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Targeted surveillance detected
novel beaked whale circovirus
in ten new host cetacean
species across the Pacific basin

Cody W. Clifton1,2*, Ilse Silva-Krott2, Michael G. Marsik3

and Kristi L. West1,2

1Human Nutrition, Food, and Animal Sciences, College of Tropical Agriculture and Human
Resources, University of Hawaı́i at Mānoa, Honolulu, HI, United States, 2Health and Stranding Lab,
Hawaı́i Institute of Marine Biology, University of Hawaı́i at Mānoa, Kānéohe, HI, United States,
3National Marine Fisheries Service Pacific Islands Regional Office, National Oceanic and
Atmospheric Administration, Pago Pago, American Samoa
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 beakedwhale 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
Frontiers in Marine Science 02
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
frontiersin.org
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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).
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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.

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

Animal
ID

Species Common
name

Stranding
location

Condition
code

Positive tissues Not detected

KS-3903 Kogia sima Dwarf sperm
whale

Kailua, O‘ahu 2 Brain, lung1, spleen, liver Kidney, adrenal

SB-5974 Steno bredanensis Rough-toothed
dolphin

Puakō, Hawai‘i 2 - Lung (2), kidney, adrenal, spleen,
heart

SL-6326 Stenella longirostris Spinner dolphin Wai‘anae, O‘ahu 2 Brain1, lung, kidney Spleen, liver

ZC-8534 Ziphius cavirostris Cuvier’s beaked
whale

Kaunakakai,
Moloka‘i

2 Lung, kidney, mesenteric LN,
tracheobronchial LN1

Spleen, liver

SL-2287 Stenella longirostris Spinner dolphin Kailua-Kona, Hawai‘i 2 Brain, kidney1, liver -

MD-2108 Mesoplodon
densirostris

Blainville’s
beaked whale

Mā’alaea, Maui 2 Lung, kidney1, mediastinal LN Brain, spleen, liver

PM-3464 Physeter
macrocephalus

Sperm whale Lāʻie, O’ahu 2 Mediastinal LN1 Lung, kidney, spleen, liver

ZC-1099 Ziphius cavirostris Cuvier’s beaked
whale

Saipan 2 Lung, kidney, spleen, liver1,
mediastinal LN

Brain

ZC-4990 Ziphius cavirostris Cuvier’s beaked
whale

Merizo, Guam 2 - Brain, lung, kidney, spleen, liver, lung
LN

ZC-2247 Ziphius cavirostris Cuvier’s beaked
whale

American Samoa 2 Brain1, kidney, spleen Lung, liver, lung LN

SL-4200 Stenella longirostris Spinner dolphin Kona, Hawai‘i 2 Marginal LN1 Brain, lung, kidney, spleen, liver

ZC-8769 Ziphius cavirostris Cuvier’s beaked
whale

South Point, Hawai‘i 3 - Brain, lung, kidney, spleen, liver,
pancreas

GM-8865 Globicephala
macrorhyncus

Short-finned
pilot whale

Kalapakı ̄ Beach,
Kaua‘i

2 - Brain, lung, kidney, spleen, liver,
pancreas

GM-5331 Globicephala
macrorhyncus

Short-finned
pilot whale

Kalapakı ̄ Beach,
Kaua‘i

2 - Brain, lung, kidney, spleen, liver,
marginal LN

GM-5665 Globicephala
macrorhyncus

Short-finned
pilot whale

Kalapakı ̄ Beach,
Kaua‘i

2 - Lung, kidney, spleen, liver, adrenal,
marginal LN

GM-4462 Globicephala
macrorhyncus

Short-finned
pilot whale

Kalapakı ̄ Beach,
Kaua‘i

2 Spleen1, liver Brain, lung, kidney, mediastinal LN

GM-3151 Globicephala
macrorhyncus

Short-finned
pilot whale

Kalapakı ̄ Beach,
Kaua‘i

2 Brain1, lung, kidney Spleen, liver, marginal LN

LH-6050 Lagenodelphis
hosei

Fraser’s dolphin Ukumehame Beach,
Maui

2 Brain1, liver Lung, kidney, spleen, mesenteric LN

PE-1540 Peponocephala
electra

Melon-headed
whale

Kailua, O‘ahu 2 Brain1, lung, spleen, liver, marginal
LN

Kidney

FA-6436 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

FA-9529 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

FA-9519 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

FA-6599 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

FA-8456 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

FA-2937 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

FA-7995 Feresa attenuata Pygmy killer
whale

Sugar Beach, Maui 2 - Brain, lung, kidney, spleen, liver,
marginal LN

PC-4290 Pseudorca
crassidens

False killer whale Open Water Pacific
Ocean

2 Brain, lung1, liver, mediastinal LN Kidney, spleen

MN-8248 Megaptera
novaeangliae

Humpback
whale

Hale O Lono harbor,
Moloka‘i

3 - Lung, kidney, liver, thymus,
mesenteric LN, aortic LN

(Continued)
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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.
Frontiers in Marine Science 05
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,
TABLE 1 Continued

Animal
ID

Species Common
name

Stranding
location

Condition
code

Positive tissues Not detected

SC-4690 Stenella
coeruleoalba

Striped dolphin Sugar Beach, Maui 2 Brain1, lung, kidney, spleen, liver,
marginal LN

-

SC-1142 Stenella
coeruleoalba

Striped dolphin Kualoa, O‘ahu 2 - Brain, lung, kidney, spleen, liver,
marginal LN
LN, lymph node.
1Sequenced PCR products for comparison to the BWCV reference genome.
TABLE 2 Animal cases that tested positive for beaked whale circovirus, their demographics, and detected presence of other infections.

Animal ID Species Sex Age class GenBank acc. no. Co-infections

KS-3903 Kogia sima Male Adult OP197914

SL-6326 Stenella longirostris Female Adult OP197921

ZC-8534 Ziphius cavirostris Male Subadult OP197924

SL-2287 Stenella longirostris Female Adult OP197922

MD-2108 Mesoplodon densirostris Male Subadult OP197916 Morbillivirus1

PM-3464 Physeter macrocephalus Female Neonate OP197919 Brucella2, morbillivirus2

ZC-1099 Ziphius cavirostris Male Subadult OP197925

ZC-2247 Ziphius cavirostris Male Calf OP197926

SL-4200 Stenella longirostris Male Adult OP197923 Toxoplasma gondii3

GM-4462 Globicephala macrorhyncus Male Subadult -

GM-3151 Globicephala macrorhyncus Female Adult OP197913

LH-6050 Lagenodelphis hosei Male Adult OP197915 Morbillivirus4

PE-1540 Peponocephala electra Male Adult OP197918

PC-4290 Pseudorca crassidens Male Subadult OP197917

SC-4690 Stenella coeruleoalba Male Subadult OP197920

IP-4830 (control)5 Indopacetus pacificus Male Subadult MN103538.1 Morbillivirus6, herpesvirus6
frontiersin.or
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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.
Frontiers in Marine Science 06
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-
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.
frontiersin.org
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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).

Co-infections were present among some of the BWCV

positive individuals (Table 2). The initial Longman’s beaked
Frontiers in Marine Science 07
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.
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.
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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
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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
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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
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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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Guzmán-Verri, C., González-Barrientos, R., Hernández-Mora, G., Morales, J.-
A., Baquero-Calvo, E., Chaves-Olarte, E., et al. (2012). Brucella ceti and brucellosis
in cetaceans. Front. Cell. Infect Microbiol. 2. doi: 10.3389/fcimb.2012.00003

Huelsenbeck, J. P., and Ronquist, F. (2001). MRBAYES: Bayesian inference of
phylogeny. Bioinformatics 17, 754–755. doi: 10.1093/bioinformatics/17.8.754

Jacob, J. M., West, K. L., Levine., G., Sanchez, S., and Jensen, B. A. (2016). Initial
characterization of the novel beaked whale morbillivirus in Hawaiian cetaceans.
Dis. Aquat. Organisms. 117, 215–227. doi: 10.3354/dao02941

Jo, W. K., Kruppa, J., Habierski, A., van de Bildt, M., Mazzariol, S., Di Guardo,
G., et al. (2018). Evolutionary evidence for multi-host transmission of cetacean
morbillivirus. Emerg Microbes Infect 7 (1), 1–15. doi: 10.1038/s41426-018-0207-x

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment
software version 7: Improvements in performance and usability.Mol. Biol. Evol. 30
(4), 772–780. doi: 10.1093/molbev/mst010

Kobayashi, N., Tokutake, K., Yoshida, H., Okabe, H., Miyamoto, K., Ito, H., et al.
(2021). The first stranding record of Longman's beaked whale (Indopacetus
frontiersin.org

https://doi.org/10.1016/j.meegid.2021.104914
https://doi.org/10.3201/eid2107.150228
https://doi.org/10.1099/jgv.0.000871
https://doi.org/10.3390/v13101944
https://doi.org/10.1128/JVI.77.24.13036-13041.2003
https://doi.org/10.1016/j.meegid.2021.105077
https://doi.org/10.1016/j.micpath.2020.104027
https://doi.org/10.1515/pjvs-2016-0059
https://doi.org/10.1128/JVI.01719-09
https://doi.org/10.1038/s41598-020-75577-6
https://doi.org/10.1111/cobi.13214
https://doi.org/10.1111/mms.12304
https://doi.org/10.1016/j.ympev.2010.12.013
https://doi.org/10.1016/j.vetmic.2012.10.011
https://doi.org/10.3389/fcimb.2012.00003
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.3354/dao02941
https://doi.org/10.1038/s41426-018-0207-x
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.3389/fmars.2022.945289
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Clifton et al. 10.3389/fmars.2022.945289
pacificus) in Okinawa, Japan. Aquat. Mammals 47 (2), 153–174. doi: 10.1578/
AM.47.2.2021.153

Kubiski, S. (2017). Initial studies on the prevalence and pathogenesis of canine
circovirus (ProQuest Dissertations Publishing) Ann Arbor, MI.

Lagan Tregaskis, P., Staines, A., Gordon, A., Sheridan, P., McMenamy, M., Duffy, C.,
et al. (2020). Co-Infection status of novel parvovirus’s (PPV2 to 4)with porcine circovirus
2 in porcine respiratory disease complex and porcine circovirus-associated disease from
1997 to 2012. Transbound. Emerg. Dis. 68 (4), 1979–1994. doi: 10.1111/tbed.13846

Landrau-Giovannetti, N., Subramaniam, K., Brown, M. A., Ng, T. F. F., Rotstein,
D. S., West, K., et al. (2020). Genomic characterization of a novel circovirus from a
stranded Longman’s beaked whale (Indopacetus pacificus). Virus Res. 277, 197826.
doi: 10.1016/j.virusres.2019.197826

Landrau-Giovannetti, N., Waltzek, T. B., López-Orozco, N., Su, C., Rotstein, D.,
Levine, G., et al. (2022). Prevalence and genotype of Toxoplasma gondii in stranded
Hawaiian cetaceans. Dis. Aquat. Org. 152, 27–36. doi: 10.3354/dao03699

Lecis, R., Mucedda, M., Pidinchedda, E., Zobba, R., Pittau, M., and Alberti, A.
(2020). Genomic characterization of a novel bat-associated circovirus detected in
European Miniopterus schreibersii bats. Virus Genes 56 (3), 325–328. doi: 10.1007/
s11262-020-01747-3

Levy, H., Fiddaman, S. R., Djurhuus, A., Black, C. E., Kraberger, S., Smith, A. L.,
et al. (2020). Identification of circovirus genome in a chinstrap penguin (Pygoscelis
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