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Abstract: We review the molecular and epidemiological characteristics of cetacean
morbillivirus (CeMV) and the diagnosis and pathogenesis of associated disease, with six
different strains detected in cetaceans worldwide. CeMV has caused epidemics with high
mortality in odontocetes in Europe, the USA and Australia. It represents a distinct species
within the Morbillivirus genus. Although most CeMV strains are phylogenetically closely
related, recent data indicate that morbilliviruses recovered from Indo-Pacific bottlenose
dolphins (ZTursiops aduncus), from Western Australia, and a Guiana dolphin (Sotalia
guianensis), from Brazil, are divergent. The signaling lymphocyte activation molecule
(SLAM) cell receptor for CeMV has been characterized in cetaceans. It shares higher amino
acid identity with the ruminant SLAM than with the receptors of carnivores or humans,
reflecting the evolutionary history of these mammalian taxa. In Delphinidae, three amino
acid substitutions may result in a higher affinity for the virus. Infection is diagnosed
by histology, immunohistochemistry, virus isolation, RT-PCR, and serology. Classical
CeM V-associated lesions include bronchointerstitial pneumonia, encephalitis, syncytia, and
lymphoid depletion associated with immunosuppression. Cetaceans that survive the acute
disease may develop fatal secondary infections and chronic encephalitis. Endemically
infected, gregarious odontocetes probably serve as reservoirs and vectors. Transmission
likely occurs through the inhalation of aerosolized virus but mother to fetus transmission
was also reported.

Keywords: cetacean morbillivirus; epidemics; mass stranding; SLAM; phylogeny;
pathogenesis; diagnosis; endemic infections

1. Introduction

Cetacean morbillivirus (CeMV) is a recently described member of the genus Morbillivirus, subfamily
Paramyxovirinae, family Paramyxoviridae, Order Mononegavirales, that includes three well
characterized strains: the porpoise morbillivirus (PMV), first isolated from harbor porpoises (Phocoena
phocoena) from Northern Ireland [1], the dolphin morbillivirus (DMV), first isolated from
Mediterranean striped dolphins (Stenella coeruleoalba) [2,3], and the pilot whale morbillivirus
(PWMV), recovered from a long-finned pilot whale (Globicephala melas) stranded in New Jersey,
USA [4] (Figure 1). Recently, three new strains were detected by reverse transcription polymerase chain
reaction (RT-PCR), one in a Longman's beaked whale (Indopacetus pacificus) from Hawaii, one in a
Guiana dolphin (Sotalia guianensis) from Brazil and one in two Indo-Pacific bottlenose dolphins
(Tursiops aduncus) from Western Australia [5—7] (Figure 1). Over the past three decades, cetacean
morbilliviruses have caused several outbreaks of lethal disease in odontocetes (toothed whales) and

mysticetes (baleen whales) around the world.
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Figure 1. Cetacean species in which the six CeMV strains were isolated or detected by RT-PCR.
(A) Common bottlenose dolphin (Zursiops truncatus), Fraser Island, Australia, 2010
(© E. Pearce); (B) Indo-Pacific bottlenose dolphin (7ursiops aduncus), Swan River, Perth,
Australia, 2009 (© N. Stephens); (C) Harbour porpoise (Phocoena phocoena), Kent, UK,
2005 (© R. Deaville); (D) Long-finned pilot whale (Globicephala melas), Alicante, Spain,
2007 (© A.J. Raga); (E) Striped dolphin (Stenella coeruleoalba), Valencia, Spain, 2007
(© A.J. Raga); (F) Emaciated calf Guiana dolphin (Sotalia guianensis), Guriri, Espirito Santo,
Brazil 2010 (© K. Groch); (G) Longman’s beaked whale (Indopacetus pacificus), Hawaii,
US, March 2010 (© K. West, Hawaii Pacific University, NOAA Permit number 932-1905).

Other important pathogens in the genus Morbillivirus are measles virus in humans and other primates,
rinderpest and peste des petits ruminants viruses in artiodactyls, canine and phocine distemper
viruses in carnivores and tentatively, a paramyxovirus from domestic cats currently named feline
morbillivirus [8—11]. Morbilliviruses are lymphotropic and initially replicate in lymphoid tissue before
infecting epithelial cells [12,13]. All are very contagious and cause serious disease with immunosuppression
in their hosts. Cetacean and pinniped morbilliviruses were first recognized in 1988 following a series of
epidemics in Northwestern Europe. A symposium in Hannover, Germany, in 1994 reviewed these events
and the cross-disciplinary research conducted in several countries and laboratories worldwide at that
time [14,15]. Twenty years later in August 2014, a Research and Policy for Infectious Disease Dynamics
(RAPIDD) workshop was convened at Princeton University, USA, to discuss the disease outbreaks and
findings since then, and identify future directions for research. As a product of that workshop, here we
review the antigenic, molecular, pathological and epidemiological characteristics of CeMV worldwide
and discuss topics for further research.
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2. Antigenic and Molecular Characteristics of CeMV

Morbilliviruses are unsegmented, linear negative-sense, single-stranded RNA viruses. The DMV genome
is 15,702 nucleotides long and consists of six transcription units that encode six structural proteins,
the nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), fusion glycoprotein (F),
haemagglutinin glycoprotein (H) and the RNA-dependent RNA polymerase (L), as well as two virulence
factor proteins (C and V) [9,16-20]. PMV and DMV are antigenically closely related, showing a similar
reaction pattern with monoclonal antibodies (MoAb) raised against CDV, phocine distemper virus (PDV),
peste des petits ruminants (PPRV) and rinderpest (RPV) proteins [21,22]. Serological surveys performed in
cetaceans from the US and Europe showed that mean antibody titers were consistently similar to both DMV
and PMV [22-26]. PMV and DMV are antigenically more closely related to the ruminant morbilliviruses
and measles virus (MV) than to the distemper viruses [15]. Sequencing of the P, N, F and M genes further
demonstrated and confirmed that PMV and DMV are closely related and that they form a separate group
within the Morbillivirus genus, closer to the ruminant viruses and MV than to the CDV/PDV group
(Figure 2) [9,16-18,20,27]. There is a higher (18.3%) divergence between PMV and DMV at the level of the
C-terminal end of the N gene, a hypervariable domain, than between different MV isolates [17,18,28].
However, in other F and N gene regions there are fewer differences between these strains than between
strains of CDV [18,20]. Thus, the present consensus is that PMV and DMV represent two strains of
CeMV [16,18,20,29]. Analyses of partial P and N gene sequences of a morbillivirus (PWMYV) recovered in
a long-finned pilot whale (Globicephala melas) from New Jersey, USA, suggested that it belongs to the
CeMYV lineage but is distinct from PMV and DMV, and that it should be considered as a third strain of
CeMYV [4]. Sequence analysis of the N, P, F and H genes of another isolate from a short-finned pilot whale
(Globicephala macrorhynchus) stranded on the Canary Islands in the Central Eastern (CE) Atlantic showed
97% homology with the G. melas PWMYV and further confirmed a distinct strain circulating among pilot
whale species [30]. However, pilot whales are also susceptible to infection by DMV [27,31]. G. melas and
S. coeruleoalba that died along the coasts of Spain during the 2006-2008 Mediterranean epidemic were both
infected by DMV strains that showed 100% identity across the H gene [27] and 99.9% identity over
9050 bp [31]. Similarly, P gene fragments of isolates recovered from 7. truncatus and G. melas stranded
along the Mediterranean coast of France in 2007-2008 were 100% identical to the Spanish G. melas
isolate [32]. Altogether these results indicated that the same DMV strain circulated in the Mediterranean Sea
and infected different cetacean species during the 2006-2008 outbreak. Furthermore, sequences of DMV
strains recovered from Mediterranean cetaceans during the 2006-2008 epidemic and from S. coeruleoalba
washed ashore in the Canary Islands in 2002—-2011 were highly conserved across the short genome region
characterized (Figure 2) [33]. However, there was only 99.4% and 99.3% identity between the isolates form
the 1990-92 epidemic and those from the 20062008 events based on the nearly complete genomes (9050
bp) [19,31]. Thus, these data suggest that the 1990—1992 strain was not maintained in the Mediterranean Sea
between the epidemics, and that the strain circulating in the CE Atlantic Ocean was introduced in the
Mediterranean Sea in 2006. The DMV Mediterranean strains are less closely related to the isolates
recovered from L. albirostris stranded in Germany and the Netherlands in 2007-2011 (Figure 2), suggesting
that this North Sea strain did not play a role in the epidemics [31,34]. However, further research is needed to
better understand the circulation of CeMV in European waters.
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Figure 2. Phylogenetic analysis of a fragment of the morbillivirus P gene. Sequences were
trimmed to include all sequence data available. Each sequence is denoted by its accession
number (where available) and strain/isolate details (cetacean species, and year and
geographic area of stranding). The evolutionary history of the isolates assessed was inferred
using the neighbour-joining method with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Kimura 2-parameter method and are in the units of the number of base
substitutions per site detailed with bootstrap values of >50 being shown against key nodes.
The phylogeny includes 41 nucleotide sequences with a total of 253 positions in the final
dataset. Evolutionary analyses were conducted in MEGAS [35]. Abbreviations are: BWMYV,
beaked whale morbillivirus, DMV, dolphin morbillivirus; CeMYV, cetacean morbillivirus; PMV,
porpoise morbillivirus; PWMYV, pilot whale morbillivirus; PPRV, peste-des-petits-ruminants
virus; RPV; rinderpest virus; CDV, canine distemper virus; PDV, phocine distemper virus; MeV,
measles virus; NEAt, Northeastern Atlantic Ocean; CEAt, Central Eastern Atlantic Ocean;
NWALt, Northwest Atlantic Ocean; SWAt, Southwest Atlantic Ocean; Me, Mediterranean Sea;
No, North Sea; NEPa, Northeastern Pacific Ocean; NWPa, Northwest Pacific Ocean; SWPa,

Southwest Pacific Ocean; In, Indian Ocean.
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Very little is known about the three new CeMV related strains recently detected in odontocetes from
Hawaii, Brazil, and Australia [5—7]. However, recent sequencing data of the P gene of the isolates
recovered from two 7. aduncus from the west coast of Australia (Indian Ocean) and from a S. guianensis
from Brazil suggest that they differ significantly from the DMV, PMV and PWMJV strains [6,7] and may
represent another CeMV lineage (Figure 2). The beaked whale morbillivirus (BWMYV) clusters with the
‘old’ CeMYV lineage and should be considered as a new strain of this lineage (Figure 2). Sequences from
a fragment of the P gene revealed that it has 86% similarity to DMV and 84% similarity to PWMV [5].
We propose to use the terminology CeMV-1 for the ‘old’ lineage that includes DMV, PMV, PWMYV and
BWMYV and CeMV-2 for the ‘new’ lineage that includes the 7. aduncus and S. guianensis morbilliviruses
until the taxonomy of these viruses is further explored.

The close genetic relationship between cetacean and ruminant morbilliviruses has led to the
suggestion that they may have a common ancestor [7,16]. Closely related to the hippopotamus
(Hippopotamus amphibius), cetaceans belong to the clade Cetartiodactyla [36,37]. As several species of
this clade are susceptible to RPV and PPRV [38,39], it is possible that a host jump occurred between a
cetacean and another member of the Cetartiodactyla, and that ecological isolation led to distinct virus
species. The presence of similar host proteins and cell receptors in cetaceans and artiodactyls may favour
cross-species transmission [9,13,40]. However, further studies are needed to confirm this hypothesis.

3. Mechanisms of Cellular Entry and Receptors

The H glycoprotein is responsible for virus attachment to the host cell membrane and for cellular
entry. The F glycoprotein causes fusion with the host cell membrane and, together with the M protein,
invokes cell-to-cell fusion [20,41]. H and F interact with cellular receptors that allow virus entry and
determine host susceptibility, tissue tropism and viral pathogenesis [12,42]. The signaling lymphocyte
activation molecule (SLAM or CD150) and the poliovirus like receptor 4 (PVLR4 or nectin 4) have both
been recently identified as the major receptors for wild-type morbilliviruses in immune and polarized
epithelial cells, respectively [9,13,42-45]. Besides, CD147, a transmembrane glycoprotein that belongs
to the immunoglobulin family and is present on a variety of cells including neuronal and endothelial
cells, and the membrane bound form of heparin binding epithelial growth factor have been suggested to
function as entry receptors for MeV and PDV, respectively [42,46]. Most morbilliviruses, including MV,
CDYV, PDV, PPRYV, and RPV use the SLAM of their respective host species as a receptor [42,43,47,48].

Phylogenetic trees based on the structure of the SLAM and H proteins indicated that they
co-evolved [9]. The SLAM receptors have immunoglobulin-like variable (V) and constant-2 (C2)
domains in their extracellular regions with the V domain providing an interface for the morbillivirus H
glycoprotein [49]. Substitution in the amino acid residues of this interface may lead to a loss of, a
reduction in, or an increase in, viral infectivity [13]. The morbillivirus H glycoprotein displays a strong
affinity for this domain in its respective host [13]. However, a recent study showed that only one amino
acid exchange in H was required for functional adaptation of CDV to the human SLAM cell receptor
in vitro [50]. The SLAM receptor has been characterized in seven species of mysticetes and in 19 species
of odontocetes [9,13]. Three-dimensional homology models showed that there are 32 amino acid
residues on the interface of cetacean SLAM that may contribute to morbillivirus binding [13].
The similarity of the 32 residues was higher between the cetacean and cow SLAMs (26 amino acid
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residues) than between the Pacific white-sided dolphin (Lagenorhynchus obliquidens) and the spotted
seal (Phoca largha) SLAM (21 amino acid residues) [9,13], as would be expected based on the host
relationships. Among the nine cetacean families examined, variations were found between six amino
acid residues, with charge alterations for four of them [13]. Interestingly, three residue substitutions
(G68, H90 and H130) that introduced charge alteration and possible change in viral affinity were
observed in the SLAM of the Delphinidae, while these residues were mostly conserved in the receptor
of the other cetacean families [13]. As morbillivirus mass mortalities have mostly been detected in the
Delphinidae, it is possible that their SLAMs have a higher affinity for CeMV resulting in increased viral
infectivity and dissemination [13]. Among the Delphinidae, only 7. truncatus, T. aduncus and,
S. coeruleoalba had variation at position 130 [13] and during CeMV outbreaks mass die-offs were
overwhelmingly dominated by these species [7,51,52]. The only other odontocete that presented
this H130Q variation was P. phocoena, a species that was affected by morbillivirus infection in
1988—-1990 [53,54]. Further studies are needed to confirm if the SLAM of dolphins, porpoises and
whales is indeed the immune cell receptor for CeMV and should investigate whether alternate potential
receptors, such as nectind and CD147, are present on the cells of these mammals.

4. Diagnosis

Though virus isolation remains the gold standard for definitive diagnosis, it is challenging when
dealing with stranded cetacean carcasses. RT-PCR followed by sequencing has proven very helpful for
obtaining rapid confirmation of CeMV infection, to differentiate between PMV and DMV and to identify
new strains [4—7,16,20,55]. Histology and immunohistochemistry have provided further confirmation
of the disease and insights into its pathogenesis and have permitted differentiation between systemic
disease and localized chronic infection of the central nervous system (CNS) [56-60]. Serological studies
have also been useful for studying CeMV epidemiology, to assess the immune status of populations
before and after an outbreak and to predict the occurrence of new epidemics [21,23,24,26,61-65].

4.1. Histology and Immunohistochemistry

Classical histological techniques have been used to investigate CeMV disease and pathogenesis since
the first P phocoena and Mediterranean S. coeruleoalba were suspected of dying of morbillivirus
infection [2,53]. Immunohistochemistry (IHC) has greatly enhanced the sensitivity and specificity of
histopathological diagnosis by enabling the detection of morbillivirus antigen in cases where tissue
preservation is poor or where classical lesions have been obscured by opportunistic pathogens. IHC studies
have been conducted by using a commercially available MoAb for CDV N protein [5-7,33,66—69],
a MoAb for PDV hemagglutinin [2,53,57], or a rabbit polyclonal antiserum to rinderpest virus [70].
Together with RT-PCR, these techniques recently permitted the identification of morbillivirus outbreaks
in 7. truncatus and T. aduncus from South Australia in 2013 [51], and in 7. truncatus from the NW
Atlantic, ongoing since 2013 [71]. At the time of writing specific MoAb for DMV or PMV proteins are
not commercially available although they would be useful for accurate diagnosis and research in the
future. Histology and THC techniques should always be used to confirm the molecular diagnosis of
systemic morbillivirus infection during an outbreak of mortality.
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4.2. Virus Isolation

The isolation of DMV and PMV has been achieved using homogenates of lung tissue from
S. coeruleoalba and P. phocoena inoculated onto monolayers of African green monkey kidney (Vero)
cells following standard methodologies [1,3,22]. Primary canine kidney epithelial cell cultures, bovine
foetal lung cells and 7. truncatus peripheral blood mononuclear cells have also proved useful for
isolation of CeMV directly or after co-cultivation with Vero cells [1,17,21]. Primary culture of kidney
cells derived from diseased P. phocoena permitted direct virus isolation [22]. Repeated passages of the
inoculated cell cultures and, consequently, several weeks are typically needed before virus growth can
be detected [17,22]. Recently, Vero cells expressing the canine SLAM (Vero.DogSLAMtag cells) were
shown to reduce the time necessary for PDV isolation from weeks to days [72]. These cells were also
successfully used to grow stocks of PMV and DMV initially passaged on Vero cells and to isolate DMV
from the brain of a G. melas stranded in Valencia during the 2006-2008 epidemic [27,55,67]. More
recently, they proved useful to isolate CeMV from fresh tissues as part of the investigation into the
T truncatus morbillivirus outbreak along the eastern Atlantic coast of USA in 2013 [71]. Virus isolation has
the added benefit of providing antigen necessary to carry out serological testing, as described in the serology
section below. It may also provide genomic material for more complete phylogenetic analysis.

4.3. Serology

Virus neutralization (VN) tests, plaque reduction (PR) assays and indirect enzyme-linked
immunosorbent assays (IELISAs) are the main platforms used to detect antibodies against CeMV.
The iELISA allows the detection of antibodies directed against the N, P, F and H CeMV proteins [73]
whereas only antibodies to the surface glycoproteins (H and F) are detected by the VN and PR
assays [16]. Morbilliviruses are antigenically closely related and may cross-neutralize one another.
However, serum raised against one morbillivirus will neutralize the homologous virus at a higher titer
than it will heterologous morbilliviruses [63,74]. Thus, when working with cetaceans it is very important
to use CeMV strains in the serological tests to avoid false negatives.

Indirect ELISAs were developed to analyze hemolyzed serum samples that could be cytotoxic and,
as such, could prevent the detection of morbillivirus antibodies at low dilutions in virus neutralization
tests [61,62]. These assays used whole DMV [61-63] or the recombinant N protein of RPV [75] to detect
morbillivirus antibodies. Cetacean antibodies were detected using horseradish-peroxidase-conjugated
protein A, a cell wall constituent of Staphylococcus aureus that binds non-specifically the
immunoglobulins of several species of vertebrates including odontocetes [21,76]. Recently, purified
DMV-N protein expressed from a baculovirus (Autographa californica nuclear polyhedrosis virus)
vector was used as the coating antigen in the iELISA and permitted the detection of morbillivirus
antibodies in the sera of odontocetes [77]. The iELISA appears to be more sensitive than the classical
VN test and may be useful as a serological tool for the mass screening of morbillivirus antibodies in
cetaceans. A competitive ELISA using MoAbs to CDV and PDV was developed for testing sera from
various species of marine mammals. Its main advantage over iELISAs is that a single anti-mouse
immunoglobulin conjugate can be used on serum from any animal species [74]. However, sensitivity
was lower for detection of cetacean compared to carnivore morbilliviruses [74].
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The VN test is highly sensitive and very specific and is considered the most reliable assay for the
detection of CeMV antibodies [74]. Antibody titers are expressed as the reciprocal of the highest dilution
of sera that completely neutralizes cytopathic effects. Titers of 1:16 or higher are considered to be
indicative of exposure to CeMV, although higher thresholds can be used to reduce the likelihood of false
positives. A more conservative interpretation is recommended when either new host species or new
geographic areas are under investigation. A PR assay was developed to allow detection of antibodies in
hemolyzed sera [78,79]. In this test, titers are expressed as the reciprocal of the highest dilution that gave
80% reduction in the number of plaques compared to the negative control [79]. Although Vero cells are
most commonly utilized in these tests, use of Vero. DogSLAMtag cells, which allows for improved virus
replication and permits reduction of incubation time from nine days to four days ([72]; Saliki,
unpublished observations) may be a more robust and cost-effective alternative.

4.4. Reverse Transcription Polymerase Chain Reaction

A “universal” morbillivirus primer set, based on highly conserved regions of the morbillivirus P gene
identified by Barrett e al. [16] has been successfully used to detect CeMV by RT-PCR during outbreaks
worldwide [6,7,68,70,75]. Using a similar approach, Krafft et al. [80] designed a protocol that allows
amplification of degraded RNA in formalin-fixed paraffin embedded samples and in unfixed autolyzed
tissues. This technique was useful to confirm CeMV infection in fixed tissues from D. delphis stranded
along the coast of California in 1995-1997 and in cases of chronic encephalitis in Mediterranean S.
coeruleoalaba [56,75]. Since then, other primers including sets of “universal” morbillivirus primers
based on the conserved N terminus of the morbillivirus N gene, were also successfully used to detect
CeMYV [67]. A real-time RT-PCR (rtRT-PCR) that targets the hypervariable C terminal domain of the N
gene was developed by Grant ef al. [55] for a rapid and differential detection of dolphin and porpoise
morbilliviruses. This test is rapid, very sensitive and specific for either DMV or PMV and does not
cross-react with CDV, PDV, RPV, PPRV and MV [55]. A rtRT-PCR assay that targeted the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene, as a house-keeping gene, was developed to determine
whether total RNA extracted from stranded cetacean tissues is amplifiable [55]. This test allowed for the
detection of GAPDH gene sequences from 14 marine mammal species and is essential for interpreting
negative results with the morbillivirus RT-PCRs. Another rtRT-PCR was later designed to amplify a
highly conserved region within the F gene and to differentiate between DMV, PMV, and PWMYV [81,82].
More recently, a pan-marine mammal morbillivirus semi-nested RT-PCR using a degenerate set of
primers targeting conserved sequences of the P gene was described [33] for the detection of both
pinniped and cetacean morbilliviruses. Such an assay is useful for detecting morbilliviruses in multiple
marine mammal species. The L primers, described by Woo ef al. [11], may also be helpful for detecting
CeMV in odontocetes and mysticetes. Clearly, with all the advances in molecular biology, diagnosing
CeMV infection has become much faster, easier and more reliable. RT-PCR assays should be used
together with the other techniques to distinguish among acute infection, prolonged persistence of
morbillivirus RNA following CeMV acute disease, and chronic infection. When CeMV infection is
detected in a novel host species, samples should be sequenced for species confirmation and identification
and also sent to morbillivirus reference centers for genetic confirmation of the species involved.
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5. Pathology and Pathogenesis of CeMYV Infection

Most morbilliviruses are lymphotropic and epitheliotropic [12]. After initial replication in the
lymphoid tissues, the virus is disseminated by infected lymphocytes through the lymphatic system
and spreads to epithelial cells [12,83—-86]. Histology and immunohistochemistry data indicate that
CeM V-associated pathology resembles that commonly seen in other morbillivirus infections in animal
and human hosts [54].

Figure 3. (a) Bottlenose dolphin (7ursiops truncatus), pulmonary lymph node, DMV
infection, Canary Islands, Sp