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AVALIACAO DA INFECCAO POR MORBILIVIRUS E HERPESVIRUS EM
CETACEOS ARROJADOS NA COSTA PORTUGUESA.

Resumo

Os arrojamentos de cetaceos séo frequentes na costa Portuguesa e representam uma
janela de oportunidade Unica para estudar as doencas e 0s agentes infecciosos nestas
populacBes de cetaceos. Os morbilivirus revelaram-se particularmente importantes em
cetaceos pela sua capacidade de causar doenca grave e pela sua alta taxa de mortalidade.
Os herpesvirus também sdo particularmente interessantes por co-evoluirem com o
hospedeiro e também por serem capazes de estabelecer laténcia, passando por periodos de
reactivacao secundaria a episodios de stress imunitario. Foram nossos objectivos investigar
a epidemiologia e patofisiologia de morbilivirus e herpesvirus em cetaceos. Além disso,
guisemos estabelecer um perfil de expressdo de citoquinas em golfinhos comuns saudaveis
e testar a possibilidade desse perfil servir como ferramenta para detectar shifts imunitarios
nesta espécie.

Um rastreio molecular realizado para o morbilivirus dos golfinhos revelou que os
golfinhos riscados arrojados na costa Portuguesa e Galega tém uma prevaléncia de cerca
de 20% de animais positivos, mais alta que aquela encontrada para golfinhos comuns (1%).
Um padrdo filogeografico foi observado na analise filogenética, com sequéncias virais
provenientes das Canarias mais semelhantes as do Mediterraneo do que as sequéncias
provenientes de Portugal e da Galiza. Infec¢des por Herpesvirus também foram detectadas
(tanto de alfa como gamaherpesvirus). O nosso trabalho detectou herpesvirus em golfinhos
comuns pela primeira vez. Detectamos ainda co-infeccdes com varias estirpes de
herpesvirus, bem como com morbilivirus e Toxoplasma gondii. A expressao relativa de
genes de diferentes citoquinas (IL1B, IL6, TNFa, IL12, I1L4,IL10, e IFN-y). foi também
determinada para um grupo de golfinhos comuns saudaveis. Esta expressao relativa
tambem foi determinada em dois golfinhos comuns doentes. Os nossos resultados
mostraram gue em animais saudaveis as citoquina com maior expressao sao IL1B3, TNFa e
IFN-y, enquanto nos animais doentes houve um aumento de expressdo de il-10 com
diminuic@o de expresséo de todas as outras citoquinas.

O nosso trabalho clarificou a epidemiologia dos morbilivirus em cetdceos arrojados
na costa Portuguesa, contribuiu para a variabilidade das sequéncias de herpesvirus nas
subfamilias de alfa e gamaherpesvirus e suporta a hipotese de utilizar o perfil de citoquinas

como uma ferramenta para detectar shifts imunitarios em golfinhos arrojados.

Palavras chave: Cetaceos, morbilivirus, herpesvirus, rastreios, citoquinas.
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EVALUATION OF MORBILLIVIRUS AND HERPESVIRUS INFECTION IN
CETACEANS STRANDED ALONG THE PORTUGUESE COASTLINE.

Abstract

Cetacean strandings are frequent along the Portuguese coastline and stranded
specimens provide a unique opportunity to study disease and infectious disease agents in
cetacean populations. Morbillivirus is particularly important in cetaceans for its ability to
cause disease and for its high mortality rates. Herpesviruses are also particularly interesting
since they are known to have close co-evolutionary paths with their hosts and for
establishing latent infections that can resurge with any stressors of the immune system. This
work aimed at investigating the epidemiology and pathophysiology of cetacean morbillivirus
and herpesvirus. Furthermore, we aimed at establishing a profile of cytokine genes
expression in healthy common dolphins and evaluate the possibility of using that tool to
assess immunological shifts in this species.

A molecular survey for dolphin morbillivirus revealed striped dolphins stranded in the
Portuguese and Galician coasts have a prevalence of approximately 20% of positive
individuals, higher than prevalence found for common dolphins (1%). A phylogeographic
pattern was detected in the phylogenetic analysis with viral sequences from the Canary
Islands more similar to those from the Mediterranean than samples from Portugal and
Galicia. Herpesvirus infection was also detected in cetaceans, and both alpha and
gammaherpesvirus were detected. Our work reported infection by herpesvirus in common
dolphins for the first time. Co-infection with different strains of herpesvirus was detected, as
well as co-infection with morbillivirus and Toxoplasma gondii. Relative expression of cytokine
genes (IL1B, IL6, TNFa, IL12, 1L4,IL10, and IFN-y) was also determined for a group of
healthy common dolphins. Relative expression was also determined in two sick common
dolphins. Our results showed that IL13, TNFa and IFN-y were the cytokines with higher
relative expression in healthy individuals and that II-10 was the most expressed gene in the
two sick animals, with a downregulation of all other cytokines.

This work clarified the epidemiology of morbillivirus in cetacean species stranded
along the Portuguse coastline, contributed to the variability of herpesvirus sequences in the
gamma and alphaherpesvirus subfamilies and supports the evidence that profiling cytokine

markers may serve as a tool to assess immunological shifts in stranded cetaceans.

Keywords: Cetacea, mobillivirus, herpesvirus, surveys, cytokines.
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AVALIACAO DA INFECCAO POR MORBILIVIRUS E HERPESVIRUS EM
CETACEOS ARROJADOS NA COSTA PORTUGUESA

Resumo alargado

Os arrojamentos de cetaceos sao frequentes na costa Portuguesa, ndo sé pela sua
extensao costeira mas também por diversos processos oceanograficos qu favorecem esses
eventos. Os cetaceos sdo relativamente abundantes e a captura acidental em artes de
pesca representa uma causa de morte importante. Embora a maioria destes arrojamentos
envolvam golfinhos comuns (Delphinus delphis), que sdo a espécie mais abundante na
costa de Portugal continental, ja foram detectadas 28 espécies incluindo golfinhos riscados
(Stenella coeruleoalba), bbdtos (Phocoena phocoena), roazes (Tursiops truncatus),
cachalotes pigmeu (Kogia breviceps), baleias anas (Balaenoptera acutororostrata) e baleias
comuns (Balaenoptera physalus), entre muitas outras espécies. A realizacdo de protocolos
completos de necropsia com recolha de amostras para virologia, microbiologia,
histopatologia, entre outras, que sdo armazenadas um banco de tecidos, possibiita a
realizacdo de estudos retrospectivos nestes animais para determinar, ndo sO a causa de
morte, mas para estudar a presenca de agentes patogénicos nestas populacdes.

Os cetaceos arrojados representam uma oportunidade Unica para estudar as
doencas e agentes infecciosos presentes nas suas populaces. O morbilivirus dos cetaceos
(CeMV) desempenha um papel importante no estatuto sanitario destas populacdes e varios
estudos tém vindo a investigar a sua prevaléncia e a capacidade de causar doenga grave e
mortalidades elevadas nestes animais, particularmente em espécies como o golfinho
riscado. Outros virus podem ser relevantes em cetaceos, sendo que os herpesvirus séo, por
varios motivos, particularmente interessantes: sao reconhecidos pelo seu longo processo de
co-evolugdo com as espécies hospedeiras, e tém a capacidade de estabelecer laténcia,
podendo haver reactivagéo da infecgdo em episddios de stress imunitério.

Este trabalho teve como objectivos gerais investigar a epidemiologia do morbilivirus
nos cetaceos arrojados na costa Portuguesa e Galega, bem como estudar as suas relagfes
filogenéticas com outros virus amplificados a partir de amostras de cetaceos, com particular
énfase para os encontrados no Mediterrdneo. Outro objectivo foi o rastreio molecular de
herpesvirus perceber a prevaléncia nestas espécies, bem como compreender a
fisiopatologia e a relevancia deste virus na saude destas espécies marinhas. Neste trabalho
debrucei-me ainda sobre a expressdo de mediaores imunitarios para ir de encontro ao
objectivo de construir uma ferramenta que permitisse detectar shifts imunol6gicos em

golfinhos comuns. Para isso foram integrados resultados das observacdes macroscépicas
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durante as necropsias, de histologia e de rastreios moleculares para este virus (com
subsequente analise filogenética), de forma a permitir retirar informacdes acerca da
epidemiologia e patofisiologia destas doencas e foi ainda estabelecido um grupo de
golfinhos comuns considerados saudaveis que permitiu estabelecer um perfil de citoquinas
relevantes na resposta imunitaria.

Para o rastreio molecular de morbilivirus foram testados 279 animais pertencentes a
5 espécies de cetaceos. As duas espécies mais testadas foram os golfinhos comuns
(n=193) e o0s golfinhos riscados (n=69). Nestes Uultimos, foram testadas amostras
provenientes da costa Portuguesa (n=36) e da Galiza (n=33). Observamos uma prevaléncia
total de 5.7% de animais positivos. Estes positivos foram detectados apenas em duas
espécies: golfinho comum e golfinho riscado. Relativamente ao mapeamento da infec¢céo
detectdmos varios golfinhos riscados com positividade a DMV apenas no sistema nervoso
central e alguns com positividade no pulmao e noutros 6rgaos. Nos golfinhos comuns, um
dos animais foi positivo em todos os 6rgds testados e outro foi positivo em linfonodo
pulmonar, pulméo e linfonodo mesentérico. A prevaléncia em golfinhos riscados (20,3%)
revelou-se superior a de golfinhos comuns (1%), sendo essa diferenca estatisticamente
significativa. A analise filogenética revelou um padréo filogeogréafico que parece indicar uma
maior proximidade entre as estirpes que circulam no atlantico que banha Portugal e Galiza,
enquanto as estirpes do Mediterrdneo se mostrarm mais proximas das detectadas nas ilhas
Canarias, 0 que pode sugerir que estas duas populacdes séo relativamente isoladas umas
das outras. Neste sentido, parece que a hipétese mais provavel sera que as introducdes de
morbilivirus no Mediterrdneo acontecam mais frequentemente através da circulacdo de
animais que habitam &reas Atlanticas mais a sul.

Relativamente ao rastreio de herpesvirus, realizou-se um rastreio molecular em 179
animais pertencentes a 6 espécies. Foi detectado herpesvirus em 14 animais (2 bétos, 2
golfinhos riscados e 10 golfinhos comuns). A condi¢éo de conservacao de carcaga mostrou-
se relevante para acapacidade de deteccdo de animas positivos, e a prevaléncia de infeccéo
em animais frescos (cédigos 1 e 2 num score de 5) foi de 14,3%. A analise filogenética
demosntrou que os herpesvirus detectados pertencem as subfamiias alfaherpesvirus e
gamaherpesvirus, ndo se tendo detectado nenhuma sequéncia de betaherpesvirus. Dentro
dos alfaherpesvirus as sequéncias de cetaceos formam 3 subgrupos (alfal, alfa2 e alfa3).
Estes alfaherpesvirus formam trés grupos distintos diferentes dos géneros previamente
descritos mas aparentemente mais proximos dos varicellovirus. Foram detectados animais
positivos sem sinais de infeccdo sistémica por herpesvirus e foram também detectados
animais com doenca sistémica atribuivel a herpesvirus, sendo que além de co-infeccdo com
outros agentes infecciosos (DMV e Toxoplasma gondii), detectamos também co-infeccéo

com diferentes herpesvirus no mesmo animal. Amplificacdo de outros fragmentos



gendmicos permitiria uma analise filogenética mais robusta, que ndo é possivel apenas com
a amplificacdo de um fragmento da DNA polimerase que se obteve neste estudo, que ainda
assim permite deterimar a subfamilia destes virus.

No que diz respeito ao perfil de citoquinas, conseguirmos estabelecer um grupo de
29 golfinhos comuns considerados saudaveis: animais com captura acidental comprovada
em arte xavega que tinham sinais de alimentacdo recente, boa condi¢cdo corporal, baixa
carga de parasitas e sem sinais de doenca na necrépsia. Neste grupo estabelecemos um
perfil de expresséo relativa de citoquinas no linfonodo pulmonar, nomeadamente: IL1pB, IL6,
TNFa, IL12, 1L4,IL10, e IFN-y. A expressao relativa destes genes foi normalizado para o
gene de referéncia seleccionado (RPL7). Os dois golfinhos comuns positivos a morbilivirus
foram também testados para aferir a possibilidade de utilizar este perfii como uma
ferramente para deteccdo de shifts imunoldgicos. Os resultados indicam que no grupo de
animais saudaveis as citoquinas com maior expressao relativa foram IL1B, TNFa e IFN-y
enguanto as menos expressas foram IL6, IL12, IL4 e IL10. Nos dois animais doentes o que
pudémos observar foi uma expressao relativa de il10 superior a qualquer outra citoquina,
sendo que quando comparado com o grupo controlo parece haver uma subexpressdo de
IL18, TNFa, IFN-y e IL4. Estes resultados nos dois animais doentes suportam a ideia de
terem sucumbido a uma forma crénica de morbilivirus: ndo se detectou positividade na
imunohistoquimica para morbilivirus em nenhum destes dois animais nos 0rgaos positivos
por gPCR, ndo se detectaram na histopatologia lesdes atribuiveis a morbilivirus, os dois
animais apresentavam uma toxoplasmose activa que € indicativo também de uma possivel
imunosupressdo. A sobreexpressédo de IL10, uma citoquina anti-inflamatoria, € outro factor
indicativo da forte imunossupressao nestes animais, que apresentavam na histopatologia
uma forte deplecéo linféide nos linfonodos, com deposicao de substancia amiléide.

Este trabalho ajudou a compreender a epidemiologia da infec¢éo por morbilivirus em
cetaceos arrojados na costa Portuguesa e Galega. FicAmos com informagdes relativas n&o
s6 a prevaléncia em diferentes espécies mas também acerca do curso da doenca e da
filogenia dos virus encontrados. Serviu ainda para aumentar a variabilidade de herpesvirus
nos cetaceos e esclarecer as suas relagbes filogenéticas, incluindo-os nas subfamilias
alfaherpesvirus e gamaherpesvirus. Foi ainda possivel compreender que os herpesvirus sdo
capazes de causar doenga sistémica e ser motivo de morte e arrojamento, ocorrendo
também em simultdneo com outros agentes infecciosos como os morbilivirus. Neste trabalho
detectou-se pela primeira vez herpesvirus em golfinhos comuns, tendo sido detectados tanto
alfa como gamaherpesvirus. Foi ainda possivel testar a elaboracdo de um perfil de
citoquinas em golfinhos comuns como uma ferramenta de deteccao de shifts imunolégicos

em animais selvagens.



A utilizagdo de animais arrojados para estudos epidemioldgicos € passivel de critica
pela bias oObvio nestas circunstancias. Apesar do cuidado que devemos ter ao inferir
conclusdes destes resultados, eles representam uma oportunidade Unica para obtermos
informacdes acerca destas populagdes de vida livre, proporcionando material que de outra
forma n&o conseguiriamos obter. A grande propor¢do de animais capturados acidentalmente
em artes de pesca € também uma forma de diminuir o bias, randomizando estas amostras.

A continuidade destes trabalhos € importante para a monitorizacdo de doencas
infecciosas nestas populacdes, idealmente alargando o leque de agentes infecciosos
rastreados. A realizacdo de mais estudos na area da imunologia nos cetaceos € relevante,
particularmente para compreender a diferente susceptibilidade a diferentes agentes
etiolégicos nas varias espécies de cetaceos, particularmente no que diz respeito aos

morbilivirus em golfinhos riscados.
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CHAPTER |

INTRODUCTION



1. The Portuguese Scenario on stranding events: sample and data
collection

As a maritime country, the ocean is a fundamental and formative element of the
Portuguese identity. Having one of the largest Exclusive Economic Zones (EEZ), Portugal
has always had a close relationship with the sea. Portugal's EEZ has approximately 1.700
thousand square kilometers, and is one of the world’s largest, with a great diversity of
maritime ecosystems and resources that can establish Portugal as a model for economic
growth in conjunction with marine biodiversity conservation (Resolucdo do Conselho de
ministros 2021).

Portugal has historic traditions in fisheries and Portuguese fisheries represent a
primary sector of significant socio-economic importance, particularly in coastal areas. In
mainland Portugal, interactions between fisheries and cetaceans and seabirds occur with
almost all fishing gears with negative consequences for fisheries and for the conservation
status of the accidentally captured species (Vingada et al. 2011).

In the seventies, Teixeira et al. (1979) classified the information on cetaceans in
Portugal as mostly unknown; more than 20 years later, the information concerning cetaceans
contained in the Red Book of Vertebrates in Portugal is still scarce with a large number of
species signaled as data deficient (Cabral et al. 2006). The first cetacean abundance
estimates in Portuguese continental waters were obtained during the LIFE+ MarPro project.
After a compilation of direct observations and stranded individuals, the list of cetaceans
occurring in Portuguese waters increased to 28 species (21 Odontoceti species and 7
Mysticeti species) (Vingada and Eira 2017). It was also possible to confirm the occurrence of
5 species that had never been recorded in mainland Portuguese waters: dwarf sperm whale
(Kogia sima), Sowerby’s beaked whale (Mesoplodon bidens), True’s beaked whale
(Mesoplodon mirus), Fraser's dolphin (Lagenodelphis hosei) and white beaked dolphin
(Lagenorhynchus albirostris) (Ferreira et al. 2016).

Since 1977 a systematic registry of marine mammals’ stranding events is compiled to
the National Stranding Network (RAMM) at the Institute for Nature Conservation and Forests
(ICNF) (Sequeira et al 1992), the National Authority responsible for wildlife conservation. The
decree law 263/81 refers the importance of marine mammals in the marine ecosystems and
food chains and highlights the need to adopt protection measures due to the decrease in
population numbers of some species. This decree law also prohibits the intentional capture
and transport of these species. The transposition of the Habitats Directive to the Portuguese
legislation also ensures the protection of cetacean species in Portuguese waters (decree law
140/99 replaced by decree law 49/2005).



Knowledge on marine species is usually limited when compared to the available
knowledge on terrestrial species and it is often obtained from stranded animals (Reid et al.
2003). Stranding events are an opportunity window to obtain important information on these
species on a myriad of areas: biometrics and anatomy, genetics, toxicology, parasitology,
pathology and many more. To understand how infectious diseases and other selection
pressures affect cetaceans, studies on ecology and distribution are fundamental, particularly
with respect to the most frequently stranded species. Records show that between 2000 and
2012, the Minke whale (Balaenoptera acuturorostrata) was the most frequent stranded
Mysticeti species (n=32/47) (Figure 1). In the same period, considering only Odontoceti
cetaceans, a total of 1177 animals were found stranded and common dolphins (Delphinus
delphis) were the more commonly found (n=798/1177) followed by porpoises (Phocoena
phocoena), with 158 individuals. Striped dolphins (Stenella coeruleoalba) and bottlenose
dolphins (Tursiops truncatus) only accounted for 3,8 and 2,3% of all stranded Odontoceti
(Ferreira et al. 2016).

Figure 1 - Newborn minke whale and common dolphins stranded on the western coast of

Portugal.

Striped dolphins are usually found in temperate, subtropical and tropical waters with a
cosmopolitan distribution. They are mostly pelagic and travel in groups of several hundreds
or even thousands of individuals (Reyes 1991). In the North-east Atlantic (NE-Atlantic) they
are usually found in deep waters (over the 1000-meter bathymetric), outside of the
continental shelf (Perrin et al. 1994). Analyses of mitochondrial DNA suggest that
populations from the NE-Atlantic are distinct from those in the Mediterranean (Garcia-
Martinez et al. 1999). Furthermore, there are also differences in body size between

populations from the north Atlantic and those in the Mediterranean (Rice 1998). Bourret et al.



(2007) confirmed significant differences between Mediterranean and Atlantic populations
based on the analysis of 5 microsatellites. This is the most common species found in the
West and Central Mediterranean (Perrin et al. 1994).

The common dolphin is widely but discontinuously distributed in warm temperate and
tropical waters of the Atlantic and Pacific oceans but most areas of distribution coincide with
moderate to strong upwelling, and common dolphins generally appear to avoid warm, tropical
waters (Culik 2010). Its total distribution is uncertain because of past taxonomic confusion
(Rice 1998). Common dolphins can frequently be seen with other marine mammal species
and are often associated with schools of other cetaceans, particularly striped dolphins.

Harbor porpoises (Phocoena phocoena) are found in cool temperate and subpolar
waters of the Northern Hemisphere (Jefferson et al 1993). In a study by Rosel et al. (1999),
mitochondrial DNA analysis of porpoises from different Atlantic geographic origins showed
that their movements are restricted. They are usually limited to coastal waters in the
continental plate. In Portugal, this species is distributed along the coastal region but they
mainly use the northern coast, in the area between Minho River and Nazaré. Genetics
studies (Fontaine et al. 2007; Fontaine et al. 2010; Fontaine et al. 2014) that involved a
significant number of Portuguese and Galician samples suggest that the porpoise population
from the Iberian Peninsula and north-Africa is relatively isolated from the rest of the
European populations. lberian porpoises represent an isolated ecotype that could be
proposed as a new subspecies in the future (Phocoena phocoena meridionalis) (Fontaine et
al. 2014). They can be found in small groups of less than 8 individuals, although schools of
50 or more individuals have been described (Jefferson et al. 1993). They are not frequently
seen in association with other species. Porpoises are listed in the Red Book of Portugal’s
Vertebrates as Vulnerable (Cabral et al. 2006).

Bottlenose dolphins are primarily a coastal species but may also be found in pelagic
habitats throughout tropical to temperate waters, having a worldwide distribution (Reynolds
Il et al., 2000; Wirsig and Pearson, 2015). Bottlenose dolphins live in a highly dynamic
fission- fusion society, in which individuals associate in small groups with regular structure
(composition and size) (Connor et al., 2000). Although there are many threats on local
populations and several resident populations have shown declines over the last two decades
(Augusto et al., 2012; Bejder et al., 2006; Guerra et al., 2014), the species is globally
widespread and abundant, and a major population decline worldwide is not expected.

Marine mammals rely on healthy ecosystems for their survival and, being fully
adapted to aquatic environments, they are uniquely suited to reflect ecosystem variability and
degradation. Because marine mammals integrate and reflect ecological variation across
large spatial and long temporal scales, they are prime sentinels of marine ecosystem change

(Bossart 2011a; Nelms et al. 2021). In essence, the overall health of marine mammals



ultimately reflects the health of the ecosystems upon which they depend (Burek et al. 2008).
Because they are top predators with considerable longevity and large body fat deposits,
bioaccumulation makes them ideal candidates to monitor several types of pollution in marine
systems. A bottom-up approach allows the monitoring of changes in lower trophic levels and
a top-down approach sheds light onto the pressures of higher trophic levels, caused mainly
by anthropogenic factors. Furthermore, they gather empathy from the general public, and
changes to marine mammals' health can easily transmit a powerful message to people
(Reddy et al. 2001; Moore 2008; Bossart 2011; Brito and Sousa 2011). Data on prevalence
of diseases such as toxoplasmosis and brucellosis (Van Bressem et al. 2009) also highlights
the importance of these species on the epidemiology of zoonotic diseases.

The number of stranded cetaceans per year along the Portuguese coast is relatively
high allowing for the collection of data and representative samples (Vingada and Eira 2017),
depending on funding availability. Since these data are not exactly equivalent to data
obtained from live and in situ specimens, extrapolations to each respective population must
be carefully considered. Nevertheless, the obtained data allows deepening the knowledge on
cetaceans and opens a pathway to new conservation measures.

The RAMM is regionally operated by several organizations. Presently, most samples
from the western coast are collected to the Marine Animal Tissue Bank (MATB) at
ECOMARE —Universidade de Aveiro (UA), by technicians working for the University of Aveiro
and the Portuguese Wildlife Society (SPVS). All technicians are licensed for capture,
handling, tagging and sample collection in mainland Portugal under the Decree-Law n°
140/99 of 24th April and Decree-Law n° 49/2005 of 24th February, and Decree-Law n°
316/89 of 22nd September. Licenses are issued on a yearly basis by the ICNF. The Marine
Animal Tissue Bank and the SPVS are registered in CITES with code PT009. Data and
samples were collected according to standard protocols (Kuiken and Hartmann 1991) and
each animal was identified using an alphanumeric code composed of the initials for the
species, an attributed number, and the year of stranding.

Until recently, information concerning infectious diseases in cetaceans occurring in
the Portuguese coast was scarce, although some data was available on the prevalence of
skin conditions in common dolphins from the Sado estuary (Harzen and Brunnick 1997; Van
Bressem et al. 2003). The FCT CETSENTI project (RECI/AAG-GLO/0470/2012) was a
precursor in this research field in Portugal, building on a synergistic collaboration between
the Faculty of Veterinary Medicine of the University of Lisbon (FMV-UL), UA, Universidade
do Minho (UM) and SPVS. Among other aspects related with cetacean population health, the
project included the first survey of CeMV and herpesvirus (HV) in several cetacean species
inhabiting Portuguese waters. Also, since the immunological status of an individual plays an

important role in the onset and establishment of disease, the first steps were taken with



respect to cetacean immunological response in relation with host health status. The
occurrence of infectious disease is a complex process in the individual, and the
determination of its significance at the population level is a daunting task (Gulland and Hall
2006). Host/pathogen/environment interactions that increase either the host's susceptibility or
the pathogen's virulence or transmission rate may result in changes on the incidence of
infectious disease. Data on baseline health parameters; identification and prevalence of
pathogens; temporal and spatial patterns of disease and its relationship to environmental
factors; effects of toxicants and host specificities, are all needed to understand the potential

effects of climate change on marine mammal health (Burek et al. 2008).

2. Cetacean morbillivirus

2.1 Morbillivirus: characterization.

The genus Morbillivirus belongs to the Mononegavirales order, Paramyxoviridae
family, which comprises 7 different genera. These are highly contagious viruses for their
respective hosts and mediate similar consequences of pathogenesis in different species
(fever, respiratory and gastrointestinal disease). Induction of a severe transient
immunosuppression and the gain of life-long immunity in survivors are the most notable
features of morbillivirus infection (Sato et al. 2012a). Affecting humans, measles is one of the
most recognizable diseases caused by a morbillivirus, being a highly contagious infectious
disease. It is a vaccine-preventable disease, but it has recently been associated to several
outbreaks, even in countries where it was previously eradicated. In dogs, morbillivirus
infection causes a disease called distemper, for which a vaccine is also available. Over the
years, new morbilliviruses have been detected (see table 1) including a recently recognized
feline morbillivirus (FeMV) associated with a persistent infection in cats causing tubule
interstitial nephritis and chronic kidney disease (Woo et al. 2012; Choi et al. 2020).

In dogs and humans, chronic latent localized infections have been detected
associated to defective forms of the virus and characterized by subacute sclerosing
panencephalitis (SSPE) in humans (Measles virus) or old dog encephalitis (ODE) (Canine

distemper virus), in dogs (Garg et al., 2019; Gutierrez et al 2010; Headley et al., 2009).



Table 1 — Known morbillivirus affecting different host species.

Species and Abbreviation Virus name
Measles Morbillivirus (MV) Humans Measles
Cetacean Morbillivirus (CeMV) . Cetaceans Cetacean morbillivirus
Feline Morbillivirus (FeMV) Cats Feline morbillivirus
Phocine Morbillivirus (PMV) Seals Phocine morbillivirus
Rinderpest Morbillivirus (RPV) Cattle and other Artiodactyla Rinderpest
Small Ruminants Morbillivirus (PPRV) Goats and Sheep Peste des Petits Ruminants
Canine Morbillivirus (CDV) Dogs Canine Distemper Virus

Morbilliviruses are enveloped, non-segmented, negative-strand RNA viruses
composed of six genes that encode eight proteins (as seen schematically in figure 2): the
nucleoprotein (N), the polymerase-associated phosphoprotein (P) protein, the matrix (M), the
surface glycoproteins F (fusion) and H (hemagglutinin), and the large (L) protein. The P gene
encodes additional gene products, termed the V and C proteins, via an RNA editing process
and an alternative translational initiation in a different reading frame, respectively. A viral
RNA-dependent RNA polymerase composed of the L and P proteins associates with the
nucleocapsid forming the ribonucleoprotein (RNP) complex, essential for the replication of

morbilliviruses (Bellini et al 1985; Cattaneo et al 1989; lwasaki et al., 2009).

Mucleocapsid protein (M)
Large protein (L)

Polymerase-associated

protein (P)

Matrix protein (M)

Fusion protein (F)

Hemaglutinin protein (H)

o N e - L —5

Leader v Trailer

B

Figure 2 - Schematic representation of a morbillivirus virion (A) and its genome (B) - Adapted
from Rima et al., 2019.



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 (Banyard et al 2008; Wild et al 1991).
H and F glycoproteins interact with cellular receptors that allow virus entry and determine
host susceptibility, tissue tropism and viral pathogenesis (Delpeut et al 2014; Melia et al.,
2014).

Investigations aimed at identifying the receptors for wild-type morbilliviruses started in
1993 with CD46, followed by the signaling lymphocytic activation molecule (SLAM) in 2000,
and the epithelial cell receptor, nectin-4, in 2011 (Sato et al. 2012b). Most morbilliviruses,
including MV, CDV, PDV, PPRYV, and RPV, use the SLAM of their respective host species as
a receptor (Adombi et al., 2011; Baron, 2005; Melia et al., 2014; Tatsuo et al 2001). The
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 (Melia et al., 2014; Muhlebach et al., 2011; Noyce et
al., 2011; Ohishi et al 2012; Shimizu et al., 2013b). 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 (Watanabe et al. 2010; Melia et al. 2014). SLAM is implicated in the regulation of
T-cell activation by affecting T-cell antigen receptor signaling. In addition, SLAM regulates
the functions of several other immune cell types, including natural killer and dendritic cells,
having a broad involvement in the modulation of innate and acquired immune responses
(Schwartzberg et al 2009; Veillette et al 2007; Veillette & Latour, 2003).

2.2 Epidemiology: hosts, history and current knowledge.

In marine mammals, the first reports of morbillivirus infection started in the late
eighties and early nineties. The virus was reported in pinnipeds (Osterhaus et al. 1989;
Visser et al. 1990; Bengtson et al. 1991), porpoises (Kennedy et al. 1988; Kennedy et al.
1991) and dolphins (Van Bressem et al. 1991). In 1993, Barrett et al. published a short
communication stating that dolphin and porpoise morbillivirus were genetically distinct from
phocine distemper virus. During the nineties, morbillivirus sequences found in cetaceans
started to be denominated as a new virus called Cetacean morbillivirus, with two different

strains: the dolphin morbillivirus and the porpoise morbillivirus. Approximately a decade after



the discovery of the first strains, a new strain was reported in pilot whales (Taubenberger et
al. 2000) and designated Pilot Whale Morbillivirus (PWMV).

The SLAM receptor has been characterized in seven species of mysticetes and in 19
species of odontocetes (Cattaneo et al. 1989; Shimizu et al. 2013a). Among the nine
cetacean families examined, variations were found between six amino acid residues, with
charge alterations in four of them. Residue substitutions (G68, H90 and H130) that
introduced charge alteration and possible change in viral affinity were observed in the SLAM
of the Delphinidae family, whereas these residues were mostly conserved in the receptor of
the other cetacean families. These changes could explain a possible higher dissemination
and viral infectivity of CeMV in delphinid species, since disease die-offs were dominated by
these species (Van Bressem et al., 2014). The only other odontocete cetacean that
presented this H130Q variation was the porpoise, from the Phocoenidae family, a species
that was greatly affected by morbillivirus infection in 1988—1990 (Kennedy et al., 1988).

As mentioned above, the first detection of the morbillivirus antigen in cetaceans
occurred in porpoises stranded in the coasts of Ireland, England and the Netherlands in the
late eighties, during a PDV-1 outbreak in seals. The virus was named Porpoise morbillivirus (
Kennedy et al 1992; Kennedy et al., 1991, 1988; McCullough et al., 1991). Also during the
eighties (1987-1988), a rise in mortality of bottlenose dolphins was detected on the west
coast of the USA, specifically between New Jersey and Florida. A morbillivirus — Dolphin
morbillivirus (DMV) — was detected (Lipscomb & Yvonne, 1994).

In 1990, DMV infection was detected in striped dolphins from the Mediterranean Sea
(Van Bressem et al.,, 1991). Hundreds of dolphins were found dead along the Spanish
coastline with signs of pneumonia and encephalitis (Domingo et al., 1992). Later, dead
animals started to strand on the coasts of France, Italy and Morocco (Aguilar and Raga
1993). Since then, other outbreaks of the disease were reported in other countries. In 1993-
1994 bottlenose dolphin deaths in the Gulf of Mexico were attributed to a DMV epidemic
(Lipscomb et al., 1996); in 1994, 47 common dolphins died and stranded on the margins of
the Black Sea and morbillivirus was detected by PCR (Birkun et al. 1999). Presently, this
common dolphin population at the Black Sea is listed as endangered in the IUCN Red List
(Birkun 2008).

Later on, serological studies showed a decrease in prevalence of CeMV seropositivity
in striped dolphins from the Mediterranean. These results suggested that, after the 1990-92
outbreaks, the levels of protection against the disease were diminishing, rendering these
animals susceptible to a new viral reintroduction (Van Bressem et al., 2001). In the same
study, porpoises and common dolphins from the NE-Atlantic and the North Sea also revealed

low antibody levels, suggesting that they were also at risk for CeMV infection.



In fact, after the early nineties outbreak in the Mediterranean, new outbreaks were
identified. In 2007, a new rise in striped dolphins’ mortality revealed a new epidemic of the
disease. Detection of the virus by RT-PCR and N gene sequencing showed high similarity to
the previously detected viral strain (Raga et al. 2008; Belliere et al. 2011). Between March
and April 2011, the number of stranding events on the Valencian Community coast (Eastern
Spain) increased: 37 dolphins were reported stranded over a 2-month period, which
represented more than the annual average for that region, raising concerns of a new
outbreak (Rubio-Guerri et al. 2013). Molecular biology analysis conducted in samples of
these animals confirmed DMV infection.

A comparison between the striped dolphin outbreaks in 1990, 2007, and 2011
suggested a change in DMV epidemiology in the Western Mediterranean Sea. Mortality rates
seem to be getting lower and lesions appear to be less severe, with mostly younger animals
affected (Rubio-Guerri et al. 2013). It is possible that the DMV epidemiology in striped
dolphins in the Western Mediterranean is changing from epizootic to enzootic infection
(Domingo et al. 1995; Belliére et al. 2011; Rubio-Guerri et al. 2013).

Both the 90-92 and the 2007 DMV outbreaks started close to the Gibraltar Strait,
suggesting that the viral introduction could have originated in the Atlantic populations.
Serological evidence has been used to suggest that pilot whales may be reservoirs for DMV
and that pilot whale populations are endemic for DMV whilst dolphins may represent a spill-
over host. Several authors considered the pilot whale the most likely endemic source of
morbilliviruses of cetaceans and a possible vector for its transmission to other species
(Duignan et al. 1995; Van Bressem et al. 2001). Pilot whales have several characteristics
that make them good candidates for being a CeMV endemic source and vector: 1) they move
in large pods and have a cosmopolitan distribution and, 2) they are known to associate with
different cetacean species. A high proportion of pilot whales sampled in the mid-1990s were
seropositive for morbillivirus (Van Bressem et al. 2001).

The discovery of systemic morbillivirus infection in two adult striped dolphins stranded
on the southwestern (Atlantic) coast of Spain, close to Gibraltar, in 2011 and 2012 further
indicates that the Strait may play an important role in the epidemiology of CeMV (Soto,
2014). Furthermore, the detection of DMV strains in striped dolphins stranded in the Canary
Islands identical to the Mediterranean strains (Van Bressem et al. 2014; Sierra et al. 2014)
suggests that this population could also transmit the virus to the Mediterranean striped
dolphins through occasional contacts through the Strait of Gibraltar.

Several studies found high prevalence of CeMV seropositive animals among
populations of dusky dolphins (Lagenorhynchus obscurus), Fraser’s dolphins (Lagenodelphis

hosei) and melon-headed whales (Peponocephala electra). These species may also play a
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role as reservoirs and vectors of the infection to susceptible species (Duignan et al. 1995;
Van Bressem et al. 1998; Van Bressem et al. 2001; Duignan et al. 2006; Stone et al. 2012).

2.3 Morbillivirus pathogenesis: course of infection.

Pathology associated with CeMV is similar to what is commonly observed in other
morbillivirus-infected animal and human hosts. Transmission occurs mostly after the
inhalation of aerosolized virus shed by infected individuals. This form of transmission is also
likely to occur among cetaceans and it should be favored by cetacean gregarious behavior
and high density populations (Raga et al., 2008; Van Bressem, Van Waerebeek, & Raga,
1999).

Morbilliviruses are mostly lymphotropic and epitheliotropic and after initial replication
in lymphoid tissue, the virus is disseminated by infected lymphocytes through the lymphatic
system, spreading to epithelial cells (Appel, 1969; De Swart et al., 2007; Delpeut et al., 2014;
Lemon et al., 2011; Ludlow et al 2015).

The course of infection can vary, and acute, sub-acute and chronic infections have
been detected in cetaceans, as well as a chronic localized CeMV encephalitis (Van Bressem
et al.,, 2014). An acute systemic disease has been observed, causing a severe multifocal or
diffuse bronchopneumonia with interstitial edema. This infection is characterized by necrosis
of type | pneumocytes and bronchiolar epithelial cells, and type Il pneumocytes hyperplasia.
Syncytial giant cells may form in alveolar and bronchiolar lumen and intracytoplasmic and
intranuclear eosinophilic inclusion bodies are typically seen in acute morbillivirus infections. A
severe generalized immunosuppression is a major feature in morbillivirus infection, and a
non-suppurative encephalitis can be present in some animals. There are also cases of a
subacute systemic form of the disease: animals did not succumb to the initial infection, but a
profound immunosuppression facilitated secondary opportunistic infections by agents such
as Toxoplasma sp. or Aspergilus. A focal non-suppurative demyelinating
meningoencephalitis was also seen in these cases (Domingo et al., 1992; Stephens et al.,
2014).

A chronic localized CeMV encephalitis, similar to the SSPE in humans and ODE in
dogs, has also been identified in cetaceans with viral detection and lesions limited to the
brain, without syncytial cells or inclusion bodies. This chronic localized infection represented
the most common cause of stranding and death in mature striped dolphins in the years
following a DMV epizootic (Soto et al., 2011). Several animals found dead in the period
between 1991-1994 and 2008-2011 in the western Mediterranean and in 2009-2011 in the
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Eastern Mediterranean presented this chronic encephalitis (Di Guardo et al., 2013; Domingo
et al., 1995; Soto et al., 2011).

3. Cetacean Herpesvirus

3.1. Background and present data on epidemiology.

Herpesviruses fall within the taxonomic order Herpesvirales (Davison et al. 2009),
composed of three families: Herpesviridae, affecting mammals, reptiles, and birds,
Alloherpesviridae affecting fish and amphibians, and Malacoherpesviridae affecting bivalves.
Within the Herpesviridae family, three subfamilies are recognized: Alphaherpesvirinae,
Betaherpesvirinae, and Gammaherpesvirinae (Davison et al. 2009; Pellett and Roizman
2013).

Viruses in the herpesviridae family are enveloped and vary in size (120-250 nm in
diameter). They are spherical to pleomorphic with a nucleocapsid composed of 162
capsomers surrounded by an amorphous tegument with glycoprotein complexes embedded
in the lipid envelope (Figure 3). The genome is linear double-stranded DNA with
approximately 125-290 kb in size.

Lipid envelope

Glycoproteins

Outer tegument laver

Inner tegument laver

Figure 3 - Schematic representation of a herpesvirus virion, original image.
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Replication occurs within the nucleus, with sequential transcription and translation of
immediate early (a), early (B) and late (y) genes. The earlier genes and their gene products
regulate the transcription of later genes. Encapsidation also occurs in the nucleus and a
budding process through the inner layer of the nuclear envelope forms the envelope.
Infection results in characteristic eosinophilic intranuclear inclusion bodies. The number of
open reading frames grossly underestimates the true genomic output of herpesviruses. In the
case of cytomegalovirus (CMV), for example, alternative splicing and optional start codons
give rise to more than 700 different viral proteins (Grinde 2013).

Herpesviruses are broadly considered species specific, because of long-term host-
virus co-evolutionary processes. However, many herpesviruses may not be strictly host
specific, and are capable of crossing species barriers and infecting different species,
representing a zoonotic risk (Azab et al 2018). Although viruses with long-term evolutionary
relationships with their host species tend to be relatively benign since killing their host would
impede their replication and further progress, a recent zoonotic history is usually responsible
for an increase in virulence.

The most characteristic property of herpesviruses is that they can establish latent
infections in which viral gene expression is highly limited, with recrudescence and
intermittent or continuous virus shedding, occurring in all herpesvirus infections. The latent
genome is essentially silent, except for the production of a latency-related gene. This RNA
transcript is not known to code for any protein; however, a small open reading frame (ORF-
E) located within the latency-related gene appears to be expressed and inhibits apoptosis;
the precise mechanisms responsible for the establishment, maintenance, and reactivation of
latent infection are not fully characterized. Reactivation is usually associated with stress
caused by intercurrent infections, shipping, cold, crowding, or by the administration of
glucocorticoid drugs (MacLachlan and Dubovi 2011a).

In marine mammals the first known herpesvirus was the Phocid Herpesvirus 1
(PhHV-1), reported in 1985 in harbor seals in The Netherlands. Animals showed signs of
acute pneumonia and viral hepatitis and an alphaherpesvirus was identified by electron
microscopy and serum neutralization assays (Osterhaus et al 1985). A second herpesvirus
was identified in harbor seal leukocytes’ in 1994, and genetic analysis of the isolates in 1996
confirmed it to be a novel gammaherpesvirus — Phocid herpesvirus 2 (PhHV-2) (Lebich et al.
1994; Harder et al. 1996)

To this day, one alpaherpesvirus and four gammaherpesviruses have been identified
in pinnipeds: Phocid Herpesvirus 1 and Phocid Herpesvirus 2, Hawaiian monk seal
herpesvirus, otariine herpesvirus 1, and northern elephant seal herpesvirus (Osterhaus et al.
1985; Lebich et al. 1994; Harder et al. 1996; Lipscomb et al. 2000; Goldstein et al. 20064a;
Goldstein et al. 2006b).
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In cetaceans, herpesviruses were first identified by electron microscopy in skin
biopsies from beluga whales in the late 80’s (Barr et al 1989; Martineau et al., 1988). Later,
also by electron microscopy, they were identified in harbor porpoises (Phocoena phocoena)
(Kennedy et al., 1992) and in dusky dolphins (Lagernorhynchus obscures) (Van Bressem,
Van Waerebeek et al 1994).

The first molecular diagnostic of herpesvirus in cetaceans took place in 2001
(Blanchard et al. 2001) in Atlantic bottlenose dolphins. Necropsy and histopathology of
stranded animals revealed acute necrotizing lesions in several organs, with intranuclear
eosinophilic inclusion bodies suggesting a disseminated herpesvirus infection. PCR targeting
the DNA polymerase and terminase genes of HV was performed and phylogenetic analysis
allowed the identification of two novel alphaherpesvirus.

Since then, HVs were identified in a myriad of odontocete cetaceans, such as:
Blainville’s beaked whale (Mesoplodon densirostris), dwarf sperm whale (Kogia sima) and
Risso’s dolphin (Grampus griseus) (Benson et al. 2006); Yangtze finless porpoise
(Neophocoena phocoenoides) (Pei et al. 2012); Pacific white sided dolphin (Lagenorhyncus
obliquidens) (Noguchi et al. 2013); Beluga (Delphinapterus leucas) (Bellehumeur et al.
2015); Striped dolphins (Stenella coeruleoalba) (Sierra et al. 2015; Bento et al. 2019);
Common dolphins (Delphinus delphis) (Bento et al. 2019), and Harbor porpoises (Phocoena
phocoena) (Elk et al. 2016; Bento et al. 2019). Herpesviruses have also been reported in
mysticetes such as the fin whale (Balaenoptera physalus) and minke whale (Balaenoptera
acutorostrata) (Melero et al 2015).

The advent of molecular biology techniques has allowed the identification of
herpesvirus sequences in many different species, and the diversity of sequences found is
remarkable. The possibility to amplify such a vast number of unknown sequences is vastly
due to a set of primers designed for the DNA polymerase (DNApol) of herpesviruses, a
rather conserved region, in a nested format conventional PCR which was first described by

vanDevanter in 1996 (VanDevanter et al. 1996).

3.2 HV-associated pathology findings.

Herpesviruses have been found in cetaceans associated to a vast array of clinical
signs. Some of the most frequently detected lesions associated with HV infection are
cutaneous and mucosal lesions. In 2005, several skin and genital lesions were reported in

stranded cetaceans that tested positive for herpesviruses in the nested conventional PCR
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mentioned above (Benson et al. 2006). In Figure 4, skin lesions found in animals stranded in
the Portuguese coastline can be seen.

Several other reports associated hyperplastic, proliferative skin, mucosal or genital
lesions in cetaceans with herpesvirus infection. Lesions included: genital proliferative lesions
in a striped dolphin (Sierra et al., 2015); proliferative dermatitis and genital lesions in Atlantic
bottlenose dolphins (Van Elk et al 2009; Manire et al., 2006); genital proliferative plaques in
Risso’s dolphins, a dwarf sperm whale and in two Bainsville’s beaked whales (Saliki et al.
2006; Benson et al. 2006) and proliferative dermatitis and genital lesions in beluga whales
(Barr et al. 1989; Bellehumeur et al. 2015).

Figure 4 - Mucosal lesions detected during necropsies of cetaceans stranded along the

Portuguese coastline: oral lesions in the tongue of two stranded common dolphins.

The oncogenic potential of these viruses has also been hypothesized. In other
species, herpesvirus, more specifically gammaherpesvirus, can be associated with the
proliferation of neoplasia. Viruses in this subfamily have a narrow host range, are
lymphotropic, and become latent in lymphocytes;, some are linked to oncogenic
transformation of lymphocytes, notably human herpesvirus 4 (Epstein—Barr virus), which is
the cause of Burkitt's lymphoma and nasopharyngeal carcinoma in humans (MacLachlan
and Dubovi 2011a). Another example of oncogenic herpesvirus is Human Herpesvirus 8
(HH8), causing Kaposi sarcoma, a low-grade vascular tumor.

Several oncogenic herpesviruses also affect other animal species. Marek's disease

virus (MDV), more frequently referred to as Gallid herpesvirus 2 (GaHV-2), is the causative
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agent of Marek's disease (MD) in chickens, a multifaceted disease most widely recognized
by the induction of a malignant T-cell lymphoma. This major pathogen of poultry is the
prototype species of the Mardivirus genus (Marek's disease-like viruses) within the
Alphaherpesvirinae subfamily of the Herpesviridae family (Denesvre 2013). Herpesvirus
saimiri (saimiriine herpesvirus 2) is the classical prototype of the gamma (2)-herpesviruses or
rhadinoviruses, which also includes the Kaposi's sarcoma-associated herpesvirus. The T-
lymphotropic Herpesvirus saimiri establishes specific replicative and persistent conditions in
different primate host species. Virtually all squirrel monkeys (Saimiri sciureus) are
persistently infected with this virus. In its natural host, the virus does not cause disease,
whereas it induces fatal acute T-cell lymphoma in other monkey species after experimental
infection (Fickenscher and Fleckenstein 2001).

In marine mammals, Otarine herpesvirus 1 (OtHV1) is strongly associated with
California sea lion (CSL) (Zalophus californianus) urogenital carcinoma, the most common
cancer documented in marine mammals. In addition to CSL, OtHV1 has also been found in
association with carcinoma in South American fur seals (Arctocephalus australis),
demonstrating the herpesvirus ability to infect related species (King et al. 2002; Buckles et al.
2006).

In cetaceans, a gammaherpesvirus has recently been detected in Indo-Pacific
humpbacked dolphins (Sousa chinensis) with squamous cell carcinomas (Banlunara et al.
2019). This new herpesvirus has been tentatively hamed Sousa chinensis alphaherpesvirus.
This report highlights an ongoing, aggressive epizootic of neoplastic disease in a captive
population as well as photographic evidence suggestive of a similar process in several wild
Indo Pacific humpbacked dolphins in Thai waters, strongly suggesting a contagious etiology.
Although herpesvirus was detected in one of the animals tested, further studies are needed
to determine if the viral infection is responsible for the neoplastic lesions (Banlunara et al.
2019).

4. Immunology

4.1 Cytokines as immunological assessment tools.

Cytokines are mainly produced by macrophages and lymphocytes and play an
important role in antiviral immune responses by a wide range of mechanisms, including
regulation of the expression of MHC molecules and co-stimulatory molecules and the direct
activation or deactivation of immune cells. Cytokines are a large group of molecules and

include the interferons (IFNs), interleukins (ILs), various colony-stimulating factors (CSFs),
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the tumor necrosis factors (TNFs) and transforming growth factors (TGFs), thought to be
particularly important in mediating inflammatory and cytotoxic reactions. This may lead to the
activation of cellular antiviral responses involving NK cells and cytotoxic T cells, and
antibody-mediated virus clearance (Ramshaw et al. 1997).

Playing a major role in the initiation and progression of immune responses, cytokines
are good candidates to be used as tool for health assessment (Fonfara et al 2008).
Cytokines may be divided into pro-inflammatory cytokines, such as interleukin IL1(3, IL6, IL8,
IL12, and TNFa, and anti-inflammatory cytokines, like IL-4 and IL10 (Fonfara et al. 2008). In
the early stages of immune response, pro-inflammatory cytokines are produced mainly by
macrophages and monocytes and may be used to detect subclinical infections (Funke et al
2003; King et al., 1996). Cytokine expression in this early phase is dominated by the
expression of TNF-a, IFN-y and IL-1 by activated macrophages and lymphocytes, inducing
the production of other pro-inflammatory cytokines and inflammatory mediators (acute phase
response) (Roth and De Souza 2001).

Cytokines play a major role in shaping immune response as type-1 cytokines elicit
predominantly cell-mediated immunity and type-2 cytokines a predominantly humoral
immunity (Patel et al. 2012). Cytokines directing Th1l and Th2 responses, and produced by
the respective subsets, have been shown to cross-regulate each other’s development and
function. T lymphocytes are a major source of cytokines and they bear antigen specific
receptors on their surface to allow recognition of foreign pathogens. There are two main
subsets of T lymphocytes, depending on their surface molecules, known as CD4 or CD8. T
lymphocytes expressing CD4, known as helper T cells (Th cells), are the most prolific
cytokine producers. This subset can be further subdivided into Thl and Th2, and the
cytokines they produce are known as Thl type cytokines and Th2 type cytokines (Berger
2000). Thl cells secrete pro-inflammatory cytokines, with a special emphasis on IFNy, L2
and TNFa, stimulating cell-mediated immunity. The Th2 type cytokines include interleukins 4,
5, 13, and also IL10, which leads to an anti-inflammatory response, inhibiting cell mediated
immunity and promoting humoral immune responses (Berger 2000; Fonfara et al. 2008).

Several authors have investigated cytokine expression for the assessment of immune
function in marine mammals; however, scarce information is available on their association
with the health status in marine species. In a study on harbor porpoises, increased
concentrations of IL10 mRNA correlated with an impaired health status. It was hypothesized
that elevated IL10 levels could reflect a continuous stimulation of the immune system in
chronically diseased harbor porpoises (Beineke et al 2007). These results indicate that IL10
levels can be regarded as a potential marker for chronic infectious diseases, as previously

described for other species (Rigopoulou et al 2005; Song et al 1999).
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Both inflammatory and anti-inflammatory reactions are normal components of the
same immune response, which coordinately fight infections while preventing immune
pathology. In the late phase, anti-inflammatory cytokines, such as TGF-b, IL-4 and IL-10
produced by lymphoid cells terminate the immune response. IL-10 is an important
suppressive cytokine, produced by a large number of immune cells, and a key player in anti-
inflammatory immune responses (O’Garra et al, 2004).

Cytokines have been used to determine prognosis and even to help diaghose several
diseases through the evaluation of their expression levels and different profiles. In humans,
quantification of IFNy can be used as a diagnostic tool for tuberculosis (Santin Cerezales
and Benitez 2011) and cytokine profiling has been studied as a method of distinguishing
between latent and active infection (Won et al. 2017). In cats, cytokines have been studied
as a diagnostic tool for Mycobacterium infection (O’Halloran et al. 2018). Cytokine markers
have also been studied, either as a prognostic or as diagnostic tool, in other viral diseases
such as varicella (Hao et al. 2015), bovine HV 5 (Cardoso et al. 2016), covid-19 (Han et al.
2020), among others. Cytokine expression profile has particularly been important in the study
of sepsis establishment and evolution (Chousterman et al 2017; Faix, 2013; Grondman et al
2020).

Viral infections pose a major challenge to host survival, and the capacity of the virus
to replicate and persist in the host is challenged by the host’s antiviral defense mechanisms.
Antiviral defense mechanisms are numerous and range from non-specific defenses to
sophisticated mechanisms specifically induced in response to viral antigens. The complexity
of such mechanisms, with distinct yet overlapping roles, is proof of their importance in host
survival as an outcome of a virus infection (Ramshaw et al. 1997).

Experiments using mice indicate that IFNs are essential for innate immunity against
viral infections. IFN-a, IFNy and IFN-f are responsible for the response to viral and bacterial
pathogens and parasites. Interferons perform multiple functions during viral infections by
inhibiting viral replication and spread. Furthermore, they modulate immunity, both innate
mechanisms and adaptive responses, shifting it towards cellular cytotoxicity, and exert an
anti-proliferative influence on some types of cells (De Veer et al. 2001). Mice with a targeted
disruption of the type | or Il IFN receptor genes were extremely susceptible to viral infections,
showing enhanced viral replication in many tissues (Mdller et al. 1994).

Morbillivirus infection has similar traits across species: they usually cause a
respiratory infection with pneumonia and encephalitis, and a marked immunosuppression in
the host. The effects of morbillivirus in the immune system have been extensively studied in
humans, with Measles being an important disease due to its severity, mainly affecting
populations in developing countries with restricted access to vaccines and overall healthcare.

These populations also suffer with malnutrition and other infectious diseases, which
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aggravate even more an already severe infection. MV infection is accompanied by severe
suppression of both innate and adaptive immune responses that may last for months and is
caused via multiple mechanisms (de Vries et al. 2012; de Vries and de Swart 2014).

Inflammation markers could be helpful to monitor the health status of marine
mammals, both in captivity and in free-ranging animals, especially considering that
inflammatory processes and the impairment of immune function can be difficult to detect in
these species (King et al. 1996, Zeneto-Savin et al. 1997, Funke et al. 2003).

5. Objectives

This work has been developed in the last five years by a team of multidisciplinary
contributors that include biologists, veterinarians and veterinary nurses. This collaboration
allowed collecting a valuable body of samples and knowledge, which was integrated in order
to shed light onto the life and death of free-roaming cetacean species off the coast of
Portugal. The overall aim of the present study was to characterize morbillivirus and
herpesvirus infections and their repercussions in the health of the sampled cetacean
populations. The specific objectives of the present study were:

e To clarify the prevalence of CeMV in cetacean populations from the eastern Atlantic,
and to investigate the relationship between the dolphin morbillivirus strains circulating
in the sampled eastern Atlantic areas and elsewhere in the world, with particular

emphasis to the Mediterranean.

e To identify novel or previously described herpesviruses in samples from cetaceans
stranded on the Portuguese coastline and to determine relations between these new
herpesvirus sequences and representatives of the known Herpesviridae subfamilies

and genera, available at GenBank ® as cetacean herpesvirus sequences.

e To evaluate the relative expression of different cytokine genes (IL1pB, IL6, TNFa, IL12,
IL4,IL10, and IFN-y) in a group of healthy common dolphins, in order to establish a
baseline profile to be used in the future as a health assessment tool, and to compare
cytokine profiles of CeMV-infected individuals with a control group to infer changes in

their immune system caused by this viral infection.

In general, the results obtained in this work will contribute to a better understanding of
the epidemiology of these viruses in cetacean populations living in the Eastern Atlantic,

as well as their effect on their population health.
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Abstract

Screening Atlantic cetacean populations for Cetacean Morbillivirus (CeMV) is
essential to understand the epidemiology of the disease. In Europe, Portugal and Spain have
the highest cetacean stranding rates, mostly due to the vast extension of coastline.
Morbillivirus infection has been associated with high morbidity and mortality in cetaceans,
especially in outbreaks reported in the Mediterranean Sea. However, scarce information is
available regarding this disease in cetaceans from the North-East Atlantic populations. The
presence of CeMV genomic RNA was investigated by reverse transcription-quantitative PCR
in samples from 279 specimens stranded along the Portuguese and Galician coastlines
collected between 2004 and 2015.

A total of sixteen animals (n=16/279, 5.7 %) were positive. The highest prevalence of
DMV was registered in striped dolphins (Stenella coeruleoalba) (n=14/69; 20.3 %), slightly
higher in those collected in Galicia (n = 8/33; 24.2 %) than in Portugal (n =6/36; 16.7 %).

Phylogenetic analysis revealed that, despite the low genetic distances between
samples, the high posterior probability (PP) values obtained strongly support the separation
of the Portuguese and Galician sequences in an independent branch, separately from
samples from the Mediterranean and the Canary Islands. Furthermore, evidence suggests
an endemic rather than an epidemic situation in the striped dolphin populations from Portugal
and Galicia, since no outbreaks have been detected and positive samples have been
detected annually since 2007, indicating that this virus is actively circulating in these
populations and reaching prevalence values as high as 24 % among the Galician samples

tested.

1. Introduction

Morbillivirus infection affects mainly the upper respiratory tract, central nervous
system and the immune system (Beineke et al 2010; Van Bressem et al., 2014) and has
been identified as a cause of death and stranding in marine mammals (Domingo et al. 1992).
In odontecetes, infection has been associated with high mortality rates occurring during
disease outbreaks in different parts of the world (Van Bressem et al., 1999). The mortality
rate in striped dolphins from the Mediterranean Sea in the beginning of the nineties was the
highest recorded so far (Aguilar & Raga, 1993; Forcada et al 1994; Van Bressem et al.,

2014). Further studies are needed to deepen the knowledge about this disease. An
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integrated approach taking into consideration epidemiological and environmental parameters
should provide a better picture of the ecology and evolution of Cetacean Morbillivirus (CeMV)
in free-ranging cetaceans (Van Bressem et al., 2014).

CeMV includes three well characterized viral strains (Van Bressem et al. 2009):
porpoise morbillivirus (PMV), dolphin morbillivirus (DMV) and pilot whale morbillivirus
(PWMV); three novel cetacean morbillivirus strains were recently reported (West et al. 2012;
Groch et al. 2014; Stephens et al. 2014), adding to the genetic diversity of these viruses.

Morbilliviruses affecting cetaceans have been described in the last decades (Van
Bressem et al. 2014) after the initial detection of viral antigens in these species in the late
eighties. The first evidence of morbillivirus infection in cetaceans occurred in 1988 during a
PMV outbreak, when the viral antigen was detected in harbour porpoises (Phocoena
phocoena) stranded in Ireland (Kennedy et al.,, 1988). In the early nineties, dolphin
morbillivirus (DMV) was isolated from striped dolphins from the Mediterranean (Domingo et
al., 1990; Van Bressem et al., 1991); in 2000 PWMV was first described in a long-finned pilot
whale (Globicephala melas) from the US coast (Taubenberger et al. 2000) and later, in 2011,
from a short-finned pilot whale (Globicephala macrorynchus) in the Canary Islands (Belliere
et al., 2011).

Due to the virus pathogenic impact on cetacean populations, further information about
morbillivirus infection in cetaceans worldwide is relevant to understand its epidemiology in
these animals. Studying infectious diseases in these species is important, especially
considering that additional non-infectious aggressions, mainly due to human activities, render
these populations even more susceptible to disease. An annual average of 200 stranded
cetaceans were registered between 2010 and 2012, considering the Algarve and the
Northern region of the Portuguese continental coast (Vingada et al. 2012) and fisheries
bycatch was identified as the most significant cause of death. To this date, no molecular data
was published on morbillivirus infection in animals stranded in Portugal or northern Spain. In
2014, dolphin morbillivirus infection was reported in a retrospective study affecting striped
dolphins and a common dolphin from the Canary Islands (Sierra et al., 2014), causing non-
suppurative meningoencephalitis. Also, a fatal systemic morbillivirus infection was detected
in a bottlenose dolphin stranded in 2005 in the Canary Islands (Sierra et al., 2014). It was
suggested that DMV was not endemic in harbour porpoises and common dolphins
(Delphinus delphis) from the NE Atlantic (British Isles) in the period 1996-1999 (Van
Bressem et al., 2001), as low antibodies titers were detected in animals from Spain and the
North Sea.

DMV infection apparently did not persist as an endemic infection in Mediterranean
striped dolphins after the 1990-92 epidemic (Van Bressem et al., 2001). Both epidemics in
the Mediterranean Sea (1990-92 and 2006—-07) started near the Gibraltar Strait (Raga et al.,
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2008) and it has been suggested that DMV-infected cetaceans may have entered the Strait
of Gibraltar and infected striped dolphins, the most common cetacean at the time (Di Sciara
et al.,, 1993; Van Bressem et al., 2009). Pilot whales had been already proposed as
reservoirs in 1995 (Duignan et al., 1995). Later, in 2006 several long-finned pilot whales were
found stranded along the coast of the Alboran Sea, and morbillivirus infection was detected
(Fernandez et al. 2008). In this epidemic, deaths were first detected close to the Gibraltar
Strait and spread further into the Mediterranean Sea. Recently described sequences found in
striped dolphins from the Canary Islands show high identity with sequences from the
Mediterranean outbreaks, indicating the possible circulation of viruses between the Atlantic
and the Mediterranean (Sierra et al. 2014). The role of other cetacean species as reservoirs
needs to be further assessed.

The objective of the present study was to clarify not only the prevalence of DMV in
cetacean populations from the eastern Atlantic, but also to investigate the relationship
between the dolphin morbillivirus circulating in the eastern Atlantic and elsewhere in the

world, especially in the Mediterranean.

2. Methods

2.1 Sample collection

Stranded cetaceans were collected by the Sociedade Portuguesa de Vida Selvagem
(SPVS) in Northern Portugal and the Algarve within the Marine Animal Stranding Network,
managed by the Instituto para a Conservacdo da Natureza e Florestas (ICNF) and in Galicia
by the Coordinadora para o Estudo dos Mamiferos Marifios (CEMMA). Permission was
issued by the National Authority (ICNF) to SPVS technicians to collect wildlife samples within
the national territory according to laws n.140/99, n.49/2005, n.156-A/2013, and n.316/89.
Also, SPVS is a registered CITES scientific research institution (code PT009). CEMMA holds
a permit from the Conselleria de Medio Ambiente, Territorio e Infraestruturas de Xunta de
Galicia (Spain) to collect and maintain cetacean samples according to law 42/2007 and law
9/2001.

The animals were assigned a decomposition code (1 to 5) according to already
established protocols (Geraci and Lounsbury 1993). Animals with a score ranging from to 1
to 3 (fresh to moderate decomposition) were surveyed in the present study. During necropsy,
tissue samples were collected from 279 cetaceans: brain, lung, pulmonary lymph node,
mesenteric lymph node, spleen, kidney and liver, whenever possible. For animals from

Galicia the only available sample was the lung. Samples collected in Portugal were stored in
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vials with RNAlater® at —-20 °C and samples collected in Galicia were frozen at =20 °C. All
samples were kept in the marine animals’ tissue banks (MATBs) of SPVS and CEMMA.
Samples from different species were collected between 2004 and 2015: common dolphins
(DD), striped dolphins (SC), bottlenose dolphins (Tursiops truncatus; TT), long-finned pilot
whales (Globicephala melas; GM), Pigmy Sperm Whale (Kogia breviceps; KB), True’'s
Beaked Whale (Mesoplodon mirus; MMi) and Fin whale (Balaenoptera physalus; BP)
(Table 2). Samples were identified with a code composed by the species identification (e.g.,
DD, SC, TT), a number attributed to each stranding, and the year of stranding. From
cetaceans stranded in the Portuguese coastline 91 animals from 2011, 56 from 2012, 33
from 2013, 49 from 2014 and 7 from 2015 were tested. From Galicia, a total of 33 lung
samples from striped dolphins were tested. Available tissue samples from 10 animals
stranded in Portugal from previous years were also included in this study (6 striped dolphins
and 4 pilot whales from 2004 to 2009).

Table 2 — Number of stranded cetaceans tested for DMV per year.

m 2005 | | 2006 || 2007 || 2008 || 2009 (| 2010 (| 2011 || 2012 || 2013 || 2014 || 2015 || Total |

] common dolphin (DD) . = = . = = = 84 45 29 29 6 193
| striped dolphin (SC) 1 - 1 4 - - - 5 6 3 16 - 36
= lPiIot whale (GM) o = = - 2 2 - - 1 5
%n lBottIennse dolphin (TT) - - - - - - - 1 2 1 3 7
ﬂo- ITrue’s beaked whale (MMi) - - - - - - - 1 - - - - 1
lPigmy Sperm Whale (KB) - - - - - - - - 1 - 1 2
JFin whale (8P) - - - - _ _ _ - 1 - - 1 2
i
= ||striped dolphin (SC) 2 1 1 2 3 6 4 2 3 5 4 - 33
(U]

2.2 Total RNA extraction

Total RNA was extracted from a pool of tissue homogenates using RNeasy mini kit
(Qiagen, GmbH, Germany), according to the manufacturer’s instructions. The pool included,
whenever possible: lung, brain, pulmonary lymph node and mesenteric lymph node. Total
RNA quantification and purity was determined using a Nanodrop 2000C spectrophotometer
(ThermoScientific, USA) and stored at —80 °C until used.
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2.3 Detection of dolphin morbillivirus genomic RNA by reverse transcription-
guantitative PCR (RT-gPCR)

The detection of viral RNA for the DMV strain of CeMV was performed by RT-gPCR
in a StepOnePlus thermocycler (Applied Biosystems), using primers (Stabvida genomics lab,
Portugal) and probe (Eurogentec), targeting the N gene of DMV, as previously described
(Grant et al. 2009) (Table 3). A previously detected positive sample for DMV was used as a
positive control of the PCR reaction. Negative reaction controls were always included.

Table 3 - Primers and probe set used in RT-gPCR assays.

5’ Fluorophore 3’ Quencher Sequences (5'-3') Amplicon size  Annealing (°C) o
DMV-N-FP - - TGCCAGTACTCCAGGGAACATCCTTC 173 60 g g
DMV-N-RP - - TTGGGTCGTCAGTGTTGTCGGACCGTT 173 60 8 o
DMV-N-probe Cy3 BHQ1 A+ CA + CCAAA + AGGGA +CA - 60 =

One step RT-gPCR assays were performed using 100 ng of the template RNA, in a
total reaction volume of 20 pyL containing: 10 pyL of 1-step gPCR-ROX Mix (2x); 1 yL of RT
enhancer; 0,2puL of Verso Enzyme Mix (Verso 1-Step gRT-PCR ROX kit
ThermoScientific®); 0.4 uM of each primer and 0.25 uM of probe. For positive samples, total
RNA was extracted individually for each of the available organs and the infection was
evaluated individually in the different organs. The amplified DMV fragment was cloned into a
plasmid vector (Pgem Teasy — Promega) and serial tenfold dilutions of the recombinant
plasmid DNA were used to construct the standard curve (Fig. 5). The results showed a high
correlation (R?=0.997) with a calculated efficiency of 81 %. The primers and probe could

detect viral RNA copies down to 102, and the limit of detection was 224 copies.
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Figure 5 — Standard curve and equation for the determination of the efficiency of the
RT-gPCR for the molecular detection of DMV.

2.4 Conventional PCR for amplification of DMV genes.

Additional sequences were amplified from the positive samples by conventional

reverse transcription-PCR (RT-PCR) using previously described primers (Table 4) purchased

from Stabvida genomics lab (Portugal). Primers were used in different combinations,

targeting different genomic regions (Fig. 6).

Table 4 - Primers used in conventional PCR assays.

Primer Target gene Sequence (5’-3') (sense) Tm Genome position Reference
CeMV-Hel H CRTTGATACTYGTGGGTGTG (+) 59 7194-7213
CeMV-He2 H TGTTAACTTCTGGGGCATCC (-) 59 7407-7426 X
Belliére et al 2011
DMVFu-F F GGCACCATAATTAGCCAGGA (+) 51 6483-6502
DMVFu-R F GCCCAGATTTGTGCCTACAT (-) 51 6655—6674
DMV-C P ATGTTTATGATCACAGCGGT (+) 51 2132-2151
Grant et al 2009
DMV-P2 P ATTGGGTTGCACCACTTGTC (-) 51 2541-2560
NgeneF N CCHAGRATYGCTGAAATGATHTGTGA (+) 48 849-874
Taubenberger et al 20000
NgeneR N AACTTGTTCTGRATWGAGTTYTC (-) 48 1056-1078
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Figure 6 - Schematic representation of the primers used to amplifiy different genomic regions

by conventional RT-PCR.

The obtained amplicons were used to perform a phylogenetic analysis of the DMV
sequences, along with sequences retrieved from NCBI for the same genes. L and M genes
were not targeted in the conventional RT-PCR since very few sequences were available at
the NCBI database.

The amplicons were directly sequenced by Sanger sequencing at Stabvida, Portugal
and the specificity of the nucleotide sequences was compared by Blast
analysis http://blast.ncbi.nlm.nih.gov/Blast.cgi with CeMV sequences available in the
GenBank.

2.5 Phylogenetic analysis

The nucleotide sequences of the Portuguese and Galician sequence datasets
available in the GenBank (National Center for Biotechnology Information) repository ,with the
following accession numbers KP835987; KP835991; KP835995; KP835999; KP836003;
KP835986; KP835990; KP835994; KP835997; KP836002; KP836006; KP835985;
KP835989; KP835993; KP835996; KP836001; KP836005; KP835984; KP835988;
KP835992; KP835998; KP836000; KP836004; KP835983; KT878649; KT878650;
KT878651; KT878652; KT878653; KT878654; KT878655; KT878656; KT878657; KT878658;
KT878659; KT878660; KT878661, were compared with the available CeMV sequences and
outgroup taxa (Canine Distemper Virus [CDV], Phocine Distemper Virus [PDV] and Measles
Virus [MV]), retrieved from GenBank (table 5), according to their primary structure similarity

using the multiple alignment ClustalW program (Thompson et al. 1994).
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Table 5 — Accession number for GenBank sequences used to the phylogenetic analysis and

NC_0014981

Complete genomes and KC802221

common sequences
HQ829973

X84739
Gene N
F1842380

KF695110
EU039963
EF451565

AF333347
Gene P

KJ139452

KF711855
KC572861
KR337460
KC888945

AJ224704
F1842382
F1648457

Gene F

Sana £ 736978

corresponding description.

Measles Virus

Phocine Distemper Virus
Striped dolphin 2007 SP (Med)

Porpoise 1988 IRL

Short-finned pilot whale 1996 SP (Can Isl)

Bottlenose dolphin 2005 SP (Can Isl)
Long-finned pilot whale 2007 SP
White-beaked dolphin 2007 GM

Pigmy sperm whale 2001 TW
Striped dolphin 2007 SP (Can Isl)

Guiana dolphin 2010 BR
Striped dolphin 2012 SP (Med)
Fin whale 2013 1T
White-beaked dolphin 2011 NL

Striped dolphin 90’s SP
Short-finned pilot whale 1996 SP
Porpoise MV 1988 IRL
DMV 1994

AY649446
AJ608288

HQ829972

AF200818

JX195718
KF650727
AF200817
KJ139451
JN210891

KJ139454
KJ139453
KR704575

730086

AJ224705
Fi842382

Canine Distemper Virus

Dolphin Morbillivirus complete genome
Long-finned pilot whale 2007 SP (Med)

Long-finned pilot whale 1999 USA

Longman'’s beaked whale 2010 USA
Porpoise 1990 NL

Long-finned pilot whale 1999 USA
Striped dolphin 2002 SP (Can Isl)
Striped dolphin 2011 SP (Med)

Striped dolphin 2011 SP (Can Isl)
Striped dolphin 2009 SP (Can Isl)
Longman’s beaked whale 2013 NC

DMV 1994

Striped dolphin 90's SP
Short-finned pilot whale 1996 SP (Can
Isl)

SP=Spain; (MED)=Mediterranean; (Can Isl)=Canary Islands; IRL=Ireland; USA=United States of
America; NL=Netherlands; GM=Germany; TW=Taiwan; BR=Brazil, IT=Italy, NC=New Caledonia.

Six sets of alignments were considered for the phylogenetic analysis: nucleotide

sequence alignments for genes N, P, F and H, composed by sequences of 218, 342, 449

and 316 base pairs, respectively; concatenated sequence of amino acids (540 aa) and

nucleotides (1446 bps). Due to heterogeneity of the available DMV sequences it was not

feasible to maintain the same set of DMV sequences in the alignment for each gene. In the
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concatenated alignment only the sequences with all partial genomic regions were included.
The multiple sequence alignments were manually corrected with Jalview, Version 2.0.1
(Waterhouse et al 2009) removing long internal gaps and unmatched ends to maximize
genetic similarities and phylogenetic trees were inferred by Bayesian methods (MrBayes
v.3.2.1) (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003).

For the Bayesian analysis a Markov chain Monte Carlo (mcmc) simulation technique
was carried out to approximate the PP of trees (Ronquist and Huelsenbeck 2003). The
evolutionary GTR (nucleotides) and LG (amino acids) models were selected with gamma-
distributed rate variation across sites and a proportion of invariable sites (rates =invgamma).
The analysis was initiated using a random tree from the dataset with four chains running
simultaneously for 20 x 10° generations, sampling every 100 generations. The first 25 %
trees were discarded, and a majority rule consensus tree was generated from the remaining
trees. The graphical representation and edition of the phylogenetic tree were performed with

FigTree v1.3.1. Only support values equal or greater than 0.70 of PP are shown in the trees.

2.6 Statistical analysis

Chi-square test of association was performed to assess if the difference in prevalence
was statistically significant between different species (DD and SC) and between animals
from different origins (Portugal and Galicia). For this analysis an online website for statistical
computation was used url: http://vassarstats.net/. A confidence interval (Cl) of 95 % (for

a p value =0.05) was considered for all the statistical analysis.

3. Results

A total of 16 DMV positive cetaceans were identified by RT-gPCR, representing a
prevalence of 5.7 % (1C95 %: 3.42;9.32). With respect to the Portuguese coastline, 8 positive
animals were detected, including 6 striped dolphins (SC) and 2 common dolphins (DD)
[SC/15/2007, SC/257/2011, SC/221/2012, DD/302/2012, SC/11/2013, DD/191/2013,
SC/193/2014 and SC/290/2014]. In Galicia, 8 positive striped dolphins were detected
[SC/21/2007, SC/24/2008, SC/31/2009, SC/42/2010, SC/49/2011, SC/51/2012, SC/53/2012
and SC/55/2012]. Among all cetacean species, striped dolphins (n=69) revealed a
significantly higher DMV prevalence reaching 20.3 % (IC95 %: 11.92; 32.02), whereas
common dolphins (n=139) recorded a prevalence of 1.0% (IC95 %: 0.18; 4.09)
(P value 0.00). Positive striped dolphins were detected every year (from 2007 to 2014) while

positive common dolphins were only detected in 2012 and 2013. The DMV prevalence in
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striped dolphins stranded in Galicia was 24.2 % (1C95 %: 11.74; 42.63) whereas in Portugal
the DMV prevalence was 16.7 % (1C95 %: 6.97; 33.47). From the positive animals stranded
along the Portuguese coastline, each organ included in the tissue pool was tested
individually for viral RNA. Two animals tested positive in all available organs; four were
positive for viral RNA only in the brain and one animal tested positive in the lung, and in the
pulmonary and mesenteric lymph node (Table 6). Lung was the only available sample to test

in samples from Galicia.

Table 6 — Mapping of DMV infection in the available organs in Portuguese samples.

Lung Brain PulmonaryLN Kidney Spleen Liver MesentericLN

5C/257/2011 X

$C/221/2012 X X X X X X X
DD/302/2012 | X X X
5C/11/2013 X

DD/191/2013 | X X X X X X X
5C/290/2014 X

sc/193/2014 X

Sc/15/2007* X

Tested organs are shown in grey and positive organs are marked with an (X).

For samples SC/15/2007, SC/257/2011, SC/53/2012, SC/55/2012, DD/302/2012,
SC/290/2014, SC/11/2013, SC/31/2009, SC/51/2012, SC/21/2007, SC/221/2012 and
DD/191/2013 longer genomic regions were amplified by one step RT-conventional PCR with
the primers described previously (Table 4). For samples SC/24/2008, SC/42/2010,
SC/49/2011 and SC/193/2014 no fragments were amplified by conventional RT-PCR.

For the nucleotide sequences of each genomic region, phylogenetic trees were
inferred by Bayesian methods. All trees exhibited a similar sequence topology, supported by
robust PP values, regardless of the total number of sequences in each tree.

In the tree of the concatenated nucleotide sequences (Fig. 7) the CeMV sequences
were distributed in three main branches supported by high PP values. Portuguese and
Galician samples from 2011, 2012 and 2013 were included in one branch; sequences from
the Mediterranean from 2007, early nineties (AJ608288) and the Portuguese sequence
SC/15/2007 in another branch. The only PWMV included in this tree is isolated in a third
branch. The tree of the amino acid concatenated sequences presented a similar pattern
(Fig. 8), although with a rearrangement within the older sequences branch ([SC/15/2007,
GM/2007, Med, SC/2007/Med]; [SC/1990/Med]).
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Figure 7 - Phylogenetic tree generated with concatenated nucleotide sequences

alignment, inferred by Bayesian methods.
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Figure 8 - Phylogenetic tree generated with the concatenated amino acid sequences alignment,

inferred by Bayesian methods.

In the nucleotide tree for the F gene (Supplemental file 1) additional available
sequences from the early nineties were included. Samples collected in the Atlantic during the
2011-2013 period clustered in the same branch; samples from the nineties clustered in a
separate branch, and samples from the Mediterranean from 2007 clustered in a third branch,
together with the sample SC/15/2007, similarly to the distribution of the concatenated trees.
The PWMV was included in a unique branch. All branches were supported with high PP
values.

For the H gene nucleotide tree (Supplemental file 2), a higher number of sequences
were included. A set of sequences (9) from Portugal and Galicia ranging from 2009 to 2014
clustered in the same branch, supported by a PP value of 0.98. The SC/15/2007 sequence
still clustered with Mediterranean samples from 2007 and samples from the early nineties
were grouped in a separate branch. The new sequence for PMV included in this tree,
branches out from the DMV samples, similarly to the PWMV sequence (PP value of 0.9).

The nucleotide tree for the P gene (Fig. 9) contained the higher number of sequences

(35). One sequence from a guiana dolphin (Sotalia guianensis) collected in 2010 in Brazil
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appeared to be a distinct strain from the already characterized strains of CeMV (PMV,
PWMV and DMV. The two PWMV samples clustered in the same branch and the only PMV
included in the tree was isolated from all the other sequences. All these strains were
supported by high PP values. The DMV sequences included in this tree were all similar,
including sequences from distinct geographic origins, such as Germany, Taiwan or the
Mediterranean. Two sequences obtained from white-beaked dolphins in Germany and the
Netherlands in different years (2007 and 2011 respectively) clustered together with a PP
value of 0.99. Sequence AJ608288 from a striped dolphin collected in 1990 in the
Mediterranean and sequence AF333347 from a pigmy sperm whale from Taiwan collected in
2001 also clustered together (PP 0.79). Samples from the Canary Islands collected in 2005,
2007 and 2009 clustered with samples from the Mediterranean (2007 and 2011), one sample
from New Caledonia and one sample from Portugal (SC/15/2007). The remaining
Portuguese and Galician samples clustered in the same clade with two samples with a
different origin (KJ139454, Canary Islands and KC572861, Mediterranean).

1§+ PMV KF650727 PP/1990/NL il
o.sal DMV EF451565 LAJ2007/Germany
DMV KC888945 LA/2011/NL
ol7g [ DMV AJ608288 SCI1990/Med
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Figure 9 - Phylogenetic tree for the P gene nucleotidic sequences.

The N gene nucleotide tree (Supplemental file 3) showed a dislocation of sequences
between branches. One branch included Atlantic samples from 2011 to 2013 grouped with
the SC/15/2007 sequence and with sequences from the Mediterranean (1990 and 2007);
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Atlantic sequences also from 2012 to 2014, were grouped separately. The remaining PWMV

and PMV sequences appeared as two different outgroups.

4. Discussion

In this study we surveyed 279 animals and our results indicate a higher prevalence of
DMV among stranded striped dolphins (20.6 %) when compared to stranded common
dolphins (1 %) from the Atlantic based populations. Similar results had been previously
described in the Mediterranean during the 1990-92 and 2006—-08 CeMV breakouts, when
striped dolphins presented higher death and stranding rates than other species (Belliére et
al., 2011; Rubio-Guerri et al., 2013; Van Bressem et al., 2014). Several theories have been
hypothesized for this higher mortality rate amongst striped dolphins in the Mediterranean:
they were the most numerous species in the Mediterranean and serological studies
suggested that, prior to the 2006—08 outbreak, antibody levels were low in this population
rendering them more susceptible to the CeMV infection (Van Bressem et al., 2001); also, the
fact that they are highly gregarious and tend to live in large pods could contribute to the
spread of CeMV infection (Valsecchi et al 2004); high polychlorinated biphenyl (PCB) levels
were also detected in the affected animals, leading to the hypothesis that an impaired
immune system might have facilitated the infection by CeMV; finally, genetic susceptibility as
a result of inbreeding in the Mediterranean population (Valsecchi et al. 2004), which had
already been reported as relatively isolated from the Atlantic populations (Bourret et al.
2007).

Prevalence among striped dolphins from Galicia was 24.2 % while prevalence in
striped dolphins stranded in Portugal was 16.7 %. Although this difference was not
statistically significant, it is important to highlight that prevalence among striped dolphin
samples from Galicia was probably underestimated since only lung samples were tested.
Samples from the Portuguese coastline allowed testing several organs and antigen was only
detected in brain samples of four individuals out of the 6 positive striped dolphins. It is
therefore possible that the prevalence in striped dolphins from Galicia is being strongly
underestimated. Previous studies from the Atlantic based populations were performed in the
western part of the Atlantic, along the USA coast, and bottlenose dolphins were the most
affected cetaceans in that area. In the Canary Islands a retrospective study was published in
2014 and 6 animals were positive for CeMV (5 striped dolphins and 1 common dolphin)
(Sierra et al., 2014). In this study striped dolphins seem to be the most affected species

sampled from the East Atlantic.
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In four animals it was not possible to amplify viral genomic fragments by conventional
RT-PCR. These samples recorded high CT values in the RT-gPCR, corresponding to a low
target copy number (ranging from 105 to 943 copies), which would present a downside using
a less sensitive conventional assay. Also, three of the four samples were collected in animals
from Galicia originally stored at —-20 °C, which may possibly imply RNA degradation
hampering the amplification of longer genomic fragments, by conventional RT-PCR.

The genetic distances between samples were low among all sequences included in
the phylogenetic trees. Nonetheless, PP values were high and consistent in all trees
particularly in the DNA concatenated tree, adding robustness to the phylogenetic
arrangement.

In the phylogenetic trees for the concatenated nucleotides the grouping of viral
sequences followed a temporal arrangement, with samples collected since 2007 forming
different clades. When a higher number of sequences was added to the trees (P gene tree) a
phylogeographic arrangement becomes clear: all samples from Portugal and Galicia cluster
together (with isolates ranging from 2007 to 2014), further away from the samples from the
Mediterranean. The only exception seems to be the sequence from the animal
SC/15/2007,clustering with samples from the Mediterranean, as well as with samples from
the Canary Islands. Even samples from animals stranded in the south of Portugal (Algarve),
such as SC/11/2013, clustered separately from samples obtained in the Mediterranean. This
suggests that these populations may be relatively isolated from each other, which is
supported by previous findings by other authors (Bourret et al., 2007). It is worth noticing that
only one sample from a striped dolphin collected in the Canary Islands clusters closer to the
Portuguese and Galician samples. All the other samples from the Canary Islands are closer
to Mediterranean samples.

Positive samples for DMV antigen were detected annually since 2007 to 2013,
showing that the virus is circulating in cetacean populations from the Atlantic off the coast of
Portugal and northern Spain and both striped dolphins and common dolphins were found to
be positive to viral infection. The infection was mapped in the available organs and positive
lung samples were detected without association to higher mortality or stranding rates.
Further studies would be necessary to determine if these animals had an acute, sub-acute or
chronic infection and if the DMV infection was the cause of death. Animals DD/191/2013,
DD/302/2012, SC/21/2007, SC/51/2012, SC/53/2012, SC/11/2013 and SC/257/2011
stranded alive and were in general emaciated and with high parasite loads, suggesting a
sub-acute or chronic systemic infection. Histological and immunohistochemical studies
should be performed to further characterize the necropsy findings. Four animals (SC) were
positive only in brain samples, which might imply the development of chronic localized

encephalitis after a systemic infection.
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The two common dolphins positive for viral antigen (DD/302/2012 and DD/191/2013)
were both alive at the time of stranding and presented high parasite loads and poor body
condition. Animals DD/302/2012 and SC/221/2012 are also positive for cetacean gamma
herpesvirus (Bento et al.,, 2019) with viral antigen detected systemically. Unlike
Mediterranean populations of striped dolphin (Van Bressem et al., 2014), morbillivirus
infection seems to be endemic in the population of striped dolphins from the Atlantic. This
correlates to the serological survey conducted in 2011 in which 21.6 % (n=37) of the
analysed cetaceans cross reacted with Canine Distemper Virus antigen in a commercially
available ELISA kit (unpublished observations Bento, C.). To date, the harbour porpoise was
reported as the most affected species with morbillivirus infection in the north-eastern Atlantic,
although infection is probably not endemic considering porpoises’ solitary behavior (Van
Bressem et al., 2014). Large populations are needed to maintain morbillivirus infections as
endemic (Van Bressem et al., 2001) and although striped dolphin abundance has increased
over the last years in the Portuguese Continental coast it is still a rather small population if
compared to the common dolphin population (Aradjo, H. personal communication).
Notwithstanding, evidence suggests an endemic situation rather than an epidemic, since no
outbreaks have been detected in the striped dolphin population of the Atlantic. Moreover,
positive samples have been detected annually since 2007, indicating that this virus is actively
circulating in this population reaching prevalence values as high as 24 % in the Galician
samples. In 1999, dolphins stranded along the Atlantic coast of Spain had low antibody titers
for CeMV. Considering the results obtained in this study, further serological studies are
needed to deepen the knowledge about the epidemiology of this disease in striped dolphins.

Unlike striped dolphins, the prevalence of stranded common dolphins positive for viral
antigen is much lower (1 %). The difference in CeMV prevalence between stranded common
and striped dolphins needs to be fully assessed and further studies are needed to clarify the
virus impact on cetacean populations and why do striped dolphins appear to be more
susceptible to DMV infection. New approaches should be considered: viral enrichment and
random amplification techniques associated with next generation sequencing could
contribute to deepen the knowledge on this virus and its interaction with other pathogens.

Surveys are a unigue tool to provide information on viral epidemiology, especially in

free-ranging cetaceans.
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5. Conclusion

Our results suggest that DMV infection is endemic in striped dolphin populations of
the Eastern Atlantic. Since it was first reported in cetaceans in the early nineties subtle but
consistent changes in the reported viral sequences suggest that the Atlantic and the
Mediterranean populations are relatively isolated from each other, as suggested by other
authors. The prevalence of infection in stranded common dolphins is very low when
compared to striped dolphins, and our results are in agreement with previous reports that
point to a higher susceptibility of striped dolphins to CeMV. Reasons for differences in
susceptibility to this viral infection in different species should be further investigated and
serological surveys should also be performed to assess their protection level towards CeMV

infection.
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