.3%, with 13 of the individuals greater than 97.8%. Two outliers were apparent, SL-4200 (spinner dolphin) and GM-4462 (short-finned pilot whale), having a query cover of 71.5% and 33.0% respectively. Because of the low query cover and short length of the final sequence of GM-4462, it was not included in the phylogenetic analyses performed, although it was still deemed positive based on its comparison to GenBank reference genomes. Phylogenetic analyses of these sequences produced results that support high similarity between infected individuals and significant difference from other species of circovirus (Figure 2). The posterior probability (PP) of the analyzed study sequences and the BWCV reference genome was 1, indicating high confidence in the consensus tree. Within this group there was an additional division including sequences from a striped dolphin (SC-4690), spinner dolphin (SL-2287), and a Cuvier’s beaked whale (ZC-1099) (PP=0.65). The reference genomes with the next closest similarity to the BWCV grouping included bat circovirus (GenBank Acc. No. KX756986), canine circovirus (GenBank Acc. No. JQ821392) and bamboo rat circovirus (GenBank Acc. No. MF497827).




Figure 2 | Bayesian phylogenetic tree showing relationships between study sequences (red), BWCV reference genome (blue), and other circoviruses (black). Posterior probabilities are denoted at branching nodes.



Co-infections were present among some of the BWCV positive individuals (Table 2). The initial Longman’s beaked whale, a sperm whale, a Blainville’s beaked whale, and a Fraser’s dolphin were co-infected with cetacean morbillivirus (West et al., 2013; West et al., 2015; Jacob et al., 2016; West et al., 2021). In addition to morbillivirus, an alpha herpesvirus was present in the Longman’s beaked whale and Brucella ceti in the neonate sperm whale (West et al., 2013; West et al., 2015). Disseminated toxoplasmosis was diagnosed in an adult male spinner dolphin (Landrau-Giovannetti et al., 2022). A presumed healthy pelagic false killer whale in robust body condition that was by-caught outside of the Exclusive Economic Zone off Hawai‘i tested positive for BWCV, but did not show signs of systemic disease.

This study detected positive cases across the entire time span of the archived samples tested, from 2000 to 2020. The majority of the positive cases were found in animals that stranded in the latter half of this time frame (10 of the 15 positive cases occurring after 2010), which is consistent with increased carcass recovery and necropsy efforts during this time.



Discussion

Findings from this study have significantly increased our understanding of BWCV in marine mammals, including the expansion of known host species, the geographic range of BWCV presence, and further insight into when this infectious agent may have emerged in the central Pacific. Our results indicate 50% prevalence of BWCV among the 30 individual cetaceans tested, and demonstrates that despite being named beaked whale circovirus, this recently identified circovirus species can infect a number of other host cetacean species. The current study confirms the discovery of BWCV in ten new cetacean species in addition to the initial Longman’s beaked whale case and includes individuals of diverse age and sex classes. BWCV was found in two additional species from family Ziphiidae (beaked whales), as well as in animals from the families Delphinidae (oceanic dolphins), Kogiidae (dwarf and pygmy sperm whales) and Physeteridae (sperm whales). This suggests that this virus is wide-spread across odontocete species in the central Pacific, with infections likely in a greater number of cetacean species than we report, due to the fact that more than 20 cetacean species have been documented in the waters around Hawai‘i (Baird, 2016). Not all species were investigated in this study, and only a very limited number of individuals were screened for the species that were examined. Of the 13 cetacean species where a small number of representative individuals were screened in the current study, only 3 species were found to be negative for BWCV: rough-toothed dolphins (Steno bredanensis) (n=1), humpback whales (n=1), and pygmy killer whales (n=7), the last of which only tested individuals that were part of a prolonged mass stranding event, and thus did not vary significantly by time or location. It would be valuable to test additional solitary stranding cases of species where BWCV was not detected. Additionally, this study focused predominantly on odontocetes, with the screening of only a single mysticete. Future work in the Pacific should increase screening of individuals representing each species tested to date and investigate presence in other cetacean species that inhabit the region but have not yet been assessed for BWCV.

In terms of geographic scope, our findings indicate that BWCV is a much more wide-spread virus than suggested by the isolated case of the Longman's beaked whale stranding on Maui. Our results show that BWCV is present in cetacean hosts across the Pacific basin, including the central, Western and South Pacific (Figure 1). Infected individuals were identified across the Hawaiian archipelago, on the islands of Hawai‘i, Kaua‘i, Maui, Moloka‘i, and O‘ahu. Our results also indicated positive circovirus findings in Cuvier’s beaked whales that stranded in Saipan in 2011 and American Samoa in 2015. The high genetic similarities between BWCV positive cases from the central, Western, and South Pacific and the BWCV reference genome suggests that these infections represent the same strain of BWCV described in the Longman’s beaked whale stranded on Maui (Figure 2). This high similarity is somewhat surprising considering distances exceeding 6,000 km between locations in the Pacific basin where BWCV positive animals were identified. With such a high prevalence rate, combined with the greatly expanded geographic scope identified, future work should include testing of marine mammals from other locations in both the Pacific and globally. It is currently unknown if BWCV is present in cetaceans from other ocean basins of the world.

The current study provided a unique opportunity to investigate the emergence of BWCV in the central Pacific. The initial discovery of BWCV occurred 10 years after the stranding of the Longman’s beaked whale in 2010, where the stranding cause was attributed to morbillivirus (West et al., 2013; Landrau-Giovannetti et al., 2020). Our screening of archived tissues detected BWCV in 4 of 6 tested tissues in a dwarf sperm whale that stranded in 2000 on the island of O‘ahu, which indicates that BWCV had emerged in the central Pacific at least 10 years prior to the initial case (Landrau-Giovannetti et al., 2020). Other infectious diseases recently described from the Pacific Islands region have indicated a date discrepancy between their discovery and evidence of earlier emergence. In the case of beaked whale morbillivirus, this strain of morbillivirus was first identified from a stranding in 2010 but was later found in a humpback whale that stranded in 1998, indicating that it had been present in the region for at least 12 years prior to its discovery (West et al., 2013; Jacob et al., 2016). It is currently unknown when BWCV emerged in the central Pacific but this study demonstrates its persistence for over a 20-year period that dates back to the year 2000.

Circoviruses have a broad range of effects on their hosts, many times associated with severe impacts to the brain and lungs (Seo et al., 2014; Bexton et al., 2015). Lymphoid depletion commonly occurs with infections of several strains of circoviruses, which is suggestive of immunosuppression (Yang et al., 2015; Mao et al., 2017; Palinski et al., 2017). Canine circovirus (GenBank Acc. No. JQ821392), determined to be of relatively close relation to BWCV, is known to cause pathologic lesions of internal tissues (Li et al., 2013; Kubiski, 2017). The most frequently positive tissues examined in this study were the brain, lung, and lymph tissues which are commonly infected by pathogenic circoviruses (Yang et al., 2015; Palinski et al., 2017; Opriessnig et al., 2020). Co-infection by other pathogens is common with other circoviruses (Yang et al., 2015). Cetacean morbillivirus, a potentially fatal disease, was found in four of the BWCV cases from the Pacific Islands, including the initial Longman’s beaked whale case, as well as a neonate sperm whale, a subadult Blainville’s beaked whale, and a Fraser’s dolphin infected with a novel morbillivirus strain (West et al., 2013; West et al., 2015; Jacob et al., 2016; West et al., 2021). Fatally disseminated toxoplasmosis was found in an adult spinner dolphin that was positive for BWCV (Landrau-Giovannetti et al., 2022). Brucella was present in several of the tissues of the neonate sperm whale and likely caused the pathology observed, and an alpha herpesvirus was also described in the initial Longman’s beaked whale, making both of these cases tri-infections (West et al., 2013; West et al., 2015). The individuals with BWCV and confirmed co-infections had respiratory disease, lymphoid depletion and poor body condition indicative of wasting (Landrau-Giovannetti et al., 2020; Landrau-Giovannetti et al., 2022; West et al., 2021). Conversely, other positive cases had no apparent pathology observed. In particular, the pelagic false killer whale that was by-caught by a fishing vessel was found to be infected with BWCV in several tissues, including brain, lung, liver, and mediastinal lymph node. At the time of necropsy, the animal was assessed as in robust body condition and gross pathology was not observed. However, this animal was frozen on board the fishing vessel where it was by-caught prior to coming to port which limited histopathological examination in this case.

Through this study, BWCV has been shown to have a range of host species, yet transmission vectors of this virus remain unclear. In other cetacean diseases, vertical transmission is believed to occur in utero, as well as through infected milk ingestion during nursing, as has been observed in both Brucella and morbillivirus infections (Guzmán-Verri et al., 2012; Van Bressem et al., 2014). The discovery of BWCV in both a neonate sperm whale and a Cuvier’s beaked whale calf suggest these are likely routes of infection. Horizontal transmission of porcine circovirus 2 has been documented through direct contact with infected secretions such as feces, urine, and airborne respiratory aerosols (Patterson, 2010; Verreault et al., 2010; Rose et al., 2012). Horizontal transmission of cetacean viruses, such as morbillivirus, papillomavirus, and herpesvirus are assumed to occur by physical contact and the transfer of bodily fluids, via inhalation of aerosols exhaled from infected individuals (blow), reproductive activity, or other social behaviors. This is further supported by the presence of unique viral strains in multiple cetacean species that inhabit Pacific waters (Gottschling et al., 2011; Jo et al., 2018; Weiss et al., 2020; Sierra et al., 2022), and this study similarly contributes to the identification of BWCV in 11 of these species. Considering the highly social nature of cetacean groups and that different cetacean species interact, it is probable that cross species infections of BWCV and other diseases occur. Several of the cetacean species with observed interspecies interactions in Hawaiian waters were positive for BWCV in this study, including melon-headed whales, pilot whales, spinner dolphins, Cuvier’s beaked whales, Blainville’s beaked whales, and false killer whales (Baird, 2016).

Future work should focus on investigating the clinical significance of such a high prevalence rate in a targeted screening and examine the pathologies observed in co-infected and non co-infected individuals in order to identify BWCV infection associated disease. The current study focused on six tissues per animal, but an increased sample size would aid in establishing the breadth of infection in archived and newly stranded animals, and in evaluating the extent of systemic infection. This would allow for a more detailed analysis of the distribution of the pathogen among tissues. Investigations into the potential pathogenicity of BWCV are important in light of the high prevalence rate. While traditional PCR is effective at detecting viral sequences and ideal for a broad screening effort, it provides limited insight into clinical manifestations. The current study did not address the pathological significance of BWCV but instead focused on a PCR screening effort to investigate prevalence. Additional methods, such as testing that focuses on cellular effects would aid in describing the pathological significance of BWCV. In situ hybridization (ISH) binds viral DNA specific probes to infected tissues, labeling them by chemical or radioactive means, which allows for visualization of viral inclusion bodies, aiding in determination of the level of infection and impact to the infected cells. Similar to ISH, immunohistochemistry (IHC) provides another potential method to better understand BWCV by visualizing viral infection through histological staining and microscopy, although IHC procedures focus on labeling the antigens within infected cells, rather than the DNA labeled in ISH. This will likely require the development of BWCV associated antibodies through in vivo injection and antibody isolation from the tissues of test animals. Commercially available antibodies for other strains of circovirus are unlikely to exhibit enough genetic similarity for cross reactivity to be successful in BWCV IHC staining. Implementation of such methodology would allow for a detailed analysis of BWCV infections and its cellular effects. This study demonstrated the wide-spread presence of BWCV among cetacean species and across geographic locations throughout the Pacific over the past 20 years, yet much still remains to be learned about the clinical significance of this emerging cetacean disease.
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FAG599  Feresaattonata Pygmykiler  Sugar Besch, Mavi ER Brin, lun, Kidney spln,lver,
while marginal LN
FASISS  Feresaattenuata Pygny iler Mai i Brin, lung, Kidney spln,liver,
whale marginal LN
FA2937  Feresaattonata Pygmy ilr Mt i Brin lamg Kidney. speen, v,
whale marginal LN
FA7995  Ferwaatonsata Pygmykiler  SugarBeach, M 2 Brin, lung, kidney, splen,liver,
whale marginal LN
PC290  Prudorca Fasekiller e Open Water Pacific 2 Brain lung! lver, medisstinal 1N Kidney spleen
crassidens Ocean
MNS2S  Megaptera Humphack  Hale © Lono harbor, 3 Lung, Kidney, live,thymus,
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