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Summary 

EMERGING AND RE-EMERGING VIRUSES IN ANIMALS 
Evolutionary Inferences and Molecular Characterization 

Wendy Karen Jó Lei 

Outbreaks of emerging and re-emerging viruses in animals inflict huge economic loses and 
ecologic impacts on livestock and wildlife populations, respectively. Virus surveillance and 
detection have been implemented as a control measure for the early identification of an 
infectious disease outbreak or identification of an infectious agent causing a threat to humans 
and/or animals.  Since the introduction in the last decade of new technologies, such as next 
generation sequencing (NGS), the discovery rate of novel or previously undetected viruses, 
and detection of emerging and re-emerging viruses has dramatically increased. In addition, 
NGS technologies have facilitated the identification of molecular changes in virus genomes 
influencing virus-host interactions. 

In the first part of this thesis, potentially emerging and re-emerging viruses causing fatal 
disease in isolated animal cases were identified and their genomic and molecular 
characteristics determined. Frozen tissue samples were obtained from animals suspected to 
have died as a result of a virus infection. All samples were processed according to our in 
house standardized NGS protocol for virus detection. After identification of a virus candidate 
as potential causative agent, further genomic and molecular characterizations were 
performed. Pathological assessments were carried out to link the virus to a disease entity and 
evolutionary inferences were determined of genetic distances to known viruses. A new avian 
hepatitis B virus was identified that proved to be associated with hepatitis in the elegant-
crested tinamou (Eudromia elegans). The new extant virus shared less than 76% sequence 
identity with other avian hepadnaviruses. Subsequently, novel strains of canine bocavirus and 
canine circovirus associated with fatal disease in dogs (Canis familiaris) in Thailand were 
detected. Both strains had undergone genetic recombination events, which in addition to 
genetic mutations, is a major driver of evolution in single stranded DNA viruses. Moreover, 
Batai virus (BATV), an orthobunyavirus, was identified in the brain of a harbor seal (Phoca 
vitulina) with encephalitis. This is the first documented case of BATV associated with central 
nervous system disease in a naturally infected mammal. Furthermore, dolphin morbillivirus 
(DMV) was detected in the brain of a stranded fin whale (Balaenoptera physalus) with 
encephalitis. DMV is a strain of cetacean morbillivirus (CeMV), a member of the genus 
Morbillivirus, which circulates in whale and dolphin species causing recurrent epizootics and 
is possibly associated with sporadic strandings. Taken together, these studies successfully 
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identified and characterized known and unknown viruses in birds, terrestrial and aquatic 
mammals in association with different disease entities. 

In the second part of this thesis, evolutionary dynamics and molecular patterns of CeMV 
multi-host transmission among and between cetacean and phocine populations were 
investigated. To this end, samples of CeMV-infected tissues from animals stranded in 
European waters (Mediterranean and North Sea) and virus isolates were compiled and 
sequenced by NGS. Samples dated between 1988 and 2016. The complete consensus genome 
sequences coming from eight tissue samples and six virus isolates were recovered by NGS 
and rapid amplification of cDNA ends. The evolutionary rate of CeMV was estimated to be 
2.34x10-4 nucleotide substitutions per site per year. The last ancestor of the two CeMV strains 
– DMV and porpoise morbillivirus – was estimated to have existed approximately 400 years 
ago. Genetic divergence between DMV variants belonging to different geographic locations 
and time points was minimal. Additional analyses of DMV from different populations of 
dolphins and whales showed no species-specific variations in the genomes. DMV appeared to 
have undergone strong purifying selection without evidence of positive selection. However, 
amino acid changes characteristic of each DMV clade were identified. Phylogeographic 
analyses of CeMV strains showed dispersal of related sequences in different oceans of the 
world. Furthermore, the ability of CeMV to infect different seal species, as previously 
documented, was also evaluated. In vitro studies indicated that DMV can use phocine CD150 
cellular receptor (primary entry receptor) for efficient replication. Therefore, it was 
concluded that CeMV can spread through the different oceans between multiple cetacean 
species without previous adaptation and may pose a spillover risk to seal species. 

In the third part of this thesis, we characterized strains of canine distemper virus (CDV) that 
were associated with two historical epizootics in phocid species, Baikal seals (Pusa sibirica) 
and Caspian seals (Pusa caspica) in 1988 and 2000, respectively. Briefly, CDV-infected 
tissue samples from animals that had died during the outbreaks were sequenced by NGS. 
Full-length genomes were recovered. Phylogenetic analyses indicated that the strain from 
Baikal seals (CDVPS88) groups within the Arctic lineage, whereas the strain from Caspian 
seals (CDVPC00) forms a new clade (termed Caspian Sea) closest to America-1 lineage that 
contains vaccine strains. Moreover, Bayesian estimations suggest that the cluster Caspian 
Sea/America-1 diverged from all other CDVs found in the wild to date approximately in the 
1840s. Caspian Sea and America-1 lineages appear to have diverged some 20 years later in 
1868. In vitro experiments showed that for cell-to-cell spread, seal CDVPC00 and CDVPS88 can 
use canine and phocine CD150 receptors better than CDV originating from a dog host 
(CDVS443). However, recombinant CDVPC00EGFP showed poor infection of a canine 
lymphocyte cell line in comparison with recombinant CDVS443EGFP. Thus, factors other than 
cell-to-cell fusion, such as host immune barriers and replication factors, may play an 
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important role in successful transmission. In conclusion, CDVPC00 had a different 
evolutionary history from all other CDVs found to date and belongs to probably the most 
ancestral wildtype lineage with hints of host adaptation.  

In summary, emerging/re-emerging and potentially emerging viruses causing disease in 
animals were identified and characterized. The viruses identified had different genomic 
organization and mechanisms influencing virus-host interactions. Further characterization on 
morbilliviruses causing recurrent epizootics in marine mammals led to findings on virus 
evolutionary history, global distribution patterns, and molecular determinants associated with 
interspecies transmission. Future investigations elucidating evolutionary and molecular 
mechanisms of virus-host interplay leading to host switching and successful transmission in 
the new host are crucial to understand virus emergence and re-emergence. This may provide 
tools to reduce the risk of potential epizootics among domestic animals and wildlife. 
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Zusammenfassung 

NEU- UND WIEDERAUFTRETENDE VIREN IN TIEREN 
Evolutionäre Schlussfolgerungen und molekulare Charakterisierung 

Wendy Karen Jó Lei 

Ausbrüche von neu- und wiederauftretenden Viren bei Tieren verursachen enorme 
wirtschaftliche Verluste und haben ökologische Auswirkungen auf  Tier- und 
Wildtierpopulationen. Daher werden die Detektion und Überwachung von gefährlichen 
human- und tierpathogenen Viren, als Kontrollmaßnahme zur Früherkennung von 
Ausbrüchen von Infektionskrankheiten oder zur Identifizierung infektiöser Erreger 
verwendet. Seit Einführung neuer Technologien wie dem „Next Generation Sequencing“ 
(NGS) im letzten Jahrzehnt, hat sich die Entdeckungsrate neuer und bisher nicht 
detektierbarer Viren sowie die Erkennung neu- und wiederauftretender Viren drastisch 
erhöht. Darüber hinaus haben NGS-Technologien die Identifizierung viraler Veränderungen, 
welche Virus-Wirt-Wechselwirkungen beeinflussen, enorm erleichtert. 

Im ersten Teil dieser Arbeit wurden potenziell neu- und wiederauftretende Viren ermittelt, 
die  tödliche Krankheiten in einzelnen Tieren verursachen, und deren genomische und 
molekulare Eigenschaften bestimmt. Hierfür wurden eingefrorene Gewebsproben von 
verendeten Tieren mit Verdacht auf viraler Infektion gesammelt. Alle Proben wurden anhand 
eines internen, standardisierten NGS-Protokolls zur Virusdetektion bearbeitet. Genomische 
und molekulare Charakterisierungen wurden an jenen Viruskandidaten durchgeführt, welche 
als potentielle Erreger in Frage kamen. Pathologische Untersuchungen wurden durchgeführt 
um das Virus mit dem jeweiligen Krankheitsbild in Verbindung zu setzen. Des Weiteren 
wurden evolutionäre Schlussfolgerungen über genetische Verwandtschaften zu schon 
bekannten Viren gezogen. Mit dieser Methodik wurde ein neues, aviäres Hepatitis-B-Virus 
identifiziert, welches mit Hepatitiden beim Perlsteißhuhn (Eudromia elegans)  assoziiert 
werden konnte. Das neuentdeckte Virus zeigte weniger als 76% Sequenzidentität mit anderen 
aviären Hepadnaviren. Des Weiteren wurden neue Stämme des caninen Bocavirus und des 
caninen Circovirus entdeckt, welche mit tödlichen Erkrankungen bei Hunden (Canis 
familiaris) in Thailand in Verbindung gebracht wurden. Bei beiden Stämmen wurden 
genetische Rekombinationsereignisse festgestellt, welche zusätzlich zu genetischen 
Mutationen eine Hauptantriebskraft der Evolution von einsträngigen DNA-Viren darstellen. 
Darüber hinaus wurde das Bataivirus (BATV), ein Orthobunyavirus, im Gehirn eines 
Seehundes (Phoca vitulina) mit Enzephalitis nachgewiesen. Dies ist der erstdokumentierte 
Fall von BATV, welcher mit Erkrankungen des zentralen Nervensystems in einem natürlich 
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infizierten Säugetier assoziiert wurde. Außerdem wurde ein Morbillivirus der Delfine (engl. 
dolphin morbillivirus, DMV)  im Gehirn eines gestrandeten Finnwals (Balaenoptera 
physalus) mit Enzephalitis nachgewiesen. DMV gehört zu den Morbilliviren der Wale (engl. 
cetacean mobillivirus, CeMV), einem Mitglied der Gattung Morbillivirus, der in Wal- und 
Delfinarten zirkuliert, wiederkehrende Tierseuchen verursacht und womöglich Ursache 
sporadischer Strandungen ist. Zusammenfassend konnten im ersten Teil dieser Arbeit 
erfolgreich bekannte und unbekannte Viren in Vögeln, Land- und Wassersäugetieren 
identifiziert und charakterisiert werden, welche mit verschiedenen Krankheiten in 
Verbindung gebracht werden konnten. 

Im zweiten Teil dieser Arbeit wurden evolutionäre Dynamiken und molekulare Muster der 
CeMV-Übertragung zwischen Cetacea (Wale) und Phocidae (Hundsrobben) untersucht. Zu 
diesem Zweck wurden Virusisolate und Gewebsproben von CeMV-infizierten Tieren aus 
dem Mittelmeer und der Nordsee aus den Jahren 1988 bis 2016 gesammelt und sequenziert. 
Die Konsensusgenomsequenzen von acht Gewebsproben und sechs Virusisolaten wurden 
durch NGS ermittelt und mit Hilfe von  rapider Amplifikation der cDNA-Enden 
vervollständigt. Die evolutionäre Rate von CeMV wurde auf 2,34 × 10-4 
Nucleotidsubstitutionen pro Position pro Jahr geschätzt. Es wird geschätzt, dass der letzte 
Vorfahre der beiden CeMV-Stämme (DMV- und das Morbillivirus der Schweinswale) vor 
etwa 400 Jahren existiert hat. Die genetische Divergenz zwischen DMV-Varianten von 
verschiedenen geografischen Orten und Zeitpunkten war minimal. Zusätzliche Analysen von 
DMV aus verschiedenen Delfin- und Walpopulationen zeigten keine artspezifischen 
Variationen in den Genomen. DMV schien eine starke reinigende Selektion ohne Anzeichen 
einer positiven Selektion vollzogen zu haben. Es wurden jedoch Aminosäureveränderungen 
identifiziert, die für die jeweiligen DMV-Kladen charakteristisch sind. Phylogeographische 
Analysen von CeMV-Stämmen zeigten eine Verbreitung verwandter Sequenzen in 
verschiedenen Ozeanen auf der Welt. Darüber hinaus wurde die Fähigkeit von CeMV 
verschiedene Robbenarten zu infizieren, ebenfalls bewertet. In-vitro-Studien zeigten, dass 
DMV den CD150-Rezeptor (primärer Eintrittsrezeptor) von Phocidae für eine effiziente 
Replikation verwenden kann. Daraus wurde geschlossen, dass CeMV sich ohne vorherige 
Anpassung durch die verschiedenen Ozeane und zwischen verschiedenen Walarten 
ausbreiten kann und auch das Risiko einer Übertragung  auf Robbenarten bestehen könnte.  

Im dritten Teil dieser Dissertation wurden Stämme des caninen Staupevirus (engl. canine 
distemper virus, CDV) charakterisiert, die mit zwei historischen Ausbrüchen in 
Hundsrobben, nämlich Baikalrobben (Pusa sibirica) und Kaspischen Robben (Pusa caspica), 
in den Jahren 1988 und 2000 in Verbindung gebracht wurden. Hierfür wurden CDV-infizierte 
Gewebsproben mittels NGS sequenziert, und das komplette Genom der CDV Stämme 
ermittelt. Phylogenetische Analysen zeigten, dass der CDV-Stamm von Baikalrobben 
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(CDVPS88) innerhalb der Arctic-Linie gruppiert, während der CDV-Stamm von Kaspischen 
Robben (CDVPC00) eine neue Klade (genannt Caspian Sea) bildet. Diese Klade ist 
phylogenetisch mit der America-1-Linie, die auch die Impfstämme enthält, am engsten 
verwandt. Darüber hinaus deuten bayessche Schätzungen darauf hin, dass das Caspian Sea – 
America-1-Cluster ungefähr in den 1840er Jahren von allen anderen in der Wildnis 
vorkommenden CDVs abgewichen ist. Caspian Sea- und America-1-Linien scheinen sich 
etwa 20 Jahre später im Jahr 1868 auseinander entwickelt zu haben. In-vitro-Experimente 
zeigten, dass CDVPC00 und CDVPS88 CD150-Rezeptoren von Kaniden und Phocidae besser 
für die Zell-Zell-Ausbreitung verwenden können als CDV von einem caninen Wirt 
(CDVS443). Jedoch zeigte rekombinantes CDVPC00EGFP eine schlechtere Infektion einer 
caninen Lymphozyten-Zelllinie im Vergleich zu rekombinantem CDVS443EGFP. Daher 
könnten auch andere Faktoren als die Zell-Zell-Fusion, zum Beispiel Immunbarrieren des 
Wirts und Replikationsfaktoren, eine wichtige Rolle für eine erfolgreiche Übertragung 
spielen. Zusammenfassend hatte CDVPC00 eine andere Evolutionsgeschichte als alle bisher 
gefundenen CDVs und gehört vermutlich zu den ältesten Wildtyplinien mit Hinweisen auf 
eine Wirtsadaptation. 

Zusammenfassend wurden in dieser Arbeit neu- und wiederauftretende tierpathogene Viren 
identifiziert und charakterisiert. Die identifizierten Viren wiesen eine unterschiedliche 
genomische Organisation und unterschiedliche Virus-Wirt-Interaktionsmechanismen auf. Die 
Charakterisierung von Morbilliviren, die  wiederkehrende Tierseuchen bei Meeressäugern 
verursachten, führte zu Erkenntnissen über die Geschichte der Virusevolution, globale 
Verteilungsmuster und molekulare Determinanten, die mit der Interspeziesübertragung 
assoziiert sind. Zukünftige Untersuchungen, die evolutionäre und molekulare Mechanismen 
des Virus-Wirt-Zusammenspiels aufklären, welche zum Wirtwechsel und zur erfolgreichen 
Übertragung im neuen Wirt führen, sind entscheidend für das Verständnis von neuen und 
wiederkehrenden Virusausbrüchen. Dies könnte wichtige Erkenntnisse zur Verringerung des 
Risikos potenzieller Tierseuchenausbrüche bei domestizierten Tieren und Wildtieren liefern. 
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CHAPTER 1 

GENERAL INTRODUCTION 
 

  

 

1. General Introduction1 

1.1 Virus and disease emergence  

Newly emerging infectious diseases can be defined as diseases that are recognized for 
the first time, whereas re-emerging infectious diseases constitute recognized diseases 
that reappear either in a new location or in a new pathogenic form, which sometimes re-
emerge after apparent control or elimination [1]. 

Most emerging infectious diseases are caused by cross-species transmission with or 
without subsequent adaptation of the virus to a new species. Noticeable examples of 
emerging viruses important to humans in recent times are the zoonotic agents serious 
acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory 
syndrome coronavirus (MERS-CoV), which both originate from bats and were 
transmitted to humans through captive carnivores and dromedary camels, respectively, 
as intermediate hosts [2,3].  

Emergence of a virus in a new host involves several steps: 1) Exposure to the pathogen, 
2) Infection of the host, 3) Spread of the virus in the host population, and 4) Adaptation 
to the host [4]. Hence, for a virus to successfully invade and ‘colonize’ a new host, 
several criteria must be met, which may or may not occur simultaneously.  

																																																								
1	Parts of this chapter have been previously published in:  

Jo WK, Osterhaus A, Ludlow M. Transmission of morbilliviruses within and among marine mammal 
species. Curr Opin Virol. 2018 Feb; 28:133-141. doi: 10.1016/j.coviro.2017.12.005. Epub 2018 Jan 6. 

Copyright permissions are granted to authors of the publication.  
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A principal determinant is the physical barrier that is delineated by the geographical 
distribution of the host and the virus [4]. However, physical barriers are overcome as 
traveling of people and trading of animals is ever increasing with globalization [5]. A 
notorious example was the case of SARS-CoV, which quickly spread worldwide after 
an infected individual stayed in a hotel in Hong Kong [6]. Animal reservoirs such as 
bats, birds, mosquitoes and rodents can easily disseminate the virus over long distances 
and to new hosts [5]. Climate change imposes yet another factor which may influence 
the emerging of a pathogen. For instance, rainy or drought seasons create fluctuations in 
population sizes of disease carriers such as mosquitoes [5]. Likewise, host barriers are 
also determining factors for successful host switching. Close phylogenetic distance 
between hosts increases the chance of a virus to jump species [4]. This can be due to 
higher homology between the receptors or other replication factors utilized by the virus, 
which are important conditions but not utterly essential for host switching, as previously 
discussed [7]. Moreover, this is supported by new evidence of viruses crossing species 
barriers between vertebrate classes multiple times in history [8]. Another limiting factor 
for successful establishment of disease in a new host is the host defense repertoire. For 
instance, antiviral resistance can be modulated by virus defective interfering particles 
[9].  

On the other hand though, viruses are constantly evolving, either by genetic mutation or 
recombination events, which may render the virus the capacity to overcome host 
defense mechanisms like its innate and adaptive immune systems and successfully 
establish persistent infection in the animal or the population and possibly disease. RNA 
viruses have particularly high mutation rates due to their low fidelity polymerase [10]. 
In addition, recombination and reassortment may facilitate the emergence of new 
variants and strains that are better adapted to the host. These genetic variations can ease 
spillover to new hosts or re-emergence of the infectious agent in the same host. 
Purifying selection (natural selection) also acts as a major evolutionary force by 
removing deleterious  mutations in various RNA viruses [11], occasionally without 
limiting their capacity to cross the species barrier, e.g. rabies virus [12]. However, host 
switching is more challenging as opposed to direct spillover cases, which mostly do not 
result in sustained transmission. Host adaptation may require mutational changes that 
appear after passing through population bottlenecks in the new host and become 
stabilized after multiple cycles of transmission [4].   
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1.1.1 Virus surveillance and detection 

The emergence and re-emergence of viruses in humans and animals are continually 
increasing, often inflicting huge societal, economic and ecologic impacts [13]. 
Therefore, virus surveillance has been implemented as a first step in disease control and 
prevention [14].  

Several diagnostic tools have been developed and are employed for the rapid 
identification and characterization of pathogens. Traditional methods include cell 
culture for virus isolation, electron microscopy for visualization of the virus, serology 
for detection of antibodies, immunohistochemistry, in situ hybridization (ISH), and PCR 
for virus detection and distribution in the host cells [15]. Whereas virus isolation 
remains the ‘gold standard’ in virus diagnostics, different viruses have different growth 
conditions and cell tropisms, thus proving challenging when trying to isolate an 
unknown agent [16]. Electron microscopy requires high virus titers, which can often 
only be obtained upon successful virus isolation. Moreover, serology and 
immunohistochemistry are antibody-based methods relying on known biomarkers. 
Likewise, ISH and PCR are nucleic acid-based methods relying on known viral 
sequences [17], making it therefore difficult when identifying an unknown virus.  

The advent of next generation sequencing (NGS), also known as deep sequencing or 
high-throughput sequencing, has dramatically improved the field of virus discovery, as 
no prior sequence or antigen information is required [18]. Instead, it relies on de novo 
assembly of sequences and alignment of the generated contigs to known genomes in 
search of a similarity hit. Once the responsible pathogen has been identified (either by 
NGS or more traditional methodologies), further downstream characterization analyses 
can be performed.  

Targeted deep sequencing of a virus genome produces millions of reads allowing for 
recovery of complete genomes with high depth of coverage. This can prove useful in the 
identification of changes in frequency of a virus population in per example cases of 
virus adaptation to new environments [19]. Moreover, targeted sequencing of an 
identified virus can also be employed to determine real-time tracking of virus 
evolutionary dynamics and disease transmission during the course of an outbreak. This 
can be illustrated in the case of Ebola virus outbreak in West Africa, in which extensive 
phylogenetic analyses led to the identification of a single amino acid substitution in the 
glycoprotein (A82V) that was later found to be associated to increased tropism to 
human cells [20].  
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1.2 Transmission of morbilliviruses within and among marine 
mammals 

1.2.1 Morbilliviruses 

The family Paramyxoviridae has a particular high rate of cross-species transmission 
[21]. There are currently seven members of the genus Morbillivirus (which lies within 
the family Paramyxoviridae), measles virus (MV –the prototype morbillivirus; humans 
and non-human primates), canine distemper virus (CDV; domestic dog and multiple 
wild carnivore species), recently eradicated rinderpest virus (RPV; domesticated cattle 
and large wild even-toed ungulates), peste des petits ruminants virus (PPRV; goats, 
sheep and small wild even-toed ungulates), phocine distemper virus (PDV; pinnipeds), 
cetacean morbillivirus (cetaceans), and the recently identified feline morbillivirus 
(FeMV; domestic cats) (Figure 1). These are enveloped viruses that contain a single-
stranded non-segmented negative sense RNA genome. Infections with morbilliviruses 
are characterized by severe systemic disease that may result in high levels of morbidity 
and mortality, especially when introduced into not previously exposed populations. This 
is largely due to the induction of generalized immunosuppression in the infected host, 
which can lead to bacterial or viral co-infections [22].  

 

  

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 1. Phylogenetic analyses of morbilliviruses. Hemagglutinin protein sequences were 
analyzed by maximum-likelihood phylogenetic reconstruction with 1,000 bootstrap replicates. JTT 
nucleotide substitution model was selected as best-fit model according to Bayesian information 
criteria. FeMV branch was truncated for graphical reasons (interrupted lines). Representative 
images of host marine mammal species are located next to the relevant virus and are color coded 
according to the virus: PDV-Blue, CDV-Pink, and CeMV-Turquoise. Bootstrap values are presented 
on each node. Scale bar indicates nucleotide substitutions per site. All GenBank accession numbers 
are referred in the original publication doi: 10.1016/j.coviro.2017.12.005 
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Morbillivirus historical importance 

In the course of history, morbillivirus diseases have defined history and reshaped 
populations. Measles, caused by MV, was first described in the 9th century. In the pre-
vaccination era, MV caused multiple epidemics throughout history [23]. For instance, 
MV outbreaks caused the deaths of thousands of people in previously unexposed Inuit 
populations in Alaska and Greenland in the early and mid-1900s, respectively [24,25].  

The African rinderpest panzootic in 1887-1892, caused by RPV, also known as cattle 
plague, was responsible for countless deaths of livestock and wildlife species, 
decimating African wildlife species and causing human famine [26]. In response to this 
threatening disease in cattle, the first veterinary school in Lyon was created [27]. 
Centuries later, through joint efforts from the scientific community, policy-makers and 
local herders, RPV was successfully eradicated in 2011 [28], the second infectious 
agent in the world to be eradicated, after smallpox virus.  

However, despite implementation of better control and preventive measures against 
disease spread, scientists and public health officials are still struggling to contain and 
eradicate other morbilliviruses, like MV and PPRV, which may be feasible given the 
success of RPV elimination [29]. Effective vaccination against MV has reduced 
incidence rates by more than 95% since the 1970s [30]. However, it has met drawbacks 
in the last decade due to anti-vaccine campaigns, which have led to increased MV 
outbreaks in developed countries such as USA, Germany, Australia, and England [30]. 
The incidence and regional spread of PPRV appears to be expanding since RPV 
elimination [31], making it difficult to achieve the goal of eradicating PPRV by 2030, as 
set by the Food and Agriculture Organization of the United Nations (FAO) and World 
Organisation for Animal health (OIE). Better intervention strategies based on improved 
vaccination campaigns, surveillance, epidemiological assessments, stronger political 
will and public support are needed [32]. 

CDV, suggested to have originated from South America (Peru) [33], spread quickly 
through the European continent in the mid-18th century, killing hundreds of dogs at a 
time [27]. CDV primarily infects members of the order Carnivora with dogs, raccoons 
and foxes serving as key reservoir host species.  Non-human primates (Macaca sp.) and 
species belonging to the orders Rodentia (marmots) and Artiodactyla (javelina), have 
also been reported to be susceptible to CDV infection [34]. Even after the introduction 
of a successful vaccine in the second half of the 20th century, devastating outbreaks in 
dog populations are still observed [35,36]. Moreover, it continues to circulate in wildlife 
carnivore species, causing now and then extensive outbreaks, which threatens 
endangered animal populations [37,38].  
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CeMV and PDV, on the other hand, have been linked to multiple large epizootics in 
marine mammal populations over the past decades (Figure 2). CeMV is capable of 
inducing a severe and often fatal disease in some cetacean species including striped 
dolphins (Stenella coeruleoalba) [39], bottlenose dolphins (Tursiops truncatus) [40] and 
fin whales (Balaenoptera Physalus) [41]. PDV infects different phocid species, but 
devastating epizootics have mostly been associated with infection of harbor seals 
(Phoca vitulina) [42]. In addition, isolated outbreaks of CDV can also occur in marine 
mammal species, with large epizootics documented in both Baikal seals (Pusa sibirica) 
and Caspian seals (Pusa caspica) in 1988 and 2000, respectively [43,44]. 

1.2.2 Morbilliviruses – cellular tropism and receptor usage 

The morbillivirus genome encodes the nucleocapsid (N), the phosphoprotein (P/V/C), 
the matrix (M), the fusion (F), the hemagglutinin (H), and large (L) proteins. The N, P 
and L proteins form the ribonucleoprotein complex and mediate viral replication and 
transcription, the M protein facilities virus assembly and egress, the F glycoprotein 
fuses viral and cellular membranes while the H glycoprotein binds to a cellular receptor 
enabling entry into the host cell. 
 

 
Figure 2. Timeline of major morbilliviruses outbreaks in marine mammals. Dolphin 
morbillivirus (DMV), canine distemper (CDV), and phocine distemper (PDV) have caused many 
epizootics in different marine mammal populations worldwide in recent decades. Each marine 
mammal host species is color-coded according to specific morbilliviruses (Blue: PDV; Pink: CDV; 
Turquoise: DMV; Grey: assumed morbillivirus infection). IUCN: EN represents animals considered 
endangered by the IUCN red list of threatened species. 
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Morbillivirus infections are characterized by a strong tropism to immune cells (e.g. B- 
and T-lymphocytes, macrophages, and dendritic cells), epithelial cells and in some 
cases neuronal cells. Virus spread to the central nervous system is commonly observed 
in CDV, PDV and CeMV infections, resulting in acute encephalitis [39,45,46] or long-
term persistent infections [47]. Morbilliviruses entry into a susceptible host and 
subsequent systemic viremic spread relies on infection of immune cells expressing the 
cellular receptor signaling lymphocytic activation molecule (SLAM/CD150) [48]. In the 
later stages of the infection, morbilliviruses infect epithelial cells throughout the body 
via the use of poliovirus-receptor-like 4 (PVRL4/Nectin-4), which is expressed at 
adherent cell junctions. This facilitates virus exit and further transmission to other hosts 
[49]. Both receptors appear to be relatively conserved within species of the same order, 
as shown by the formation of monophyletic groups in the analyses of the amino acid 
sequences of SLAM and PVRL4 (Figure 3). Moreover, similar relationships between 
clades are observed in both receptors. However, whereas PVRL4 seems to be highly 
conserved, with pairwise distances between protein homologues ranging from 91 to 
97%, SLAM appears to be less so, having pairwise distances of 57-85%. This suggests 
that the ability of a morbillivirus H glycoprotein to bind to SLAM could be determinant 
in species selectivity [50]. Studies on CDV entry have enabled the identification of key 
amino acids on the receptor binding domains of the H glycoprotein which influence host 
receptor affinity [51,52]. Analogous studies have not yet been performed with CeMV 
and PDV but would undoubtedly help in assessing the ability of these viruses to bind to 
heterologous SLAM or PVRL4 molecules expressed by different marine mammal 
species.  

Assessing and ultimately predicting the potential of morbilliviruses to cross the species 
barrier will require a deeper understanding of both viral and host factors including the 
affinity of virus binding to heterologous cellular receptors, ability to counteract innate 
immune factors in different species and a better overview of host factors involved in 
replication and transcription. However, much can already be learnt from ‘natural’ 
experiments that have already been performed during morbillivirus epizootics in novel 
species, hence the requirement for much more extensive analysis of wild-type 
morbillivirus genome sequences obtained directly from infected tissue samples from 
different aquatic and terrestrial species. 
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1.2.3 Transmission of a marine morbillivirus in cetacean species   

Cetacean species such as porpoises, dolphins and whales can be classified into two 
subgroups: Odontoceti (toothed whales) and Mysticeti (baleen whales) [53]. The first 
morbillivirus infection of a cetacean was identified in porpoises (Phocoena phocoena), 
which washed up along the Irish and Dutch coasts in 1988 and 1990, respectively 
[54,55]. The virus isolated from these cases, porpoise morbillivirus (PMV), was later 
classified as a strain of CeMV [55]. Another novel strain of CeMV, dolphin 
morbillivirus (DMV), gained significant attention due to its role as the etiological agent 
responsible for an extended MME in Mediterranean striped dolphins, between 1990 and 
1992 [39,56]. In subsequent years, several additional CeMV strains have been identified 
including pilot whale morbillivirus (PWMV) in the north Atlantic [57], beaked whale 
morbillivirus (BWMV) in the central Pacific [58], and more recently novel strains in 
Indo-Pacific bottlenose dolphins and Southwest Pacific Guiana dolphins in Australia 
and Brazil, respectively [59,60]. Additional molecular epidemiology is required to 
determine if transmission of these CeMV strains is sustained within one cetacean 
species or via a multi-host transmission cycle. 

Figure 3. Phylogenetic analyses receptors SLAM and PVRL4 of animal species 
associated to morbilliviruses. Protein sequences were analyzed by maximum-likelihood 
phylogenetic reconstruction with 1,000 bootstrap replicates. JTT nucleotide substitution model 
was selected as best-fit model according to Bayesian information criteria. Representative images 
of host marine mammal species are located next to the susceptible host species receptor and are 
color coded according to the virus: PDV-Blue, CDV-Pink, and CeMV-Turquoise. Bootstrap values 
are presented on each node. Scale bar indicates nucleotide substitutions per site. All GenBank 
accession numbers are referred in the original publication doi: 10.1016/j.coviro.2017.12.005 
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DMV is considered to be the most prevalent and virulent strain of CeMV, having 
caused several large MMEs in Mediterranean and Atlantic dolphins (see review [61]). 
In the Mediterranean Sea, two major epizootics of DMV primarily involving striped 
dolphins occurred in 1990-1992 and 2006-2008, were responsible for thousands and 
several hundred deaths, respectively. However, lethal infections were also reported in 
long-finned pilot whales (Globicephala melas) in the latter outbreak [62–64]. Other 
dolphin sub-species have been associated with outbreaks of DMV in other geographical 
regions. Stranded common dolphins (Delphinus delphis ponticus) from the Black Sea 
were found DMV positive [65], presumably as a result of virus spread from the 
Mediterranean Sea. In the Northwestern Atlantic, including the Gulf of Mexico, 
retrospective serological and molecular studies identified DMV as the culprit in the 
1980s and early 1990s MMEs in the resident bottlenose dolphin population [40,66,67]. 
Furthermore, a more recent outbreak of DMV from 2013-2014 was responsible for the 
deaths of approximately 1,500 Northwestern Atlantic bottlenose dolphins (National 
Oceanic and Atmospheric Administration (NOAA) Fisheries; URL: 
http://www.nmfs.noaa.gov/pr/health/mmume/midatldolphins2013.html).  

Increasingly, CeMV is recognized as an enzootic pathogen circulating worldwide 
amongst numerous odontocete and mysticete species. In addition to cetacean species 
associated with MMEs, serological and molecular assays have demonstrated CeMV 
infection in many other dolphin and whale species [61]. For some species, a reduced 
pathogenicity of CeMV is evident. Strandings of  white-beaked dolphins 
(Lagenorhynchus albirostris) in the North Sea are rare, despite a high seroprevalence 
rate and the transmission of a DMV strain in this population which is divergent to 
strains involved in previous large epizootics [68]. It has been hypothesized that pilot 
whales (Globicephala spp.) may act as a reservoir and disease vector for DMV [69]. 
This was based on the high morbillivirus prevalence found in the Northwestern Atlantic 
population, its gregarious behavior, and the distances it travels through the Atlantic 
Ocean. However, it was later shown that a unique strain of CeMV (PWMV) circulates 
enzootically in pilot whales with reduced levels of morbidity and mortality [35,53]. 
Although no evidence on the route of transmission has been documented, it is 
speculated that virus transmission occurs mainly via the blowhole [61]. Transplacental 
or vertical transmission has also been suggested to occur, as findings of a DMV-positive 
pilot whale fetus and a fin whale newborn have been reported [41,63]. Several studies 
have demonstrated DMV infection of larger cetaceans, such as sperm whales (Physeter 
macrocephalus) and fin whales (Balaenoptera physalus) [41,72,73]. These whales are 
known to travel long distances during seasonal migration, suggesting a possible role in 
disseminating CeMV to cetaceans in widely dispersed geographical regions. However, 
detection of CeMV in stranded fin and sperm whales is most likely indicative of 
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isolated spillover infections from dolphin species. The ability of strains of CeMV to 
circulate enzootically in larger cetaceans is questionable as these animals generally 
display more solitary social behavior and live in small pods. 

1.2.4 Transmission of marine morbilliviruses in pinniped species   

Pinnipeds are semi-aquatic ‘fin-footed’ marine mammals belonging to the order 
Carnivora. This group includes members of the families: Odobenidae (walruses, 
Odobenus rosmarus), Otariidae (fur seals and sea lions) and Phocidae (true seals) [53]. 
These animals live a semi-aquatic life, foraging at sea and coming ashore for breeding, 
moulting and resting. Morbillivirus infection of pinnipeds was first recognized in 1988, 
when a newly discovered morbillivirus (PDV) was identified as the etiological agent 
responsible for a massive disease outbreak in seals in the North Sea [45], leading to 
approximately 23,000 deaths [74], largely harbor seals and to a smaller extent grey seals 
(Halichoerus grypus). A second large epizootic took place in 2002 [75], resulting in the 
deaths of more than 30,000 animals, also predominately harbor seals. In both occasions, 
the outbreaks started in the Danish island of Anholt with subsequent spread to the coasts 
of Sweden and Germany and the Scottish coast [74]. It is speculated that grey seals 
might have acted as disease carriers, spreading the virus to dispersed geographical 
regions as members of this species were found to be PCR positive for PDV in the 
absence of overt signs of clinical disease [76]. Each epizootic lasted for approximately 9 
months, beginning in spring during the breeding season. The tendency of harbor seals to 
aggregate at haul-out sites might have facilitated aerosol transmission of the virus, 
resulting in high mortality rates of over 50% of the population [77]. In 2006-2007, an 
unusual mortality event involving harbor, grey and hooded seals caused by PDV was 
reported in the Western Atlantic [78]. Complete molecular characterization of PDV 
strains from these three outbreaks have been limited with only one whole genome 
sequence available based on an isolate of the 1988 PDV strain which had previously 
been passaged twice in Vero-dogSLAM cells [79]. However, phylogenetic analyses of P 
gene fragments and the Hemagglutinin gene showed that the known PDV strains are 
closely related (>97% homology), with the 2006 PDV strain more closely related to the 
1988 PDV strain [75,78].  

Attempts to identify the reservoir species for PDV have been largely unsuccessful [80]. 
However, retrospective studies have shown that PDV or a related morbillivirus was 
present before the 1988 epidemic in both harp seal (Pagophilus groenlandica) and 
ringed seal (Phoca hispida) populations from Greenland waters [81]. Moreover, almost 
all (>98%) harp seals from the Barents Sea and north of Jan Mayen island in the Arctic 
Ocean that were investigated in 1989 were found to be seropositive to PDV [82]. It was 
therefore suggested that PDV is enzootic in Arctic pinniped populations and might have 
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reached harbor seals in the North Sea via migrating Arctic seals. However, whether harp 
seals act as a reservoir species for PDV and grey seals possibly acting as intermediate 
disease vectors spreading the virus to harbor seals, remain open questions [77]. In fact, a 
number of studies show that PDV might also be enzootic in the Northwestern Atlantic 
seals and was already circulating before the North Sea outbreaks. Serological evidence 
suggests the presence of this virus as early as 1972 in Canadian harp, grey, ringed and 
hooded seals (Cystophora cristata) [83]. Moreover, antibodies against PDV were also 
identified in seropositive harbor and grey seals in the Western Atlantic in the early 
1980s [84]. In the North Sea, seroprevalence studies estimate that at present, only 2-
11% of seal populations in Denmark, Germany and the Netherlands have antibodies 
against PDV [85,86]. This data indicates that another major outbreak of PDV is likely 
upon re-introduction of the virus into these relatively naïve seal populations. Additional 
molecular and serological surveys of pinnipeds normally resident in the Northwestern 
Atlantic and high Arctic will be necessary to better understand the exact transmission 
route through which PDV spreads to harbor seal populations in the North Sea. 
Analogous surveys of other marine mammal species may also help to clarify the 
geographical distribution of PDV as seroconversion has also been reported in walruses 
from Northwest Canadian territories [87] and PDV has been detected by RT-PCR in sea 
otters (Enhydra lutris kenyoni) from the Northeast Pacific [88]. It is currently unclear to 
what extent infections of non-pinniped species represent isolated cases of spillover 
infections or identification of additional potential host reservoirs.  

In addition to PDV, cases of infection of pinnipeds by CeMV have been documented. 
An epizootic of DMV killed half of the remaining population of endangered 
Mediterranean monk seals in Cabo Blanco, Mauritania [89]. Furthermore, PMV 
infection was also detected in a stranded Mediterranean monk seal from the island of 
Psara, Greece [90]. More recently, DMV infection in a captive harbor seal, which was 
housed in close proximity to DMV infected dolphins, was also documented [91]. 

1.2.5 Intraspecies transmission of a terrestrial morbillivirus in pinniped 
populations   

The ability of pinnipeds to live at the marine - terrestrial interface combined with the 
aggregation of pinnipeds at haul-out sites presents additional opportunities for sustained 
transmission of an animal morbillivirus. The recognition that a newly introduced 
morbillivirus was responsible for the 1988 PDV epizootic in Northwestern Europe 
occurred at the same time as another epizootic in seals in Lake Baikal, Siberia was 
already underway (1987-1988). The mass mortalities of several thousands of Baikal 
seals were initially attributed to the newly identified PDV, which was then tentatively 
called PDV-2 [44]. However, a later study demonstrated that the virus was in fact a 



Introduction │ CHAPTER 1 
	

	20 

strain of CDV [92] with no epizootiological link established with the morbillivirus 
outbreak in the North Sea. The isolated strain was later found to be most closely related 
to a wild-type strain identified in a sled dog in Greenland, together comprising a new 
Arctic lineage [93]. Evidence from recent studies shows that the same lineage is 
circulating among dogs and wolves in Italy [94,95], and Amur leopards in Russia [38]. 
Moreover, investigation of a collection of samples from Baikal seals from the years 
2000-2007 indicates that transmission of CDV continued in this population. It is 
unknown if the original Baikal CDV strain continued to circulate in the seal population 
following the initial epizootic or if new spillover infections from a terrestrial source 
occurred in the absence of the high mortality rate observed previously [96]. A decade 
after the Siberian seal epizootic, a new MME involving Caspian seals (Pusa caspica) 
occurred in the Caspian Sea in 2000 with thousands of seal carcasses found on the 
coasts of Kazakhstan, Azerbaijan, and Turkmenistan [97]. Such high mortality levels 
are significant given that the Caspian seal is considered an endangered animal by 
International Union for Conservation of Nature (IUCN) with the population reduced by 
approximately 90% since the 19th century. The etiological agent responsible was soon 
found to be CDV [43], a virus which had already been previously identified in Caspian 
seals [46]. Phylogenetic analyses of partial CDV P gene sequences showed that this 
strain belonged a separate lineage from known laboratory and field isolates but further 
molecular characterization has not yet been performed [43,46]. The roles of persistent 
organic pollutants (POPs) and trace elements such as DDT and Zinc have been 
investigated as possible factors pre-disposing infected animals to more severe viral 
infections due to immunosuppression [98,99]. However, a later comprehensive 
investigation showed that POPs did not contribute significantly to CDV mortality 
during the epizootic [100] suggesting that viral rather than environmental factors were 
responsible for the observed pathology in stranded seals. 

1.2.6 Knowledge gaps and future perspectives 

Investigations into virological and host determinants of intraspecies transmission of 
marine morbilliviruses have been limited, despite the repeated occurrence in recent 
decades of large epizootics in susceptible pinniped and cetacean populations. Studies 
have predominately focused on assessing the exposure of marine mammals to 
morbilliviruses via sero-surveys and disease diagnostics based on pathological, 
virological and targeted molecular analyses. Moving forward, obtaining a better 
understanding of the complexity of marine morbillivirus transmission (Figure 4) will 
rely on more routine analysis of whole viral genomes as well as virus cellular receptors 
of different species using advanced molecular techniques (Box). This will facilitate 
epidemiological investigations and determine if sustained amplification of a 
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morbillivirus in a population of marine mammals leads to adaptive mutations in the 
viral genome.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

Box. Knowledge gaps 
Future investigations into enzootic transmission and epizootic outbreaks of morbilliviruses in marine 
mammals will require more routine use of next generation sequencing, virus isolation and primary cell 
cultures to enable progress with the following open research questions: 

CeMV 
• Further define differences between cetacean species with respect to susceptibility to CeMV infection, 

especially the length and severity of the clinical disease course 
• Determine to what extent different strains transmit between members of a single cetacean species or if 

virus spread is sustained by a multi-host transmission cycle, as is observed for CDV 
PDV 
• Confirm the identity of the reservoir host pinniped species from which spillover infections trigger rare but 

significant epizootics in harbor seals  
• Obtain a better understanding of host factors underlying the differential susceptibility of harbor and grey 

seals 
CDV  
• The continued threat posed to pinniped populations in Lake Baikal and the Caspian Sea and requires 

more extensive molecular and virological analyses of historical epizootic CDV outbreaks  
• Molecular characterization of strains circulating in local carnivore populations in the terrestrial 

environment surrounding lake Baikal and the Caspian Sea will facilitate analyses of seal isolates with 
respect to identifying molecular signatures of species adaptation  
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1.3 Aims and outline of this thesis 

In the past decades, globalization has been thought to considerably facilitate the spread 
of infectious agents into new territories, leading to outbreaks in previously unaffected 
hosts. Virus surveillance and detection are of utmost importance for control and 
prevention of emerging and re-emerging infectious diseases in animals and humans 
alike. New technologies such as NGS have enabled the identification of novel viruses or 
virus strains and hitherto undetected viruses, which would be difficult to identify using 
more traditional approaches as no prior sequence information of the sample is required. 
Moreover, by obtaining viral full-length sequences at an unprecedented pace at 
relatively low costs, this tool has also facilitated the identification of evolutionary 
molecular signatures associated with virus re-emergence and/or interspecies 
transmission.  

The aim of Chapter 2 was to identify and characterize emerging/re-emerging and 
potentially emerging viruses using an in house developed NGS workflow for the 
detection of viral sequences. The viruses identified were separated in different study 
sections in Chapter 2. The detection of DMV in a fin whale and the limited molecular 
and evolutionary characterization of this virus, despite recurrent outbreaks in marine 
mammals as described in the sections above, prompted a more thorough investigation 
into morbilliviruses transmission between and among marine mammals.   

The aims of Chapters 3 and 4 were to delineate the evolutionary relationships of 
morbilliviruses in marine mammals and to identify molecular signatures associated with 
interspecies transmission of the morbilliviruses CeMV and CDV. Morbilliviruses are 
highly contagious agents and have a propensity for interspecies transmission [21]. The 
successful eradication of RPV, current eradication campaign for PPRV and probable 
future targeting of MV eradication, will lead to reduced levels of cross-protective 
immunity against morbilliviruses in large and small ruminants and humans. This may be 
expected to increase the risk of epizootic and epidemic outbreaks of other terrestrial or 
marine morbilliviruses in not previously infected species. Although this scenario is 
speculative, strategies need to be developed to mitigate this risk, especially given the 
propensity of animal morbilliviruses to jump the species barriers and the elevated levels 
of morbidity and mortality, which have been documented to occur in resulting 
epizootics [101].  
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Figure 4. Schematic diagram outlining the transmission of morbilliviruses in marine 
mammals. Seal and dolphin host species in which major morbillivirus epizootics have occurred are 
colored. Black silhouette of host species indicates the animal status as a possible reservoir. Grey 
silhouettes of host species indicate the animal status as dead-end host.  Phocine distemper virus 
(PDV) circulates primarily in seals with occasional spillover to sea otters and walruses. Pinnipeds 
from the Arctic are suspected reservoirs that spread PDV to susceptible harbor and grey seal 
populations. Canine distemper virus (CDV) circulates in numerous terrestrial carnivore species 
(reservoirs), causing occasional outbreaks in novel species, such as Caspian and Baikal seals. 
Cetacean morbillivirus (CeMV) circulates mainly among cetaceans, with striped dolphin, bottlenose 
dolphin and pilot whales particularly susceptible. Occasional spillover to pinnipeds also occurs (monk 
seal). It is unknown if whale species (e.g. fin whale) act as disease carriers or spillover hosts. 
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CHAPTER 2 

IDENTIFICATION OF EMERGING AND  
RE-EMERGING VIRUSES 

 

 
 

2. Identification of Emerging and Re-emerging Viruses1 

The discovery rate of novel pathogens has dramatically increased over the past decade with 
the development of new technologies, such as deep sequencing. Important pathogens have 
been discovered using this technology, which might have been otherwise not found with 
more traditional techniques such as serology, cell-culture, and PCR-based assays [1]. 
Different protocols have been developed to increase detection sensitivity (compared in [2]). 
These include diversified viral enrichment protocols during sample processing (e.g. cell 
debris centrifugation, bacteria filtration, and removal of host nucleic acids using nucleases) as 
well as host reads filtering using bioinformatics analysis. For instance, identification of a 
novel Bornavirus from squirrels causing fatal human encephalitis in Germany was only 
possible by use of deep sequencing [3]. Another example was the identification of a novel 
orthobunyavirus – Schmallenberg virus – causing disease in dairy cattle by metagenomics 
analysis [4].  

 

																																																													
1	Sections of this chapter have been previously published in:  

1. Jo WK, Pfankuche VM, et al. New Avian Hepadnavirus in Palaeognathous Bird, Germany. Emerg Infect 
Dis. 2017 Dec; 23(12):2089-2091. doi: 10.3201/eid2312.161634. 

2. Piewbang C, Jo WK, et al. Canine Bocavirus Type 2 Infection Associated With Intestinal Lesions. Vet 
Pathol. 2018 May; 55(3):434-441. doi: 10.1177/0300985818755253. Epub 2018 Feb 8.  

3. Piewbang C, Jo WK, et al. Novel canine circovirus strains in Thailand: Evidence for genetic 
recombination. Sci Rep. 2018 May 14;8(1):7524. doi: 10.1038/s41598-018-25936-1. 

4. Jo WK, Pfankuche VM, et al. Batai virus infection associated with encephalitis in a harbor seal (Phoca 
vitulina), Germany, 2016. Emerg Infect Dis. 2018 Sept; 24(9). doi: 10.3201/eid2409.171829 

5. Jo WK, Grilo ML, et al. Dolphin Morbillivirus in a Fin Whale, Denmark, 2016. J Wildl Dis. 2017 Oct; 
53(4):921-924. doi: 10.7589/2016-11-246. Epub 2017 May 17. 
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Metagenomics approaches have proven useful in the identification of new virus species. In a 
recent example, 214 novel vertebrate-associated viruses were discovered in amphibians, 
reptiles, and fish species [5]. Moreover, the research group involved identified 5 novel 
viruses in humpback whale related to the families Circoviridae-like, Parvoviridae, 
Tombusviridae, Picornaviridae, and Astroviridae using new drone technologies to catch 
whale blow with a petri dish [6].  

In this chapter, methodologies and techniques for deep sequencing were developed to 
investigate cases of animals suspected to have died from a viral infection. An NGS workflow 
for the detection of viral sequences was established based on pilot NGS experiment results 
(Figure). The resulting best combination of different viral enrichment procedures for sample 
preparation was: homogenization and freeze/thaw cycles of tissues, nuclease treatment with 
RNase/DNase of host nucleic acids, and use of non-ribosomal hexamers and poly-T primer 
(for viruses with poly-A tail) for RNA priming. 
 
 

 

 

 

 

 

 

 

 

 

Figure. Evaluation of NGS viral enrichment techniques. 
The combination resulting in highest percentage of reads mapped to 
the Nidovirus reference (GenBank accession no. KJ935003) was: 
Homogenization + Freeze/Thaw, RNase/DNase, Non-ribosomal 
hexamers, and Poly-T primer (only for viruses with a poly-A tail). 
Starting material: nidovirus-infected lung sample. Nidoviruses have 
a non-segmented positive-stranded RNA genome, which contains a 
poly-A tail.  
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Established sample processing and library preparation protocols are described in more detail 
in the following sections of this chapter. Viruses were identified and further characterized 
based on their genome organization, phylogenetics, and pathogenesis. Each section represents 
a series of independent studies. Viruses covered in this chapter include the identification of a 
new species of avian hepadnavirus in the elegant-crested tinamou (Eudromia elegans), which 
was less than 76% identical to other avian hepatitis B viruses (section 2.1). Additionally, two 
novel strains of viruses, a canine bocavirus and a canine circovirus, were detected circulating 
in dogs (Canis familiaris) in Thailand (sections 2.2, 2.3). Furthermore, a Batai virus strain in 
Germany was identified for the first time in a seal species (harbor seal; Phoca vitulina) in 
association with meningomyeloencephalitis (section 2.4). The chapter ends with the 
identification of dolphin morbillivirus, a pathogen causing recurrent epizootics in cetaceans, 
in the brain of a stranded fin whale (Balaenoptera physalus; section 2.5).  
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Abstract  

In 2015, we identified an avian hepatitis B virus associated with hepatitis in a group of 
captive elegant-crested tinamous (Eudromia elegans) in Germany. The virus’ full-length 
genome shares <76% sequence identity with other avihepadnaviruses. The virus may 
therefore be considered a new extant avian hepadnavirus. 

Keywords: HBV, hepatitis B virus, avian hepadnavirus, elegant-crested tinamou, 
palaeognathae, viruses, Germany, the Netherlands 
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Abstract 

Bocaviruses are small non-enveloped DNA viruses belonging to the Bocaparvovirus genus of 
the Parvoviridae family and have been linked to both respiratory and enteric disease in 
humans and animals. To date, three bocaviruses, canine bocaviruses 1-3 (CBoV 1-3), have 
been shown to affect dogs with different disease manifestations reported for infected animals. 
We used next generation sequencing to identify a novel strain of canine CBoV-2 (CBoV TH-
2016) in a litter of pups that died in Thailand from acute dyspnea and hemoptysis, for which 
no causal pathogen could be identified in routine assays. Analysis of the complete coding 
sequences of CBoV TH-2016 showed that this virus was most closely related to a strain 
previously identified in South Korea (isolate 14D193), with evidence of genetic 
recombination in the VP2 gene with a related strain from South Korea and Hong Kong. Use 
of quantitative PCR showed the presence of CBoV TH-2016 in several tissues, suggesting 
hematogenous virus spread, while only intestinal tissue was found to be positive by in situ 
hybridization. Histologic small intestinal lesions associated with CBoV TH-2016 infection 
were eosinophilic intranuclear inclusion bodies within villous enterocytes without villous 
atrophy or fusion, similar to those previously considered to be pathognomonic for CBoV-1 
infection. Therefore, this study provides novel insights in the pathogenicity of canine 
bocavirus infections and suggests that a novel recombinant CBoV-2 may result in atypical 
findings of CBoV infection. Although the specific cause of death of these pups remained 
undetermined, a contributory role of enteric CBoV TH-2016 infection is possible. 
 

Keywords: Bocavirus, canine minute virus, Dogs, Genetic analysis, Pathology, 
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Abstract 

Canine circoviruses (CanineCVs), belonging to the genus Circovirus of the Circoviridae 
family, were detected by next generation sequencing in samples from Thai dogs with 
respiratory symptoms. Genetic characterization and phylogenetic analysis of nearly complete 
CanineCV genomes suggested that natural recombination had occurred among different 
lineages of CanineCVs. Similarity plot and bootscaning analyses indicated that American and 
Chinese viruses had served as major and minor parental viruses, respectively. Positions of 
recombination breakpoints were estimated using maximum-likelihood frameworks with 
statistical significant testing. The putative recombination event was located in the Replicase 
gene, intersecting with open reading frame-3. Analysis of nucleotide changes confirmed the 
origin of the recombination event. This is the first description of naturally occurring 
recombinant CanineCVs that have resulted in the circulation of newly emerging CanineCV 
lineages. 

Keywords: Canine circovirus, Dogs, Genetic analysis, Recombination 
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Abstract  

Batai virus (BATV) was isolated from the brain of a euthanized 26-year-old captive harbor 
seal with meningo-encephalomyelitis in Germany, providing evidence that BATV can 
naturally infect the central nervous system of a mammal. The full genome sequence of this 
Orthobunyavirus showed differences from a previously reported German mosquito isolate. 

Keywords: Batai virus, seal, orthobunyavirus, encephalitis 
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Abstract  

We studied the etiology of a fin whale (Balaenoptera physalus) with encephalitis stranded at 
the coast of Denmark. Dolphin morbillivirus (DMV) was detected in the brain and other 
organs. Phylogenetics showed close relation to DMV isolated from a striped dolphin 
(Stenella coeruleoalba) from Spain in 2012.  

Keywords: fin whale, dolphin morbillivirus, encephalitis 
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Abstract 

Cetacean morbillivirus (CeMV) has emerged as the pathogen which poses the greatest 
risk for triggering epizootics in cetacean populations worldwide, and has a high 
propensity for interspecies transmission, including sporadic infection of seals. In this 
study, we investigated the evolutionary history of CeMV by deep sequencing wild-type 
viruses from tissue samples representing cetacean species with different spatio-temporal 
origins. Bayesian phylogeographic analysis generated an estimated evolutionary rate of 
2.34x10-4 nucleotide substitutions/site/year and showed that CeMV evolutionary 
dynamics is neither host- nor location-restricted. Moreover, the dolphin morbillivirus 
strain of CeMV has undergone purifying selection without evidence of species-specific 
mutations. Cell-to-cell fusion and growth kinetics assays demonstrated that CeMV can 
use both dolphin and seal CD150 as a cellular receptor. Thus, it appears that CeMV can 
readily spread among multiple cetacean populations and may pose an additional 
spillover risk to seals. 

Keywords: Cetacean morbillivirus, evolution, dolphin morbillivirus, porpoise 
morbillivirus, dolphin, whale, seal 
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Introduction 

Cetacean morbillivirus (CeMV) is known to infect a wide range of cetacean species 
from both Odontoceti (toothed whales) and Mysticeti (baleen whales) subgroups, 
including  threatened and endangered species, such as fin whale (Balaenoptera 
physalus)  and sperm whale (Physeter macrocephalus) [1–4]. This emerging 
morbillivirus causes variable degrees of morbidity and mortality and thus may have a 
major impact on the demography and conservation of dolphin and whale populations. 
Five distinct strains of CeMV have now been documented since the identification of a 
novel morbillivirus, porpoise morbillivirus (PMV), in stranded harbor porpoises 
(Phocoena phocoena) in Ireland and the Netherlands in 1988 and 1990, respectively 
[5,6]. Dolphin morbillivirus (DMV) is the most well characterized strain, having caused 
several epizootics in addition to isolated cases retrospectively identified using molecular 
and pathological diagnostic protocols. The first documented CeMV outbreak killed 
thousands of striped dolphins (Stenella coeruleoalba) in the Mediterranean Sea from 
1990-1992 [7]. However, CeMV was later identified as the etiological agent responsible 
for an earlier epizootic in bottlenose dolphins (Tursiops truncatus) along the 
Northwestern Atlantic coast in 1987-1988 [8]. The trans-oceanic occurrence of CeMV 
infections continued with later outbreaks in the Gulf of Mexico in 1993-1994, 
Mediterranean Sea in 2006-2008, the coast of South Australia in 2013, and along the 
Eastern USA seaboard in 2013-2015, causing mass die-offs of bottlenose dolphins, 
striped dolphins, and pilot whales (Globicephala melas). Additionally, DMV infections 
have been diagnosed in cases of fin whale and sperm whale strandings, and possibly 
having played a role in their demise.  Pilot whale morbillivirus (PWMV) has been 
sporadically reported to have infected pilot whales in the Northeastern and northwestern 
Atlantic. In recent years, two novel CeMV strains have been identified, beaked whale 
morbillivirus (BWMV) in the central Pacific and a more divergent strain Guiana 
dolphin morbillivirus (GDMV) that was detected in dolphins found stranded along the 
Brazilian and West Australian coasts, respectively (for review see 2).  

CeMV is an enveloped negative-sense single-stranded RNA virus of the genus 
Morbillivirus within the family Paramyxoviridae along with measles virus (MV, the 
prototypic species), recently eradicated rinderpest virus (RPV), peste des petits 
ruminants virus (PPRV), canine distemper virus (CDV), phocine distemper virus 
(PDV), and feline morbillivirus (FeMV) [9]. A characteristic of animal morbilliviruses 
(i.e., RPV, PPRV, CDV, and CeMV) is a propensity for interspecies transmission. For 
instance, RPV infected multiple wild and domestic species of ungulates whereas CDV 
can infect multiple carnivore species and spread from carnivore to non-human primates, 
rodents, and artiodactyls [10].  In addition to multiple dolphin and whale species [1,2], 
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CeMV has also crossed the species barrier to infect marine mammals belonging to a 
different order. In 1997, DMV was found to be the pathogen associated with an 
epizootic that reduced the already endangered population of Mediterranean monk seals 
(Monachus monachus) in Mauritania by half [11]. The populations of Mediterranean 
monk seals and the Hawaiian monk seals (Neomonachus schauinslandi) [12] are the 
two species of monk seals remaining, given the extinction of the Caribbean monk seal 
(Neomonachus tropicalis) after 1952 [13]. Additional documented cases of CeMV 
infection of seal species include a monk seal in Greece [14] and a captive harbor seal 
(Phoca vitulina) in Italy [15] which were reported to be PMV- and DMV-infected, 
respectively. However, the host range of CeMV and potential barriers to cross-species 
infections remain to be further determined.  

In common with other morbilliviruses, CeMV displays tropism for lymphoid and 
epithelial cells, and induces typical lesions including broncho-interstitial pneumonia and 
lymphocytic depletion in lymphoid organs [7,16–20]. In addition, CeMV is neurotropic 
as non-suppurative encephalitis is commonly observed in infected cetaceans. Cell entry 
and spread of morbilliviruses is mediated by the viral fusion (F) and hemagglutinin (H) 
glycoproteins. Signaling lymphocyte activation molecule (SLAM/CD150) and 
poliovirus receptor-like 4 (PVRL-4/Nectin-4) have been previously identified as 
universal morbillivirus cellular receptors [21,22]. SLAM has been found in immune 
cells and appears to be the main receptor for virus entry and spread to other tissue 
organs, whereas Nectin-4 is the main receptor of epithelial cells and important for virus 
exit and transmission. The route of transmission is usually through aerosol droplets as 
well as direct or indirect contact. In the case of cetaceans, virus dissemination in the 
population is speculated to occur via direct contact or aerogenic [1]. It is assumed that 
morbillivirus excretion and transmission occurs predominantly from virus-infected 
epithelial cells at mucosal surfaces. High levels of CeMV-positive  epithelial cells have 
previously been detected in the respiratory and urogenital tracts of infected dolphins and 
whales [19]. Vertical transmission as another possible route has also been discussed 
[18].  

Although a large number of case studies of CeMV and diagnostic developments have 
been reported [1], little is known about CeMV evolution and geographical distribution 
patterns whereas few whole genome sequences are available. In the present study, we 
have deep sequenced European CeMV strains from a collection of historical and recent 
CeMV-infected tissue samples and virus isolates, in order to investigate CeMV 
evolutionary history and identify possible molecular signatures of host adaptation 
arising from interspecies virus transmission.  
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Results 

Genome analyses of wild-type and laboratory-adapted CeMVs  

A collection of historical and recent CeMV-infected tissue samples from Europe was 
investigated along with cell culture-passaged CeMV strains (Table 1). Samples were 
first screened by real-time PCR (RT-PCR) to assess viral load with Ct values ranging 
from 12-32. Complete CeMV genome sequences from tissue samples and virus isolates 
were generated by a combination of next generation sequencing (NGS) (Fig. 1a) and 
rapid amplification of cDNA ends (RACE; Fig. 1b and Supplementary Fig. S1). In 
addition, gap sequencing was performed for CeMV strains DMV-Bph, DMV-
NL/LA/11.1, and PMV-53 due to low coverage in a number of regions. Host reference 
alignments of evaluated samples permitted confirmation of the identity of the different 
host species (dolphin or whale). Analysis of genome termini showed the presence of 
two nt changes at positions 5 (C→U) and 12 (G→A) of the leader sequence in all 
CeMV sequences compared to the lab-adapted 1990 DMV strain (GenBank accession 
No. AJ608288) that was used as reference genome in this study.  

Genetic variation within individual CeMV lineages was low with a pairwise identity 
distance of 98.3-99.9 % between DMV strains and 99.7-99.8% between PMV strains. In 
contrast, 86.3-86.8% pairwise identity distance was observed between DMV and PMV 
strains. Bayesian estimation of the substitution rate of CeMV was 2.34x10-4 nucleotide 
substitutions/site/year (subs/site/year) with 95% highest posterior density intervals of 
1.86-2.83x10-4 subs/site/year. The substitution rates of individual coding sequences of 
N, P, M, F, H, and L resulted in a similar range (Supplementary Fig. S2). However, the 
non-coding regions were estimated to have a higher mutation rate of 5.58 x10-4 
subs/site/year. We excluded L gene sequences from subsequent Bayesian analyses as 
these were absent in partial genome sequences from two published DMVs from the 
outbreak in 2006-2008 [23]. Moreover, the L gene sequence of the reference variant 
was excluded from analyses due to the presence of many unique mutations in 
comparison to all other DMV strains, including two new L gene sequences derived from 
dolphin tissues obtained from the same epizootic in 1990 (GenBank accession Nos. 
MH430934-35). Non-synonymous substitutions in this variant accounted for 41% of the 
total amino acid (aa) changes in L (Supplementary Fig. S3). Tree topology was not 
changed when these sequences were taken out for analyses of complete DMV genomes 
(Supplementary Fig. S4). 
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Phylogenetic analyses based on Bayesian inference suggested that DMV and PMV 
shared a most recent common ancestor (MRCA) approximately 400 years ago (Fig. 2). 
Moreover, the DMV strain responsible for the mass die-off in Mediterranean Sea in 
1990-1992 was positioned more basal to other DMV variants, which emerged in 
subsequent years in the Mediterranean Sea (isolate_GenBank accession nos. 
HQ829972, HQ829973, IZSPLV_MF589987, 156_MH430937, Bph_MH430938), 
North Sea (isolate_GenBank accession no. DK/16_MH430939), and the Gulf of Mexico 

Fig. 1 Recovery of CeMV full-length sequences by NGS and RACE. a Genome 
coverage of wildtype CeMVs. Scale on the left indicates sequencing depth and genome regions 
are color coded according to CeMV gene positions. b Sequencing chromatograms of leader and 
trailer regions of wild-type CeMV strains DMV-16A and PMV-2990 using RACE. 
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(GenBank accession nos. KU720623-25). A full-length DMV sequence recovered from 
a fin whale stranded on the Danish coast in 2016 was also located within this DMV 
clade. However, additional North Sea variants from white-beaked dolphins (GenBank 
accession nos. DE/2007_MH430940 and NL/11.2_MH430941) were exceptions, as 
they shared a common ancestor with this Mediterranean DMV variant in the year 1976 
(Fig. 2).  

  

Fig. 2 Bayesian phylogenetic analysis of full-length CeMVs excluding L 
sequences. Most common recent ancestor ages are presented at the nodes with posterior 
values >0.7 shown in parenthesis. New CeMV genomes generated in this study are presented 
with circles at the tips. Branches were truncated for graphical reasons. Taxon names are 
presented as host-country/year of collection_variant_GenBank accession number. Branch colors 
represent virus strains. New CeMV variants and GenBank accession numbers: Bph (MH430938), 
156 (MH430937), DK/16 (MH430939), 16A (MH430934), muc (MH430935), DE/2007 
(MH430940), NL/11.2 (MH430941), 2990 (MH430945), 53 (MH430943), Ulster/88 (MH430942). 
Abbreviations: Bp, Balaenoptera physalus; Sc, Stenella coeruleoalba; Tt, Tursiops truncatus; Sl, 
Stenella longirostris; La, Lagenorhynchus albirostris; Pp, Phocoena phocoena. 
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Phylogenetic analysis of individual genes displayed different tree topologies 
(Supplementary Fig. S5), of which the F and H gene phylogenies most resembled the 
tree derived from full-length CeMV sequences. Not surprisingly, this analysis is 
indicative of differing selective pressures in shaping the evolution of CeMV, in which 
the F and H genes apparently play key roles. Nevertheless, a distinction between 
different strains can still be made using more conserved viral genes. Therefore, we 
extended our analysis of global CeMV distribution patterns by examining a much larger 
data set of available partial CeMV P gene sequences. Phylogeographic analysis of 38 
partial P gene sequences, which were previously deposited in GenBank or derived from 
this study, demonstrated that CeMV strains are neither host- nor location-specific (Fig. 
3a), as also suggested by the full-length sequence analyses. The multi-host transmission 
of CeMV amongst cetacean species is best represented by DMV and BWMV, which 
have been identified in multiple dolphin and whale species. Trans-oceanic spread of 
DMV is also readily apparent with closely related strains detected in the Gulf of 
Mexico, the Mediterranean Sea (Figs 2 and 3, sequences 8-10 and 1-5), the East and 
West coasts of the North Atlantic Ocean and the North Sea (Fig. 3, sequences 11-14). 
Different virus dispersal routes through the Atlantic Ocean and from the Atlantic to the 
Indian Oceans are proposed (Fig. 3b). Furthermore, each CeMV strain formed a 
distinctive clade grouping the sequences of DMV (CeMV-1), PMV (CeMV-2), BWMV 
(CeMV-3), PWMV (CeMV-4), and the Guiana dolphin strain (GDMV, CeMV-5; Fig. 
3a). This last strain was the most basal and divergent sharing a MRCA with other 
CeMV strains a few hundred years ago. The MRCA shared by DMV and PMV was 
found to have different dates upon comparison of either complete or partial P gene 
sequences (Fig. 2 and Fig. 3a). While full-length genome sequence analysis would be 
expected to be more accurate, only two strains (DMV and PMV) could be included. On 
the other hand, analysis of partial P gene sequences included sequences from all five 
known CeMV strains. However, given the differences in the evolutionary rate of the P 
gene compared with full genome sequences, an analysis based on partial sequence may 
be less representative.  
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Fig. 3 Phylogeography of CeMV. a Bayesian phylogenetic analysis of partial P genes (400bp). 
Most common recent ancestor ages are presented at the nodes in cursive with 95% highest posterior 
density interval values in brackets and as grey horizontal bars. Posterior values >0.5 are shown in 
parenthesis. CeMV genomes in this study are presented with black circles at the tips. Each branch is 
color-coded according to the ocean/sea in which cetaceans were found. Taxon names are presented as 
virus_host/Country-year of collection/variant_GenBank accession number_ID for panel B. Sequences 
17* and 24* were extracted from published paper[14]. Sequence 21* was kindly provided by Dr. Stone 
and Jianning Wang. Host abbreviations: Bp, Balaenoptera physalus; Zc, Ziphius cavirostris; Sc, Stenella 
coeruleoalba; Ip, Indopacetus pacificus; Tt, Tursiops truncatus; Sl, Stenella longirostris; Dd, Delphinus 
delphis, La, Lagenorhynchus albirostris; Gg, Grampus griseus; Kb, Kogia breviceps; Pp, Phocoena 
phocoena; Sb, Steno bredanensis; Mn, Megaptera novaeangliae; Gm, Globicephala melas; Sg, Sotalia 
guianensis. b CeMV migration world map using sequences from panel A. Locations of viruses in the 
map are relative and were obtained from the publications in which the sequences were published. 
Hashtag (#) indicate no sequence availability (No. 32: CeMV-5 from AU/2010 and No. 33: CeMV-
1_JP/1999). Proposed virus migratory routes (dashed lines) were based on sequence clades from 
phylogenetic tree on panel A. 
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Identification of molecular signatures of CeMV adaptation associated with in vitro 
replication 

Given that historical morbillivirus sequences, including CeMV, were generated using 
virus isolates, we have also examined the effects of virus isolation and passaging on the 
resulting consensus genome sequences. Complete genome sequences from DMV-16A 
and DMV-muc, which were first isolated and passaged in Vero cells twenty five years 
ago [24], were compared to consensus sequences of the same viruses generated directly 
from original stored tissue samples. In addition, we generated Vero cells expressing 
dolphin SLAM (Vero-dolSLAM) to investigate if expression of a natural CeMV cellular 
receptor better maintains the authentic consensus virus sequence. These cells were used 
to re-isolate DMV-16A from a stored tissue sample collected during the CeMV 
epizootic in 1990. A single large syncytium was observed 2-3 days following infection 
and virus was subsequently passaged four times before NGS was used to generate a 
complete consensus viral sequence.  

Sequence analysis of wild-type viruses present in tissue samples and viruses passaged in 
Vero cells and/or Vero-dolSLAM cells revealed minimal genetic variation (Table 2). 
Isolate DMV-16A grown in Vero-dolSLAM cells showed less variation from the wild-
type consensus sequence than same variant grown in Vero cells. Mutations S459P in P 
and I873T in L emerged in both isolates following in vitro passage. However, due to the 
presence of these substitutions in other wild-type DMV sequences (Fig. 4), we used the 
raw NGS data to calculate the frequencies of these variants in the virus population. 
Whereas Vero cell isolates homogeneously expressed 459P in the P gene and 873T in 
the L gene, these positions were heterogeneous in wild-type tissue derived DMV-16A 
sequence (P-459: S=53%, P=46%; L-873: I=52%, T=47%), being less heterogeneous in 
DMV-16A isolated in Vero-dolSLAM (P-459: S=1%, P=99%; L-873: I=4%, T=96%), 
and showing different degrees of heterogeneity in all other wild-type sequences for S/P 
at 459 (DMV-muc: S=41%, P=48%; DMV-156: S=18%, T=81%; DMV-Bph: S=3%, 
P=97%; DMV-DE/2007: S=1%, P=98%; and DMV/LA/NL/11.2: S=40%, P=60%) in 
the P gene and isoleucine and threonine at 873 (DMV-muc: I=49%, T=51%; DMV-156: 
I=29%, T=71%; DMV-Bph: I=27%, T=73%; DMV-DE/2007: I=2%, T=95%; and 
DMV/LA/NL/11.2: I=65%, T=35%) in the L gene.  
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Upon comparison of whole genome sequences of in vitro isolates of DMV-16A, DMV-
muc, and PMV-2990 with analogous sequences generated from original tissue samples, 
we did not detect common mutations that had arisen as a result of cell culture 
adaptation. Instead, we identified changes in the individual variants that have been 
previously detected in MV studies [25–28]. These include nucleotide (nt) substitution 
g.26A>T [25] and aa substitutions in the M protein, E89K (PMV-2990) [27,28] and 
R175G (DMV-muc) [26]. Analysis of the genome sequence of DMV-16A, which had 
been passaged in Vero cells, showed the presence of T at nt 26, although A was still 
present as a minor variant. Upon inclusion of other morbilliviruses in an alignment of 
genome termini, wild-types had an A at nt 26, whereas vaccine strains had a T at this 
position (Supplementary Fig. S1). 
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The capacity of CeMV to cross species barriers  

Alignment of full-length CeMV sequences showed no apparent aa substitutions 
suggestive of adaptation to dolphin or whale species. Instead, patterns of non-
synonymous substitutions (dS) in CeMV-1 characterizing each cluster were identified 
(Fig. 4). The aa sites 74, 95, and 454 in N; aa site 172 in P; aa site 245 in F; aa sites 121, 
256, 422, 451, and 567 in H; and aa sites 122, 136, 399, 873, 1006, 1194, 1196, 1396, 
and 1698 in L were found to be statistically significant (p<0.05) episodic positive 
selection sites using MEME (Mixed effects model of evolution) [29]. However, no 
pervasive positive selection site was identified using FEL (Fixed effects likelihood) 
[30]. Instead, a greater number of negative selection sites were detected (Supplementary 
Table S1). Furthermore, potential variability in SLAM and PVRL4 binding sites based 
on MV-H interaction with marmoset SLAM (91% similarity with human SLAM) [31] 
and human PVRL4 [32] were also investigated (Supplementary Table S2). Based on the 
alignment, cetacean SLAM has about 32% and 7% aa differences with human SLAM 
and PVRL4, respectively. We identified a number of SLAM interaction sites in the H 
protein which were conserved among all morbilliviruses, including CeMV, namely 
D501, D503, D526, S528, R529, P550, Y520, and Y539 (aa position based on CeMV), 
some of which have also been identified as key residues in CDV-H/SLAM binding [33]. 
For PVRL4, the sites Y520 (also in SLAM), Y537, Y539, Y454, L460, G461, D501 
(also in SLAM) were found to be conserved.  

Previously documented cross-species infections of CeMV in monk and harbor seals 
[11,14,15], prompted us to extend our analysis to examine the capacity of CeMV to use 
phocine SLAM as a cellular receptor. This was evaluated using a quantitative cell-to-
cell fusion assay and multi-step growth analyses of DMV in Vero cells, newly 
generated Vero-dolSLAM cells and Vero cells expressing phocine SLAM (Vero-
phocaSLAM) (Fig. 5a). DMV F and H glycoproteins induced significantly higher levels 
of cell-to-cell fusion than glycoproteins from two CDV strains (dog and seal origin) in 
the evaluated cell lines (Fig. 5b), clearly indicating that DMV could use both dolphin 
and phocine SLAM as cellular receptors. The stringency of the assay was validated by 
the additional observation that DMV glycoproteins were unable to use human SLAM as 
a cellular receptor (data not shown). Moreover, when comparing growth curves (Fig. 
5c), DMV growth yielded high titers in both Vero cells expressing SLAM but not in 
Vero cells. However, DMV showed better replication in Vero-dolSLAM cells compared 
to Vero-phocaSLAM. Collectively, these results indicate that DMV can readily use the 
SLAM receptor of seals.   
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Fig. 5 CeMV usage of seal SLAM receptor. a Characterization of SLAM expression on Vero 
cells. Vero-dolSLAM cells (teal colored), Vero-phocaSLAM cells (purple colored) and untransfected 
Vero cells (gray line) were stained with HAtag antibody and analyzed by flow cytometry. b Cell-to-cell 
fusion activity of DMV, CDV-dog/2016, and CDV-phoca/1988 glycoproteins in Vero-dolSLAM cells 
(left) and Vero-phocaSLAM cells (right) measured by β-Galactosidase activity. Relative luminescence 
unit (RLU) values on the Y axe were calculated by subtracting RLU values obtained from Vero-
dolSLAM or Vero-phocaSLAM cells with values generated from Vero cells (control). Experiments were 
performed in quadruplicates (n=3). c Multi-step growth curve analyses of DMV-16A inoculated at a 
moi of 0.001 in Vero cells (control), Vero-dolSLAM and Vero-phocaSLAM cells. Virus titers were 
determined in triplicates. 
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Discussion 

In the past thirty years, CeMV has emerged as a major pathogen in cetacean species 
worldwide. During this period, the known host range of CeMV has continually 
expanded to encompass multiple dolphin and whale species, including endangered 
species such as the fin whale. Moreover, instances of spillover into harbor and 
endangered monk seals have also been documented. However, the role of viral 
molecular adaptation in shaping the evolutionary pathways of CeMV interspecies 
transmission has remained largely unexplored. In this study, we have used NGS and 
RACE to determine the first complete CeMV genome sequences from original cetacean 
tissue samples, including the first complete genome sequence of PMV from a harbor 
porpoise. We found that CeMV requires minimal genetic variation to maintain multi-
host transmission cycles between dolphin and whale populations. Further analyses also 
demonstrated that CeMV can effectively use both dolphin and phocine SLAM as 
cellular receptors. 

Analysis of CeMV sequences enabled us to estimate an overall substitution rate of 
2.34x10-4 subs/site/year, which is lower than what has been proposed for both MV (6.5-
8.7x10-4 subs/site/year) [34] and CDV (4.8-7.41x10-4 subs/site/year) [35,36] based on 
their H gene sequences. In future, additional full-length sequences of CeMV strains, 
especially BWMV, PWMV, and GDMV, will help to further calibrate the substitution 
rate generated in this study. Bayesian reconstruction of CeMV evolutionary history 
indicated that the DMV strain involved in the Mediterranean outbreak in 1990-1992 
was more basal to the variants that have emerged within this clade in subsequent years 
(also confirmed by maximum likelihood analysis), including the source of the later 
DMV epizootic in the Mediterranean Sea in 2006-2008. Of particular interest were the 
DMV variant recovered from a fin whale stranded along the North Sea coast in 2016 
and the recently published sequences of CeMV strains from dolphins in the Gulf of 
Mexico, as these were also derived from a common ancestor. This suggests that 
undefined cetacean species may mediate the trans-oceanic spread of CeMV, driving the 
dispersal and evolution of this virus. Similarly, given that PMV has only been 
previously detected in European waters and the Northwest Atlantic Ocean, without re-
emergence since the last documented case in 1996 [14], it remains to be determined if 
porpoises and/or other cetacean species are the true hosts of this strain. Whales have 
been previously proposed as viral vectors due to their extensive patterns of migration 
and interaction with certain dolphin populations, potentially  driving the trans-oceanic 
spread of this virus [2,37]. However, the identity of hosts acting as the vectors 
responsible for triggering CeMV epizootics is a question which requires additional 
research. With respect to viral ecology, anthropogenic factors have undoubtedly 
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impacted the global ecology and evolution of CeMV. High levels of commercial 
whaling from the 18-20th centuries decimated populations of targeted cetacean species 
including fin, minke (Balaenoptera acutorostrata), humpback (Megaptera 
novaeangliae), and sperm whales. This may well have created bottlenecks for CeMV 
evolution by reducing cetacean populations to levels unable to sustain CeMV 
endemicity. On the other hand, high levels of persistent environmental pollutants 
including organochlorine pesticides and polychlorinated biphenyls, especially in the 
Northern Atlantic Ocean have also been speculated to lead to an increased susceptibility 
of aquatic mammals to morbillivirus infection [38,39]. 

The divergence of the North Sea white-beaked dolphin DMV sequences from the 
Mediterranean 1990 DMV sequences supports the endemic circulation of this variant in 
the white-beaked dolphin population, as suggested previously [20], even before the first 
documented epizootic in 1990-1992 in the Mediterranean Sea. This implies that the 
MRCA resided in an unknown cetacean species from the North Atlantic Ocean in the 
mid-1970s. Furthermore, the numerous aa substitutions identified as unique to this clade 
might be indicative of virus adaptation to this unknown host species. The population 
size of white-beaked dolphins in the North-eastern Atlantic, North and Barents Sea [40] 
might be large enough to sustain endemic transmission, supporting previous findings, in 
which the pathogenicity of this DMV variant was reportedly reduced in this species 
[20].  

The full-length genomes of DMV and PMV had a divergence of approximately 14%, 
which is higher than the previously observed variations of CDV strains (5-9%). 
However, under the current International Committee on Taxonomy of Viruses 
classification system, DMV and PMV are still considered as CeMV strains, as only 
CeMV is officially recognized as a species. Moreover, diversity between recognized 
morbilliviruses is much higher ranging between 25-54% at the nucleotide level. It is 
now clear that the transmission cycle of CeMV, in common with other animal 
morbilliviruses such as CDV, involves spread between multiple host species. However, 
this has resulted in a rather arbitrary development of CeMV strain classification. The 
ability of CeMV strains (e.g. DMV and BWMV) to infect multiple species from both 
dolphin and whale populations creates confusion as the original given strain names are 
related to the species of first identification. Therefore, we propose to rename the 
currently known CeMV strains DMV, PMV, PWMV, BWMV and GDMV to CeMV-1, 
CeMV-2, CeMV-3, CeMV-4, and CeMV-5, respectively. 

In an attempt to investigate genetic variations driving adaptive evolution of CeMV, we 
highlighted the molecular footprints characterizing each DMV subgroup. We were 
unable to identify species specific-variations as no shared mutation was found in a 
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comparison between viruses retrieved from two infected fin whales (DMV-DK/2016 
and DMV-Bph). In contrast, the identified aa substitutions were either unique or 
pertaining to their own monophyletic group, regardless of their host species. For 
instance, full genome CeMV sequences from a fin whale (DMV-Bph) and a striped 
dolphin (DMV-156), both from the same clade, were highly similar with 99.9% 
pairwise sequence identity. However, we cannot discard the possibility that DMV-Bph 
might represent a direct spillover case from an infected dolphin. Additionally, the two 
fin whale cases differ with respect to age and pathology. Further analyses showed 
evidence that a number of aa sites were under episodic positive selection, indicating 
instances of selective pressures affecting only a small subset of DMV sequences within 
a branch. However, no single pervasive positive selection site was detected in contrast 
to the large number of sites under purifying selection (negative selection). Purifying 
selection is a major driver of evolution, removing mutations that would be otherwise 
deleterious. This is particularly the case in RNA viruses, which have a high mutation 
rate due to error prone virus replication [41]. This might explain the low genetic 
diversity found among DMV variants in this study, further implying that DMV can 
switch between hosts belonging to both cetacean subgroups (Mysticeti and Odontoceti) 
and sustain transmission without adaptive evolution. Interestingly, strong purifying 
selection was also observed in an analysis of rabies virus genomes [42]. This virus 
predominantly infects members of the order Carnivora with spillover into other 
mammalian species, including humans. The potential host range of CeMV may also not 
be restricted to only one order, given previous incidences of virus spread to monk and 
harbor seals [11,14,15]. Therefore, we also assessed the ability of CeMV to use phocine 
SLAM as a cellular receptor. Surprisingly, CeMV efficiently used phocine SLAM for 
virus entry and cell-cell fusion, suggesting that in addition to PDV and CDV, CeMV 
may also pose a risk to seal populations.   

Research on many viruses infecting marine mammals, including CeMV, is usually 
limited by the challenges inherent to studying virus replication and transmission in both 
the marine environment and appropriate in vitro model systems. To facilitate study of 
wild-type CeMV strains, we generated Vero cells constitutively expressing a dolphin 
SLAM receptor, thus enabling us to compare authentic wild-type sequences with those 
of historical and recent virus isolates. We found that the sequence of the DMV-16A 
isolate cultured in newly generated Vero-dolSLAM cells was comparable to that of the 
wild-type, except at two sites: S459P in P and I873T in L. However, we also found 
variable allele frequencies at these two sites in all wild-type DMV sequences. 
Furthermore, we compared historical laboratory-adapted DMV and PMV strains grown 
in Vero cells to their wild-type counterpart. A number of substitutions were found, some 
of which have been previously identified in MV studies. For instance, substitution 
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g.26A>T has been associated with MV vaccine strains [25] and has been shown to be 
important for virus replication [43]. The aa substitutions in the M protein, namely E89K 
(PMV-2990) and R175G (DMV-muc), have also been shown important in MV cell 
culture adaptation [26,27]. In particular, experiments with the E89K substitution in MV 
have demonstrated that this mutation can facilitate virus infection in Vero cells and 
cotton rats [27,28]. Changes in the M protein have been proposed to facilitate virus 
growth in SLAM negative cells by its interaction with the cytoplasmic tail of H [44]. 
Interestingly, some morbillivirus vaccine strains also contain the changes at positions 5 
and 12 of the leader sequence, which we identified in this study, as previously discussed 
[9]. The significance of these substitutions with respect to delineating wild-type versus 
laboratory virus isolates should be investigated further.  

In summary, it appears that no or minimal adaptive changes are required for CeMV 
transmission among cetacean species, reinforcing the threat posed by this virus to 
endangered dolphin and whale populations. However, the capacity of CeMV to jump 
into non-cetacean host species beside pinnipeds remains unknown. A more extensive 
survey of the interaction of CeMV with heterologous SLAM and Nectin-4 receptors 
may identify additional species which may be susceptible to CeMV infection. 
Additional full-genome CeMV sequences and where possible more extensive sero-
surveys among cetacean species will further illuminate the evolutionary history and 
trajectories of this virus. This will necessitate new cross-disciplinary collaborations to 
acquire samples from regions where gaps in surveillance currently exist such as the 
Arctic, Indian, Southern Atlantic, and Western Pacific Oceans, enabling a more 
comprehensive global overview of this emerging and re-emerging morbillivirus, which 
has a major impact on the natural ecology and conservation status of dolphin and whale 
populations.  

Materials and Methods 

Tissue samples and viruses 

Tissues of CeMV-infected cetaceans analyzed in this study have been previously 
investigated for the presence of morbilliviruses. The samples PMV-2990/brain [6], 
DMV-16A/lung [24], DMV-muc/lung [24], DMV-DE/2007/brain [45], DMV-156/lung, 
DMV- LA/NL/11.2/lung [20], DMV-Bph/brain [18,46], and DMV-DK/2016/lung [19] 
were collected from animals stranded in European waters (North Sea and Mediterranean 
Sea). Other samples include PMV-Ulster/88 [6] and PMV-53_passage4 (P4), from 
which no original material was possible to acquire. We also included virus strains 
DMV-16A_P7, DMV-muc_P5, and PMV-2990_P4, which were previously isolated in 
Vero cells (green monkey kidney). In addition, DMV-16A was re-isolated from dolphin 
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lung tissue in Vero-dolSLAM cells. Additional tissue samples from a CDV-infected dog 
from Germany (CDV-dog/2016) and a CDV-infected Baikal seal (Pusa sibirica) from 
Russia (CDV-phoca/1988) were used as the template to generate additional plasmids 
expressing morbillivirus glycoproteins. 

Generation of expression plasmids  

A plasmid expressing dolphin SLAM (CD150) was constructed by subcloning a 
synthesized dolphin SLAM open reading frame (ORF) (Thermo Fischer Scientifics, 
Waltham, MA, USA) into the mammalian expression vector pCXN2 (Addgene, 
Cambridge, MA, USA). The design of the synthetic fragment was analogous to 
previously published constructs [47] and thus contained the immunoglobulin Igk leader 
sequence, followed by the influenza virus HA epitope sequence with a linker sequence 
to the SLAM sequence of a pacific-white sided dolphin (GenBank accession No. 
AB428366), in which the signal sequence was removed (aa 1-18). The signal peptide 
cleavage site was predicted with signal P 4.1 software [48]. A similar design strategy 
was used for the construction of a plasmid expressing harbor seal SLAM. In brief, 
harbor seal SLAM was amplified from harbor seal spleen tissue using previously 
published primers [49] and sanger sequenced (Eurofins Genomics, Munich, Germany). 
Primers containing flanking sequences to adjacent regions (linker sequence on the 5’ 
side and pCXN2 vector sequences on the 3’ side) were designed for the amplification of 
harbor seal SLAM sequence (GenBank accession No. MH430950), in which the signal 
sequence was removed (aa 1-18). A second fragment containing the immunoglobulin 
Igk leader sequence, influenza virus HA epitope sequence and linker sequence, flanked 
by the pCXN2 vector sequence on the 5’ side and seal SLAM sequence on the 3’ side, 
was amplified. All fragments were assembled using the NEBuilder HiFi DNA assembly 
master mix (NEB) into pCXN2 which had been pre-digested digested with EcoRI to 
generate pCXN2-phoca-SLAM. The F and H glycoproteins from DMV-16A, CDV-
dog/2016), and CDV-seal/1988 glycoproteins (GenBank accession Nos. MH430946-49) 
were cloned into a pCG expression plasmid (kindly provided by Dr. Jürgen Schneider-
Schaulies, Institute of Virology and Immunobiology, Würzburg).  

Cell lines 

Vero and 293T cells were cultured in advanced MEM and DMEM media respectively 
supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% GlutaMax. Vero 
cells were transfected either with pCXN2-dolSLAM or pCXN2-phoca-SLAM using 
standard Lipofectamine 3000 protocols (Thermo Fischer Scientific). At 1 day post-
transfection, cells were cultured in growth media supplemented with 1mg/ml Geneticin 
G418 (Thermo Fischer Scientific) as a selective antibiotic. Vero-dolSLAM cells and 
Vero-phocaSLAM cells were sorted into single clones using a MoFlo XDP cell sorter 
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(Beckman Coulter) to ensure equivalent level of SLAM expression within the cell 
population. Successfully transfected cells were sorted by staining with anti-HA tag 
antibody [HA.C5] (1:200; ab18181, Abcam) as primary antibody and chicken anti-
mouse IgG (H+L), Alexa Fluor 488 (1:500; A-21200, Thermo Fischer Scientific) as 
secondary antibody. Cell clones were expanded and assessed for SLAM expression 
using an Attune NxT flow cytometer (Thermo Fischer Scientific).  

Virus infection 

CeMV growth kinetics was assessed in Vero, Vero-dolSLAM and Vero-phocaSLAM 
cells. In brief, cells seeded into six-well plates were inoculated with DMV-16A (virus 
isolated in Vero-dolSLAM) at a multiplicity of infection (MOI) of 0.001 before the 
addition of 1 ml of OptiMEM media and incubated at 37°C. Combined supernatant and 
cell associated virus from triplicate wells of each cell line were harvested every 12 
hours starting from time point 0 until 96 hours (4 days). The virus titer was determined 
by a TCID50 assay on Vero-dolSLAM cells. Wells were scored positive when syncytia 
formation was observed.  

Cell-to-cell fusion assay 

Morbillivirus cell-to-cell spread was assessed in Vero cells expressing either dolphin or 
harbor seal SLAM using a quantitative fusion assay as previously described [50] with 
modifications. Plasmids expressing β-galactosidase alpha and omega fragments were 
kindly provided by Dr. Imke Steffen (RIZ, Hannover). In brief, 293T cells were 
transfected using calcium phosphate co-precipitation with 3ug of β-galactosidase 
omega-fragment expression plasmid, 1.5ug of pCG-CeMV-F and 1.5ug of pCG-CeMV-
H per well in a 6-well tray. Media was replaced after 8 hours. Vero, Vero-dolSLAM, 
and Vero-phocaSLAM cells were transfected with 200ng β-galactosidase alpha-
fragment expression plasmid per well in a 96-well tray using Lipofectamine 3000 
reagents (Thermo Fischer Scientific). After 48 hours, the media in wells of 293T cells 
was removed, cells were scrapped and overlaid onto β-galactosidase alpha-fragment 
transfected cells. Plates were centrifuged for 5 minutes at 500g and incubated at 37oC 
for 6 hours. Cell-to-cell fusion was evaluated using Galacto-Star™ kit (Thermo Fischer 
Scientific). Enzyme activity was measured using a TECAN Infinite 200 plate reader.  

Sample preparation 

Virus-infected tissue samples were prepared following a viral enrichment and random 
amplification protocol as previously described [51,52]  with modifications. In brief, 22-
221mg of fresh frozen tissue samples from each animal and 500ul of virus isolates were 
lysed following three cycles of freeze/thaw/homogenization to ensure cell disruption. 
Homogenates were centrifuged and filtered (0.45µm). RNA was extracted using TRIzol 
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(Thermo Fischer Scientific) and reverse transcribed with Superscript IV (Thermo 
Fischer Scientific) using non-ribosomal hexamers [52] flanked by an adaptor 
(5’gccggagctctgcagatatc3’) [51]. Second strand cDNA synthesis was generated with 
Klenow fragment DNA polymerase (New England Biolab [NEB], Ipswich, MA, USA). 
Random amplification of samples was performed using Phusion polymerase (NEB) and 
the same primer sequence as above. To determine the amount of CeMV present in the 
samples before performing NGS, DMV and PMV RT-PCRs were performed as 
previously described [53].  

Generation of full-length genomes by next generation sequencing (NGS) 

Samples were prepared according to Nextera XT DNA Library Prep Kit protocol 
(Illumina, San Diego, CA, USA) using Qubit fluorometric DNA quantitation and 2100 
Bioanalyzer instrument (Agilent, Santa Clara, CA, USA) to assess quality control of 
library. Paired-end sequencing of library was conducted on an Illumina MiSeq system 
with the MiSeq Reagent Kit v3 (600 cycles; Illumina). Quality trimming and reference 
assembly were performed using the software CLC Genomics Workbench 10. A full-
length DMV sequence (GenBank accession No. AJ608288) was used as a reference. To 
confirm the host identity of each sample, reads were also aligned to bottlenose dolphin, 
bowhead whale, and green monkey sequences, which were retrieved from Ensembl [54] 
and the bowhead whale genome resource [55]. Quality control of single reads was 
performed using Trimmomatic V.0.36 [56]. Afterwards, high quality reads were 
mapped to the reference genomes by Bowtie2 V.2.3.4 [57].   

Completion of sequencing gaps and genome termini  

Primers (Supplementary Table S2) were designed to cover gap regions of genomes of 
which we were unable to recover full-length sequences by NGS (DMV_Bp, 
LA/NL/11.1, DMV-DE/2007, and PMV-53). Gap regions were amplified by PCR using 
Phusion polymerase and Sanger sequenced (Eurofins Genomics). In addition, due to the 
low quality of reads from formalin-fixed paraffin-embedded brain tissue of sample 
DMV-DK/16, primer sets were designed to amplify the full-length genome 
(Supplementary Table S3). A RACE protocol was performed to determine the sequence 
of both 3’ and 5’ termini of CeMV in all positive tissues and virus isolates. Briefly, to 
determine the 3’ end or leader sequence, RNA was first polyadenylated on the 3’ end by 
a poly(A) polymerase (NEB) followed by cDNA generation using a poly(T) adaptor as 
primer (5’-gactcgagtcgacatcg(T)17-3’). A PCR was next performed using same poly(T) 
adaptor as forward primer and a reverse primer designed according to consensus 
sequences at the 3’ end of CeMV genomes obtained in this study (Supplementary Table 
S4). To determine the 5’ end or trailer sequence, RNA was first converted to cDNA 
using a primer designed according to consensus sequences at the 5’ end of CeMV 
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genomes obtained in this study (Supplementary Table S4). A poly(A) tail was then 
added to the cDNA at the 3’ end by a terminal transferase followed by a PCR using a 
CeMV primer and poly(T) adaptor as reverse primer.  

Sequence analyses 

Full-length genomes of morbilliviruses (virus-isolate_GenBank accession no.) DMV-
GW2010007A_KU720623, DMV-Bph_MH430938, DMV-156_MH430937, DMV-
DK/16_MH430939, DMV-16A_MH430934, DMV-muc_MH430935, DMV-
DE/2007_MH430940, DMV-NL/11.2_MH430941, PMV-2990_MH430945, PMV-
53_MH430943, PMV-Ulster/88_MH430942, DMV_AJ608288 (used as reference in 
this study), DMV-631IMMS031711_KU720625, DMV-BCF20110815-
LA001_KU720624, MV-Zagreb_AF266290, MV-
Mvi/Arizona.USA/11.08/2_JN635406.1, RPV-RBOK_Z30697, RPV-Kabete-
O_X98291, PPRV-Nigeria/75/1_X74443, PPRV-CH/HNZM/2014_KM089832, CDV-
Onderstepoort_AF305419, CDV-SNP/1994/spottel_hyena_1_KU578255, PDV-
Wadden_Sea.NLD/1988_KC802221, and partial phosphoprotein sequences of CeMV 
strains were retrieved from the NCBI database. Alignments were performed with 
MAFFT [58].  

Bayesian analysis was performed to determine the most recent common ancestor 
(MRCA) and estimate the rate of nucleotide substitution per site per year using BEAST 
v2.4.6 software [59]. Sequences were partitioned into coding regions of: N, P, M, F, H, 
and L; and non-coding sequences including leader, trailer and the gene start and gene 
end of each gene. The test was run for 50 million generations sampling every 1000 steps 
with the following priors: coalescent constant population, strict clock model rate, and 
Hasegawa-Kishino-Yano as substitution model. Tracer was used to verify quality of 
analysis. The first 10% of samples were discarded as burn-in in TreeAnnotator and best 
tree was visualized with FigTree. Partial P gene (300bp) was analyzed using the 
package MASCOT [60] and the same priors as described before. Individual complete 
genes were analyzed based on maximum likelihood in MEGA7.0 with 1000 bootstraps. 
Nucleotide substitution models were selected as best-fit model according to Bayesian 
information criterion. Transient and pervasive selection sites were detected by MEME 
and FEL available from the Datamonkey webserver (www.datamonkey.org).  
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Data Availability 

The sequences generated in this study from CeMV full-length genomes and Phoca 
vitulina SLAM receptor have been deposited in GenBank accession numbers 
(MH430932-50). Plasmid sequences, cloning primers, and other data are available upon 
request.  
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SUPPLEMENTARY MATERIAL 
 
  

Supplementary Fig. 1 Genome termini alignment of CeMV sequences and other morbilliviruses. 
Abbreviations: cc, cell-culture; wt, wild-type; vac, vaccine. GenBank accession numbers: DMV-cc_ref (AJ608288); 
DMV-cc_16A (MH430932); DMV-cc_dol_16A (MH430933), DMV-wt_16A (MH430934); DMV-wt_muc 
(MH430935); DMV-cc_muc (MH430936); DMV-wt_156 (MH430937); DMV-wt_Bph (MH430938); DMV-wt_-
631IMMS031711 (KU720625); DMV-wt_BCF20110815-LA001 (KU720624); DMV-wt_GW2010007A (KU720623), 
DMV-wt_DK/16 (MH430939); DMV-wt_DE/2007 (MH430940); DMV-wt_11.2 (MH430941); PMV-cc_Ulster/88 
(MH430942); PMV-cc_53 (MH430943); PMV-cc_2990 (MH430944); PMV-wt_2990 (MH430945); PPRV-
vac_Nigeria/75/1 (X74443); PPRV-wt_CH/HNZM/2014 (KM089832); RPV-vac_RBOK (Z30697), RPV-wt_Kabete-
O (X98291); MV-vac_Zagreb (AF266290); MV-Mvi/Arizona.USA/11.08/2 (JN635406.1); CDV-vac_-Onderstepoort 
(AF305419); CDV-wt_SNP/1994/spottel_hyena_1 (KU578255); PDV-wt_Wadden_Sea.NLD/1988 (KC802221).  

Supplementary Fig. 2 Bayesian estimates of CeMV substitution rates of coding sequences of N, 
P, M, F, H, and L; non-coding sequences (NC); and complete genome (CG). Values are in x10-4 

nucleotide substitutions/site/year (highest posterior density interval): N, 2.12 (1.55, 2.74); P, 1.92 (1.38, 2.5); M, 
2.56 (1.58, 3.04); F, 2.22 (1.63, 2.89); H, 2.33 (1.74, 2.96); L, 1.93 (1.51, 2.34); NC, 5.58 (4.19, 7.01); CG, 2.34 
(1.86, 2.83). Sequences used for estimation (GenBank accession numbers): DMV-Bph (MH430938), DMV-156 
(MH430937), DMV-DK/2016 (MH430939), DMV-16A (MH430934), DMV-muc (MH430935), DMV-ref (AJ608288), 
DMV-DE/2007 (MH430940), DMV-11.2 (MH430941), PMV-2990 (MH430945), PMV-53 (MH430943), PMV-
Ulster/88 (MH430942), DMV-Sc/ES/2007 (HQ829973), DMV-Gm/ES/2007 (HQ829972), DMV-631IMMS031711 
(KU720625); DMV-BCF20110815-LA001 (KU720624); DMV-GW2010007A (KU720623), and DMV-IZSPLV 
(MF589987). For L and CG, the sequences AJ608288, HQ829973, HQ829972 were excluded from analyses. 
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Supplementary Fig. 3 Amino acid changes in DMV Large protein. 28/68 changes (green) were 
accounted for by Sc-ES/1990 (GenBank accession no. AJ608288). Taxon names are presented as 
host_country/year of collection│variant_GenBank Accession No. Abbreviations: Bp, Balaenoptera physalus; 
Sc, Stenella coeruleoalba; Tt, Tursiops truncatus; Sl, Stenella longirostris; La, Lagenorhynchus albirostris; 
DMV, dolphin morbillivirus; ES, Spain; IT, Italy; US, United States of America; DK, Denmark; DE, Germany; 
NL, the Netherlands. 
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Supplementary Fig. 4 Phylogenetic analyses of full-length CeMVs. a Bayesian reconstruction of 
full-length CeMVs. Ages are presented at nodes, posterior values in parenthesis. b Maximum-likelihood 
reconstruction of full-length CeMVs. Bootstrap values are presented at nodes. Taxon names are presented as 
virus_host_country/year of collection_variant. GenBank accession number in parentheses: Bph (MH430938), 
156 (MH430937), DK/2016 (MH430939), 16A (MH430934), muc (MH430935), DE/2007 (MH430940), 11.2 
(MH430941), 2990 (MH430945), 53 (MH430943), Ulster/88 (MH430942). Abbreviations: Bp, Balaenoptera 
physalus; Sc, Stenella coeruleoalba; Tt, Tursiops truncatus; Sl,  Stenella longirostris; La, Lagenorhynchus 
albirostris; Pp, Phocoena phocoena; DMV, dolphin morbillivirus; PMV, porpoise morbillivirus; ES, Spain; IT, 
Italy; US, United States of America; DK, Denmark; DE, Germany; NL, the Netherlands; IR, Northern Ireland, 
U.K. 
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Supplementary Fig. 5 Maximum likelihood reconstruction of individual genes. Bootstrap 
values at nodes. Taxon names are presented as virus_host_country/year of collection_variant. GenBank 
accession number in parentheses: Bph (MH430938), 156 (MH430937), IZSPLV (MF589987), 
631MMS031711 (KU720625); BCF20110815-LA001 (KU720624), GW2010007A (KU720623), DK/2016 
(MH430939), 16A (MH430934), muc (MH430935), DE/2007 (MH430940), 11.2 (MH430941), 2990 
(MH430945), 53 (MH430943), Ulster/88 (MH430942). Abbreviations: Bp, Balaenoptera physalus; Sc, 
Stenella coeruleoalba; Tt, Tursiops truncatus; Sl,  Stenella longirostris; La, Lagenorhynchus albirostris; Pp, 
Phocoena phocoena; DMV, dolphin morbillivirus; PMV, porpoise morbillivirus; ES, Spain; IT, Italy; US, 
United States of America; DK, Denmark; DE, Germany; NL, the Netherlands; IR, Northern Ireland, U.K. 
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Supplementary Table 1 Negative selection sites based on FEL 

Protein Site Partition alpha beta alpha=beta LRT p-value 
Total 
branch 
length 

Nucleoprotein 161 1 21,474 0.000 3,089 5,980 0.014 3,116 

103 1 18,114 0.000 3,008 5,675 0.017 2,628 

397 1 11,559 0.000 2,194 5,294 0.021 1,677 

248 1 7,437 0.000 1,728 4,993 0.025 1,079 

470 1 8,020 0.000 1,876 5,046 0.025 1,164 

76 1 17,641 0.000 1,045 4,931 0.026 2,560 

439 1 8,775 0.000 1,912 4,911 0.027 1,273 

319 1 9,182 0.000 1,805 4,840 0.028 1,332 

514 1 44,868 1,483 10,066 4,634 0.031 6,982 

85 1 14,984 0.000 0.819 4,587 0.032 2,174 

34 1 8,120 0.000 1,955 4,514 0.034 1,178 

520 1 16,961 0.000 0.968 4,467 0.035 2,461 

151 1 17,663 0.000 1,032 4,083 0.043 2,563 

38 1 11,171 0.000 0.837 4,023 0.045 1,621 

487 1 20,358 0.000 1,817 4,012 0.045 2,954 

56 1 13,549 0.000 1,031 3,969 0.046 1,966 

63 1 14,905 0.000 1,207 3,969 0.046 2,163 

412 1 6,034 0.000 1,012 3,917 0.048 0.875 

90 1 6,974 0.000 2,397 3,861 0.049 1,012 

283 1 6,034 0.000 1,068 3,877 0.049 0.875 

Phosphoprotein 480 1 18,973 0.000 2,621 6,617 0.010 1,618 

103 1 49,500 0.000 1,914 5,441 0.020 4,221 

337 1 20,081 0.000 3,959 5,442 0.020 1,713 

347 1 36,637 0.000 1,937 5,244 0.022 3,124 

190 1 16,486 0.000 5,598 4,844 0.028 1,406 

216 1 14,115 0.000 3,378 4,787 0.029 1,204 

498 1 23,567 0.000 2,954 4,777 0.029 2,010 

396 1 10,971 0.000 3,168 4,416 0.036 0.936 

386 1 11,729 0.000 2,157 4,043 0.044 1,000 

338 1 11,626 0.000 2,254 3,830 0.050 0.992 

Matrix 140 1 25156 0.000 5109 7315 0.007 4740 

242 1 17547 0.000 2443 6328 0.012 3306 

169 1 9921 0.000 1952 5210 0.022 1869 

58 1 10901 0.000 1081 4924 0.026 2054 

83 1 8547 0.000 0.986 4979 0.026 1610 

179 1 18199 0.000 0.864 4760 0.029 3429 

279 1 10305 0.000 0.948 4769 0.029 1942 

158 1 7439 0.000 2548 4692 0.030 1402 

259 1 13350 0.000 0.778 4672 0.031 2515 

262 1 13350 0.000 0.795 4630 0.031 2515 

290 1 13561 0.000 0.776 4646 0.031 2555 

253 1 9087 0.000 2129 4575 0.032 1712 
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181 1 12855 0.000 0.753 4299 0.038 2422 

280 1 6766 0.000 1838 4321 0.038 1275 

5 1 14152 0.000 0.828 4200 0.040 2667 

211 1 11916 0.000 0.754 4226 0.040 2245 

216 1 10209 0.000 0.604 4160 0.041 1924 

237 1 12472 0.000 0.736 4158 0.041 2350 

302 1 7036 0.000 1066 4168 0.041 1326 

141 1 11841 0.000 0.738 4151 0.042 2231 

117 1 6176 0.000 0.742 4044 0.044 1164 

131 1 8988 0.000 0.594 4012 0.045 1693 

205 1 6176 0.000 0.731 4019 0.045 1164 

272 1 8938 0.000 0.593 4006 0.045 1684 

84 1 5896 0.000 0.736 3974 0.046 1111 

87 1 8988 0.000 0.597 3971 0.046 1693 

294 1 11841 0.000 0.823 3997 0.046 2231 

69 1 6027 0.000 0.922 3897 0.048 1136 

27 1 7986 0.000 0.593 3826 0.050 1505 

Fusion 437 1 17483 0.000 1528 8418 0.004 2451 

284 1 18822 0.000 0.883 6146 0.013 2639 

96 1 33271 0.000 1735 5979 0.014 4664 

454 1 36047 0.000 1785 6007 0.014 5054 

160 1 14105 0.000 2608 5897 0.015 1977 

333 1 16036 0.000 2239 5861 0.015 2248 

398 1 15120 0.000 2443 5476 0.019 2120 

138 1 7753 0.000 1136 4948 0.026 1087 

190 1 9270 0.000 1714 4989 0.026 1300 

196 1 9056 0.000 2206 4931 0.026 1270 

448 1 13512 0.000 1263 4906 0.027 1894 

226 1 8679 0.000 1355 4779 0.029 1217 

342 1 7677 0.000 1820 4796 0.029 1076 

400 1 13858 0.000 2070 4651 0.031 1943 

412 1 15893 0.000 1161 4627 0.031 2228 

489 1 7753 0.000 1356 4675 0.031 1087 

517 1 13858 0.000 2070 4651 0.031 1943 

442 1 10453 0.000 2121 4544 0.033 1465 

44 1 13009 0.000 0.691 4266 0.039 1824 

515 1 9853 0.000 3270 4254 0.039 1381 

100 1 12463 0.000 0.994 4159 0.041 1747 

184 1 10387 0.000 1065 4107 0.043 1456 

334 1 9052 0.000 1249 4007 0.045 1269 

514 1 9460 0.000 0.888 4010 0.045 1326 

328 1 15346 0.000 0.907 3971 0.046 2151 

40 1 8880 0.000 0.904 3945 0.047 1245 

394 1 6118 0.000 1921 3898 0.048 0.858 

Hemagglutinin 77 1 34493 0.000 0.905 6481 0.011 5606 
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97 1 16121 0.000 2608 5812 0.016 2620 

7 1 16730 0.000 2181 5687 0.017 2719 

57 1 11406 0.000 1596 5664 0.017 1854 

575 1 24476 0.000 0.761 5682 0.017 3978 

571 1 12695 0.000 2101 5615 0.018 2063 

282 1 28277 0.000 1011 5429 0.020 4596 

446 1 24476 0.000 0.954 5409 0.020 3978 

43 1 10589 0.000 1214 5227 0.022 1721 

63 1 7578 0.000 1443 5279 0.022 1232 

281 1 21260 0.000 0.953 5275 0.022 3455 

18 1 7531 0.000 1368 5175 0.023 1224 

324 1 23772 0.000 0.717 5135 0.023 3864 

377 1 18423 0.000 0.765 4912 0.027 2994 

529 1 6742 0.000 1647 4811 0.028 1096 

55 1 11263 0.000 2177 4688 0.030 1830 

11 1 18423 0.000 0.899 4654 0.031 2994 

459 1 7578 0.000 1962 4613 0.032 1232 

340 1 7531 0.000 1738 4567 0.033 1224 

349 1 7531 0.000 1738 4567 0.033 1224 

399 1 20008 0.000 0.746 4507 0.034 3252 

508 1 7578 0.000 1785 4519 0.034 1232 

504 1 8034 0.000 1448 4378 0.036 1306 

100 1 12532 0.000 0.697 4127 0.042 2037 

286 1 14890 0.000 1064 4005 0.045 2420 

535 1 21708 0.000 0.837 4020 0.045 3528 

Large Protein 1418 1 45.309 0 5.836 11.187 0.001 6.998 

778 1 31.28 0 4.482 9.806 0.002 4.831 

586 1 34.653 0 6.049 9.104 0.003 5.352 

384 1 21.853 0 4.574 8.082 0.004 3.375 

411 1 37.341 0 5.485 8.257 0.004 5.767 

439 1 49.136 0 1.175 7.96 0.005 7.589 

527 1 33.01 0 2.311 7.652 0.006 5.098 

2183 1 42.315 0 1.087 7.697 0.006 6.536 

1150 1 19.223 0 3.121 7.325 0.007 2.969 

1280 1 80.844 0 0.992 7.236 0.007 12.486 

1297 1 18.469 0 4.325 7.312 0.007 2.853 

64 1 28.325 0 2.697 6.95 0.008 4.375 

99 1 29.628 0 1.455 7.069 0.008 4.576 

1772 1 16.775 0 3.557 6.93 0.008 2.591 

58 1 15.031 0 3.232 6.823 0.009 2.322 

225 1 22.491 0 2.388 6.56 0.01 3.474 

1227 1 22.491 0 2.388 6.56 0.01 3.474 

1723 1 22.001 0 2.425 6.455 0.011 3.398 

2089 1 31.247 0 0.883 6.32 0.012 4.826 

310 1 22.351 0 1.606 6.121 0.013 3.452 
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575 1 17.615 0 2.555 6.179 0.013 2.721 

952 1 34.226 0 1.06 6.119 0.013 5.286 

954 1 12.479 0 1.52 6.123 0.013 1.927 

1811 1 24.175 0 0.728 6.17 0.013 3.734 

429 1 17.402 0 2.321 6.051 0.014 2.688 

604 1 30.403 0 0.911 6.054 0.014 4.696 

1377 1 29.485 0 0.912 6.054 0.014 4.554 

2127 1 10.786 0 1.507 5.997 0.014 1.666 

2164 1 16.211 0 2.323 5.997 0.014 2.504 

420 1 23.208 0 0.983 5.968 0.015 3.585 

562 1 29.485 0 1.054 5.912 0.015 4.554 

1519 1 24.175 0 0.806 5.972 0.015 3.734 

1861 1 24.175 0 0.875 5.894 0.015 3.734 

203 1 23.467 0 2.194 5.854 0.016 3.625 

1590 1 29.485 0 1.06 5.808 0.016 4.554 

293 1 19.522 0 5.83 5.721 0.017 3.015 

1632 1 25.676 0 0.726 5.684 0.017 3.966 

80 1 10.758 0 1.578 5.578 0.018 1.662 

512 1 24.175 0 1.045 5.629 0.018 3.734 

1139 1 9.702 0 1.623 5.602 0.018 1.499 

406 1 15.714 0 0.938 5.524 0.019 2.427 

1158 1 23.601 0 0.805 5.5 0.019 3.645 

1193 1 11.096 0 1.531 5.468 0.019 1.714 

1483 1 24.175 0 1.052 5.525 0.019 3.734 

226 1 22.248 0 0.972 5.436 0.02 3.436 

536 1 19.182 0 0.964 5.233 0.022 2.963 

1219 1 19.182 0 0.964 5.233 0.022 2.963 

1249 1 24.175 0 1.345 5.187 0.023 3.734 

1459 1 16.895 0 1.718 5.189 0.023 2.609 

1594 1 18.589 0 0.909 5.154 0.023 2.871 

394 1 7.726 0 1.014 5.073 0.024 1.193 

739 1 11.367 0 2.37 5.069 0.024 1.756 

835 1 7.726 0 1.014 5.073 0.024 1.193 

1790 1 7.726 0 1.014 5.073 0.024 1.193 

2055 1 7.726 0 1.014 5.073 0.024 1.193 

2145 1 10.273 0 1.874 5.032 0.025 1.587 

405 1 7.369 0 1.02 4.972 0.026 1.138 

460 1 12.608 0 3.511 4.923 0.026 1.947 

1001 1 7.726 0 1.088 4.931 0.026 1.193 

1151 1 7.369 0 1.02 4.972 0.026 1.138 

1183 1 6.087 0 1.113 4.938 0.026 0.94 

46 1 13.961 0 1.225 4.915 0.027 2.156 

934 1 7.726 0 1.103 4.8 0.028 1.193 

1259 1 7.369 0 1.078 4.854 0.028 1.138 

1648 1 7.369 0 1.078 4.854 0.028 1.138 
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2037 1 5.779 0 1.1 4.855 0.028 0.893 

376 1 23.767 0 1.567 4.689 0.03 3.671 

680 1 6.087 0 1.201 4.727 0.03 0.94 

714 1 7.369 0 1.095 4.723 0.03 1.138 

1097 1 7.369 0 1.095 4.723 0.03 1.138 

1550 1 7.369 0 1.095 4.723 0.03 1.138 

1082 1 16.584 0 0.995 4.664 0.031 2.561 

1213 1 20.627 0 1.002 4.673 0.031 3.186 

2050 1 5.792 0 1.188 4.646 0.031 0.895 

655 1 7.726 0 1.289 4.611 0.032 1.193 

1721 1 6.087 0 1.205 4.596 0.032 0.94 

1927 1 22.248 0 1.56 4.611 0.032 3.436 

1953 1 7.726 0 1.289 4.611 0.032 1.193 

248 1 17.357 0 0.727 4.548 0.033 2.681 

1484 1 7.369 0 1.275 4.536 0.033 1.138 

359 1 5.792 0 1.193 4.514 0.034 0.895 

492 1 5.792 0 1.193 4.514 0.034 0.895 

1201 1 11.514 0 1.747 4.505 0.034 1.778 

1349 1 11.785 0 0.688 4.499 0.034 1.82 

1755 1 11.785 0 0.688 4.499 0.034 1.82 

102 1 16.208 0 0.995 4.428 0.035 2.503 

205 1 13.794 0 1.028 4.465 0.035 2.131 

244 1 17.15 0 0.695 4.463 0.035 2.649 

391 1 13.794 0 1.028 4.465 0.035 2.131 

1478 1 7.369 0 1.39 4.421 0.035 1.138 

1629 1 6.33 0 1.763 4.452 0.035 0.978 

2168 1 13.794 0 1.028 4.465 0.035 2.131 

1218 1 15.509 0 0.771 4.416 0.036 2.395 

587 1 14.836 0 0.693 4.334 0.037 2.291 

1476 1 8.292 0 1.327 4.358 0.037 1.281 

2156 1 5.594 0 1.708 4.335 0.037 0.864 

759 1 17.143 0 0.709 4.325 0.038 2.648 

1119 1 13.158 0 0.926 4.321 0.038 2.032 

1589 1 20.569 0 0.812 4.306 0.038 3.177 

538 1 14.453 0 0.766 4.268 0.039 2.232 

626 1 6.469 0 1.971 4.245 0.039 0.999 

170 1 17.249 0 0.788 4.2 0.04 2.664 

181 1 7.369 0 1.454 4.179 0.041 1.138 

351 1 7.369 0 1.454 4.179 0.041 1.138 
1072 1 5.988 0 1.127 4.158 0.041 0.925 

1173 1 5.988 0 1.127 4.158 0.041 0.925 

1178 1 7.369 0 1.454 4.179 0.041 1.138 

797 1 15.022 0 0.788 4.116 0.042 2.32 

1934 1 17.411 0 0.808 4.125 0.042 2.689 

98 1 19.696 0 0.858 4.11 0.043 3.042 
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511 1 18.341 0 1.027 4.081 0.043 2.833 

1375 1 16.735 0 0.807 4.089 0.043 2.585 

145 1 17.033 0 0.85 4.057 0.044 2.631 

1819 1 18.415 0 0.855 4.04 0.044 2.844 

1935 1 13.37 0 0.731 4.001 0.045 2.065 

2147 1 32.089 1.177 4.033 3.964 0.046 5.381 

1911 1 6.994 0 0.688 3.947 0.047 1.08 

1920 1 13.526 0 0.641 3.952 0.047 2.089 

118 1 13.37 0 0.802 3.898 0.048 2.065 

1399 1 16.722 0 1.018 3.896 0.048 2.583 

471 1 6.994 0 0.717 3.868 0.049 1.08 

1323 1 6.994 0 0.717 3.868 0.049 1.08 

1622 1 6.994 0 0.717 3.868 0.049 1.08 

2133 1 13.37 0 0.842 3.83 0.05 2.065 
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Supplementary Table 2 Wildtype morbilliviruses Hemagglutinin-SLAM interactions sites 
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Supplementary Table 3 Primers sets covering gap regions of DMV and PMV 

Strain Genome Gap region 
(bp) Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

DMV 
DMV/LA/NL/11.2, 
DE/2007, 
DMV_Bp 

1 – 975 accaRacaaagYtggcta agaattcatgcaaccctaagg 

 DMV_Bp 1290 – 1805 atcagcaggcaaggtgag agatttgagacactcaagtccc 

 DMV/LA/NL/11.2, 
DE/2007 1929 – 2905 atcaagcgagagtcatcacc agttctacgtctgcagtaggatc 

 DMV/LA/NL/11.2 3856 – 4652 atgctgtcaatcttatcccac aRcttMtatgtgcgcatgc 

 DMV/LA/NL/11.2 5671 – 6257 agataactgcaggagttgcc ttagatagccattggtcgc 

 DMV/LA/NL/11.2 6888 – 7898 aagcctgatctaacaggtactacc ttgtcatctgcagcacKg 

 DMV/LA/NL/11.2, 
DE/2007 8420 – 9456 agtagcaatcaagactggctg actgcYtatccctagccttg 

 DMV/LA/NL/11.2 9720 – 10201 atggtacttatgtactgcgatgtag ttcatcatagtctcgtagttgataac 

 DMV/LA/NL/11.2 12189 – 12997 atggatagacacatMatcaKacctag tgttgtatacctcgctactcgg 

 DMV/LA/NL/11.2 14479 – 14917 tgtcagtcgagtctagatctgg aatactagataacactcagtggagat 

PMV 53 1459 – 1946 atgccataccaagaggtacaag tgacgactctcgcttgagtc 
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Supplementary Table 4. Primer sets used to amplify and sequence full-length genome of DMV-DK/16 

Gap region (bp) Forward primer (5’ – 3’) Reverse primer (5’ – 3’) Type of 
primer 

176 – 1325 ttcaggaggagccataagagggattaagcatg agctctgtcgtcattagcctg PCR 
1220 – 2530 atcagcaggcaaggtgag cggtctccgtcccagataa PCR 
2442 – 4486 aattccaacctcagtgcc ggatgaactagctatgagcct PCR 
4046 – 4959 atacatgagcatgatgagagacc ctctttgcctatgcgagatct PCR 
4939 – 5885 agatctcgcataggcaaagag aatttctgtcctagcatctcgc PCR 
5791 – 7015 actgtcttagctgttcaaggggt ctcaggtatgaccaataatccagta PCR 
6888 – 8538  gcctgatctaacaggtactaccaaa cgactgcagttgtaagggtat PCR 
8331 – 9893 gaggactcaggtctagagcttgat ggctctaataatgccacgattt PCR 

9767 – 11177 ctgcaatgactgtggacccta ggacagtgaggatcgctta PCR 
10991 – 12578 aggcttacgagactgtcagtg cataatgaacaagactcatgacg PCR 
12483 – 14023 cgcaagaggaaggtcgat tcggttcatcattccaatcc PCR 
13882 – 15702 cttgcagatctgtactgtaatgc accagacaaagctgggtatag PCR 

662 agatactgcagctgactccgagacg - Sequencing 
955 ccttagggttgcatgaattctc - Sequencing 

1750 agtccaaggaattgacctccacatc - Sequencing 
2174 atgctgacctgctcgtggttcc - Sequencing 
2953 actgcagacgtagaactcaatcccg - Sequencing 
3183 gagtgtgcttcgctccatgattaagtc - Sequencing 
3528 cctcaagttagagttatagatccaggct - Sequencing 
5400 agtgccagctataaagtgatgaccagg - Sequencing 
6132 gcatacccgactctatcagaggtcaa - Sequencing 
6548 agttgaggtagacggaatcacaatcc - Sequencing 
7379 aagatcatcggagacgaagtgg - Sequencing 
7802 gacctgatgatccatttgagttccaa - Sequencing 
8222 actcaagcattgtgcaagagtagaccacc - Sequencing 
8802 ggcaactctggtgtcatcactactgcat - Sequencing 
9196 gggtcgagaatggttactccaatca - Sequencing 
9559 ctgagatgcggtccatcatcaa - Sequencing 

10179 atcaactacgagactatgatgaagggtc - Sequencing 
10597 atggctcctatttggaagaccctg - Sequencing 
11456 aatcctaaggcagcgattgcacg - Sequencing 
11822 gattaagatggcactactacctgctcc - Sequencing 
12053 atgtgtccagagtatcactcggc - Sequencing 
12945 acatcgttaatccgagtagcgagg - Sequencing 
13248 ccaatcattgagaaggatgcggta - Sequencing 
13726 atctcacggtctgtaacatgatctaccac - Sequencing 
14318 gaactcatctgcttgctacaaggca - Sequencing 
14595 ccagaggtgacatgggtaggtaatgtaga - Sequencing 
14986 taagaacatcaccgggatttgtagcac - Sequencing 
15189 gcgtctggatcagagggtcttgtcaa - Sequencing 
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Supplementary Table 5 RACE primer for DMV and PMV 

Strain Primer Region (bp) Primer (5’ – 3’) 

DMV Leader-outer 291 RV-ggtcaccagcaagtcttactaa 

 Leader-inner 142 RV-ttgaacagagctagactccg 

 Trailer-outer 15622 FW-tccttgtcagagtgatatcag 

 Trailer-inner 15558 FW-aagttgatagggtacggtgc 

PMV Leader-outer 172 RV-attgctcctcctgaacctg 

 Leader-inner 103 RV-agaagtgtcgccatgattg 

 Trailer-outer 15601 FW-tagaacggatccctactcct 

 Trailer-inner 15556 FW-ttaagctgatagggtatggc 

- Adaptora - gactcgagtcgacatcg 

- T17 adaptora - gactcgagtcgacatcg(T)17 

FW = forward; RV = reverse, areference 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

	86 

 



Evolutionary History of Canine Distemper Virus │ CHAPTER 4 
	

	 87 

 
CHAPTER 4     

TRACING THE EVOLUTIONARY HISTORY OF 
CASPIAN SEAL CANINE DISTEMPER VIRUS 

– THE OLDEST WILD-TYPE LINEAGE? 
ARTICLE 

 
 
Wendy K. Jo1, Ilka Baumann1, Ann-Kathrin Uhde2, Andre Habierski1, Marco W.G. van 
de Bildt4, Andreas Beineke2, Martin Peters3, Thijs Kuiken4, Albert Osterhaus1, Martin 
Ludlow1# 

 
1 Research Center for Emerging Infections and Zoonoses, University of Veterinary Medicine 

Hannover, Germany 
2 Institute of Pathology, University of Veterinary Medicine Hannover, Germany 
3 Chemisches und Veterinäruntersuchungsamt Westfalen, Arnsberg 
4 Department of Viroscience, Erasmus Medical Center, The Netherlands   
 
# Corresponding author: Martin Ludlow (martin.ludlow@tiho-hannover.de) 
 
 
 
 
 
 
 
 
 
Manuscript in preparation  
 
 
Personal Contribution 
AO and ML designed study. WKJ, IB, AKU, AH, and MWGB performed laboratory 
work and data interpretation. AB, MP, and TK provided field samples. WKJ wrote 
manuscript.  



Evolutionary History of Canine Distemper Virus │ CHAPTER 4 
	

	88 

 

Abstract 

Canine distemper virus (CDV) is a worldwide-distributed morbillivirus that causes 
recurrent epizootics among several wild, feral and domestic animals, including wild 
carnivores like seals. We investigated the evolutionary history and molecular adaptation 
of CDV strains involved in the 1988 Lake Baikal (CDVPS88) and the 2000 Caspian Sea 
(CDVPC00) seal die-offs respectively. We also included a strain of the closely related 
phocine distemper virus (PDV) that had been associated with an epizootic in harbor 
seals (Phoca vitulina) in the North Sea in 2002. Full-length sequences were recovered 
from archived material by deep sequencing. Bayesian phylogenetic analyses indicate 
that CDV and PDV diverged approximately one thousand years ago between 945-1125 
AD. Moreover, CDVPC00 was shown to constitute a novel strain in a separate clade 
(termed Caspian Sea lineage) from the oldest lineage America-1, which is comprised of 
vaccine strains. America-1/Caspian Sea lineages are positioned most basal and are 
estimated to have separated from all other CDV lineages around 1850. Furthermore, 
fusion assays demonstrated that cell-to-cell spread of seal CDVPC00 and CDVPS88 in 
cells expressing seal and dog SLAM receptor is more efficient than CDV strain from a 
dog host (CDVS443). However, higher infection rates of dog lymphocytes were detected 
with the rescued recombinant virus CDVS443 than recombinant virus CDVPC00. Thus, 
other mechanism beside cell-to-cell spread may be essential for efficient infection and 
further replication. Our results indicate that CDVPC00 recovered from the epizootic in 
the Caspian Sea in 2000 belongs to a new not previously detected lineage, and it 
possibly constitutes the most ancestral wild-type CDV lineage.  

Keywords: Canine distemper virus, Phocine distemper virus, outbreak, epizootic, seal, 
Caspian Sea, Lake Baikal, Pusa sibirica, Pusa caspica 
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Introduction 

Canine distemper virus (CDV) is a member of the genus Morbillivirus within the family 
Paramyxoviridae, a family of negative-sense single-stranded RNA viruses. CDV is 
classified into the following major lineages: America-1 (vaccine strains) and -2, Asia-1 
and -2, Africa-1 and -2, Europe-1/SouthAmerica-1, European wildlife, and Arctic [1]. 
However, newer lineages have been identified in recent years, such as America-3 [2] 
and SouthAmerica-2 and -3 [3,4]. CDV is recognized by its global distribution and 
broad host range, infecting multiple carnivore and omnivore species [5]. The origin of 
CDV is suspected to have been in South America from where it was brought to Europe 
in the mid-18th century. Hundreds to thousands of dogs were reportedly affected in 
many regions in Europe and despite vaccine introduction since the mid-20th century [6], 
CDV continued to cause outbreaks in both domestic and wildlife animals [2,7,8]. 
Moreover, CDV appears to have a much wider or expanding host range as new host 
species are reported to be susceptible, such as macaques, pandas, tigers, and seals 
(pinnipeds), often leading to high mortality rates [9–13].  

Pinnipeds, marine mammals members of the order Carnivora, are placed at a unique 
position in the marine-terrestrial interface, making them susceptible to, as well as the 
link between marine and terrestrial viruses [14]. Mass-die offs of phocid species as a 
result of CDV infection have been documented in the Lake Baikal in 1988 [13] and in 
the Caspian Sea in 2000 [15]. In the latter, more than 10,000 deaths of Caspian seals 
(Pusa caspica) were reported. Caspian seals are listed as endangered by the 
International Union for Conservation of Nature (IUCN) [16]. Besides CDV, pinnipeds 
are also threatened by the closely related phocine distemper virus (PDV), a 
morbillivirus that majorly affects phocid species, having killed more than half the 
population of harbor seals (Phoca vitulina) in two large outbreaks occurring along the 
North Sea coast in 1988 [17] and 2002 [18]. Furthermore, cases of cetacean 
morbillivirus spillover to seals were also documented in Mediterranean monk 
(Monachus monachus) and harbor seals [19,20].  

Morbilliviruses use the signaling lymphocytic activation molecule (SLAM/CD150) in 
immune cells as cellular entry receptor and systemic spread, and the poliovirus-
receptor-like 4 (PVRL/Nectin4) in epithelial cells as exit pathway from the host [21,22]. 
Virus entry into the host is mediated through the fusion (F) and hemagglutinin (H) 
glycoproteins, in charge of virus and cell membrane fusion and receptor binding, 
respectively [23].  
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In this study, we investigated the morbillivirus strains involved in the Baikal Lake 1988, 
Caspian Sea 2000, and North Sea 2002 historical outbreaks to understand their 
evolutionary relationship and adaptation to seal populations.  

Results and Discussion 

Phylogenetic reconstruction of morbilliviruses associated to seal epizootics 

Full-length genomes of 3 Caspian seal CDV (CDVPC00) variants, 1 Baikal seal CDV 
(CDVPS88) variant, 1 PDV (PDVPV02) variant, and a dog CDV (CDVS443) variant used as 
control, were recovered by next generation sequencing (NGS) from frozen archived 
infected tissue material. Pairwise distances between CDV and PDV indicate ~25% 
sequence identity. Moreover, the two PDV strains associated with the North Sea 
outbreaks in 1988 and 2002 had 98.6 % sequence identity. Bayesian phylogenetic 
analyses indicate that CDV and PDV appear to have diverged between 945-1125 AD 
(Fig 2). Our results also showed that CDVPS88, the oldest wild-type CDV sequence 
strain, grouped within the Arctic lineage (Fig 1), as expected due to previous analyses 
[8,24], but diverged in 1959 from strains within the same clade that are circulating in 
dogs and foxes in Italy (Fig 2). It was previously reported that this strain continues to 
circulate among Baikal seals [25]. Moreover, CDV strains belonging to this lineage 
appear to be widely dispersed geographically, as Arctic/Arctic-like strains have been 
detected in Greenland, North America, Iran, and China [24,26–28].  

On the other hand, to our surprise, maximum-likelihood (Fig 1) and Bayesian (Fig 2) 
phylogenetic analyses indicate that CDVPC00 forms its own clade (named Caspian Sea 
lineage) grouping with the oldest lineage America-1, which is comprised of modified 
live vaccines (MLV) developed more than fifty years ago. MLVs follow a distinct 
evolutionary path from wild-type viruses, as mutational differences might have arisen 
under non-natural conditions. Within this lineage, we kept MLV Snyder Hill and related 
sequences for Bayesian analyses as they show a low passage number history and 
retained their virulence, but excluded attenuated MLV Onderstepoort and related 
strains, which were passaged multiple times in avian, murine, monkey and dog cells 
[29].  

CDVPC00 shows 89.5-93.7% sequence identity to all other CDV strains with 64 unique 
amino acid changes, making this a novel strain in a novel clade. Bayesian estimates 
indicate that America-1/Caspian Sea cluster diverged in 1846 from all other CDV 
strains found to date, and shortly thereafter, Caspian Sea lineage itself diverged from 
America-1 in 1868 (Fig 2).  Our  results,  which  include  the  new  Caspian Sea lineage, 
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indicate an earlier date of divergence (early-19th century) between this America-
1/Caspian Sea cluster and all other CDV strains found to date, compared to the previous 
estimations which included the vaccine lineage America-1 and were based only on the 
hemagglutinin gene [1,30]. We also performed a Bayesian phylogenetic analysis 
excluding the vaccine strain lineage America-1, due to the non-natural evolutionary 
history that MLVs usually undergo. Divergence dates appear to be more recent when 
excluding America-1 lineage (Supplementary Fig S1). For instance, under this scenario, 
CDV and PDV appear to have diverged between 1240 and 1358. Moreover, separation 
between the Caspian Sea lineage and all other lineages appears to have taken place 
around 1870. As divergence dates are significantly shifted when excluding America-1, 
it therefore appears that this lineage is necessary to include in the analyses due to its 
basal position and close relationship with the Caspian Sea lineage.  

Conversely, for the estimation of the substitution rate of CDV based on the complete 
genome, we excluded America-1 lineage and strains that went through extensive 
recombination  and  had  low  temporal  signal  as  determined  by  RDP4 and TempEst,  

Figure 1 Maximum-likelihood phylogenetic tree of CDV full-length genomes. New 
Caspian Sea lineage (pink) groups together with America-1 lineage (vaccine strains). Baikal seal 
CDV (turquoise) formed a clade with Arctic sequences. PDV was used as outgroup. Detailed 
information on sequences used can be found in Supplementary Fig S3.  
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respectively. The resulting strains belonged to Asia-1, America-2 and -3 (GenBank 
accession nos. AY445077, AY466011, AY542312, KJ994343, AY443350, AY649446, 
KU666057, EU716337, and KJ123771). The overall evolutionary rate of CDV was 
estimated to be 4.7x10-4 nucleotide substitutions per site per year (subs/site/year), which 
is a slower rate than what was previously calculated with only the Hemagglutinin (H) 
gene [1,30,31]. The estimated substitution rates (subs/site/year) of each individual 
protein were 3.92x10-4 for N, 3.71x10-4 for P, 3.72x10-4 for M, 5.59x10-4 for F, 4.98x10-

4 for H, 3.89x10-4 for L, and 8.79x10-4 for non-coding sequences. The results indicate 
that F and H have the fastest substitution rates, as would be expected from their role in 
virus-host binding and cell entry. This might explain CDV’s ability to infect multiple 
species from different orders. 

Figure 2 Bayesian phylogenetic tree of CDV full-length genomes. Most recent common 
ancestor ages are presented at the nodes with posterior values shown in cursive. Grey horizontal 
bars indicate the 95% highest posterior density (HPD). Only large interval is shown. Branches were 
truncated for graphical reasons. Sequences produced in this study are color-coded. Detailed 
information on sequences used can be found in Supplementary Fig S2.  
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Historical accounts suggest that CDV was introduced into Europe from South America 
back in the mid-18th century [32]. The findings in this study and previous studies 
support the idea that recent CDV strains emerged from America-1 lineage or America-
1/Caspian Sea clade. However, with the finding of a new clade in the Caspian Sea 
distantly grouping to America-1, it is not clear if indeed CDV originated in South 
America. Even if this premise is true, we suggest that the ancestor of this clade was 
possibly kept circulating in unknown reservoir species, which eventually reached the 
Caspian Sea pinnipeds.  

Molecular characterization by in vitro assays 

Adaptation of CDVPC00, CDVPS88, and PDVPV02 to phocid species was also investigated 
by in vitro analyses of cell-to-cell fusion (Fig 3). Results indicated that CDVPC00 and 
CDVPS88 seal glycoproteins fusion (F) and hemagglutinin (H) used SLAM receptor 
from dog and both seals more effectively for cell-to-cell spread than glycoproteins 
coming from CDVS443, a strain originating from a dog host. Interestingly, PDVPV02 had 
an overall low fusogenic activity, raising the question of whether seals are the true 
reservoir hosts of this virus. However, assessment of fusion activity was carried out 
only after 6 hours, resulting in the loss of temporal dynamics information.  

 

 

 

 

 

 

 
 
 
 
 
 

 

 

Figure 3. Cell-to-cell fusion assay. CDVS443, CDVPC00, CDVPS88 and PDVPV02 glycoproteins in 
Vero cells expressing SLAM receptor from dog, Caspian seal (seal-pc), and Baikal seal (seal-pv) 
measured by β-Galactosidase activity. Relative luminescence units (RLU) values on the Y axe 
were calculated by subtracting RLU values obtained from dog-SLAM, seal-pcSLAM, or seal-
pvSLAM cells with values generated from Vero cells (control). Experiments were performed in 
quadruplicates (n=3), data represent mean ± SEM.  Two-way ANOVA Tukey’s multiple post hoc 
test, *p<0.05, **p<0.01**, ***p<0.001, ****p<0.0001 



Evolutionary History of Canine Distemper Virus │ CHAPTER 4 
	

	94 

A different scenario occurred when we evaluated infection of dog lymphocytes with 
CDV strains originating from a seal and dog host. To that end, we developed a reverse 
genetics system to generate recombinant CDVPC00 and CDVS443 expressing enhanced 
green fluorescent protein (EGFP) from original tissue material. Viruses were rescued in 
Vero-pcSLAM and Vero-dogSLAM (Fig 4A), and tested in B-cell lymphoma cell line 
(CLBL-1) at a multiplicity of infection of 0.1 (Fig 4B-C). Peak infection occurred at 
96h, with rCDVS443EGFP infecting approximately 98.8% of cells. Despite overall low 
infection rates, we found that CDVPC00 produces less infection rate (47.5%) in dog 
lymphocytes than CDVS443. These results all together suggest that other factors besides 
cell entry and cell-to-cell spread, such as other replication factors and host immune 
barriers likely play a role in successful transmission in a new host.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Infectious CDV clones. A. Rescue of rCDVS443EGFP (left) and rCDVPC00EGFP 
(right) in Vero-dogSLAM and Vero-pcSLAM, respectively. (B-C) Infection of dog lymphocytes 
(CLBL-1) at a multiplicity of infection of 0.1 with CDVS443EGFP and CDVPC00EGFP at 24, 48, 72, 
and 96(B) hours post-infection.  
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Concluding Remarks 

Taken together we conclude that the new Caspian Sea CDV lineage is probably the 
most ancestral wildtype lineage, which has a different evolutionary history than the rest 
of CDV strains found to date. Moreover, ineffective infection of other host species (dog 
lymphocytes) might be indicative of molecular adaptation of CDVPC00 to seal host 
species. The true reservoir and origins of this strain and the geographical distribution 
remain however largely unknown. CDV surveillance and deeper molecular 
characterization of CDVs from wildlife species from the same area are therefore 
warranted.  

Materials and methods 

Tissue samples  

Frozen lung and spleen tissue samples from a CDV-infected Baikal (CDVPS88) and three 
Caspian seals (CDVPC00) that had died during the 1988 and 2000 outbreaks, 
respectively, were processed for this study. We also included a PDV-infected lung 
tissue sample (PDVPV02) from a harbor seal that had died in the 2002 outbreak. In 
addition, a CDV-positive nose swab sample originating from a dog from Niedersachsen, 
Germany was included as a control (CDVS443).  

Plasmids 

Plasmids expressing glycoproteins F and H of CDVPS88, CDVPC00, CDVS443, and 
PDVPV02 were generated by amplifying F and H genes from original tissue material and 
subsequently cloned into pCG expression vector. Similar strategies were used to 
construct helper plasmids expressing nucleoprotein (N), phosphoprotein (P), and large 
protein (L) of CDVPC00 and CDVS443, which were cloned into pcDNA3.1 expression 
vector. Moreover, a plasmid expressing Caspian seal SLAM (CD150) cellular receptor 
was generated as previously described [33]. The plasmid design contained the 
immunoglobulin Igk leader sequence, followed by the influenza virus HA epitope 
sequence with a linker sequence to the SLAM sequence of a Caspian seal without the 
signal sequence cloned into pCXN2 vector. The signal peptide cleavage site after 18 
amino acids was predicted with signal P 4.1 software [34].  

Full-length CDVPC00 plasmid from original tissue material was constructed as 
previously described with modifications [35,36]. Briefly, cDNA fragments covering the 
full-length genome of CDVPC00 were amplified with primers containing the virus natural 
unique restriction sites MluI, AatII, MscI, BstEII, XmaI, and PacI. Fragments were 
cloned one at a time into the vector pBluescript II SK(+) (Addgene) until a full-length 
plasmid was generated. EGFP sequence was incorporated between H and L coding 
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sequences by HiFi assembly (New England Biolabs). Analogous strategies were 
implemented for the generation of a recombinant CDVS443 clone.  

Cells 

Vero, Vero-pvSLAM (harbor seal SLAM sequence previously generated as described in 
Chapter 3) and Vero-dogSLAM cells (kindly provided by Yusuke Yanagi, Kyushu 
University) were cultured in advanced MEM supplemented with 10% FBS, 1% 
penicillin and streptomycin, and 1% GlutaMax. 293T cells were cultured in DMEM 
media with same supplements as described above. To generate Vero cells expressing 
Caspian seal SLAM receptor, Vero cells were transfected with pCXN2-pcSLAM 
following manufacture protocols of Lipofectamine 3000 protocols (Thermo Fischer 
Scientific). After 24 hours post-transfection, cells were supplemented with 1mg/mL of 
selective antibiotic Geneticin (Thermo Fischer Scientific). To obtain a uniform 
population of Vero cells with the highest expression of Caspian seal SLAM, cells were 
sorted into single clones using MoFlo XDP cell sorter (Beckman Coulter) by staining 
with anti-HA tag antibody (Abcam).  

Viruses 

Confluent Vero cells expressing either Caspian seal or dog SLAM were infected with 
modified vaccinia virus expressing T7 polymerase (MVA-T7) with a multiplicity of 
infection (MOI) of 3 to 5 for 30 minutes. Inoculum was removed and infected cells 
were transfected with either CDVPC00 or CDVS443 helper plasmids pcDNA3.1-N, -P, and 
-L, and the respective full-length plasmid. Viruses were passaged twice after rescue and 
titrated using a TCID50 assay in Vero-pcSLAM or Vero-dogSLAM cells. 

The produced recombinant viruses rCDVPC00EGFP and rCDVS443EGFP were added to 
canine B-cell lymphoma (CLBL-1) cell line at a MOI of 0.1. Cells were monitored 
every 24 hours during 4 days. At each time point, cells were fixed with 4% 
paraformaldehyde, washed several times in cold 1X PBS and analyzed by FACS using 
an Attune NxT flow cytometer (Thermo Fischer Scientific). 

Cell-to-cell fusion  

Quantitative fusion assay based on β-Galactosidase activity was developed as 
previously described [37] with modifications. Plasmids expressing β-galactosidase 
alpha and omega fragments were kindly provided by Dr. Imke Steffen (RIZ, Hannover). 
In short, Vero cells expressing the seal and dog receptors were transfected with 
βgalactosidase-alpha. At the same time, 293T cells were transfected with 
βgalactosidase-omega, pCG-F and pCG-H from CDVPS88, CDVPC00, CDVS443, and 
PDVPV02. Growth media was replaced after 8 hours. After 48 hours post-transfection, 
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293T cells were overlaid onto β-galactosidase alpha transfected cells and centrifuged for 
5 minutes at 350 x g. Mixed cells were incubated for 6 hours at 37°C. Luminescence 
generated due to enzyme activity in fused cells was measured by a TECAN Infinite 200 
plate reader.  

Sample preparation and generation of full-length genome by deep sequencing 

Tissue samples were processed according to previously published protocols of virus 
enrichment [38]. Samples were further prepared following the Nextera XT DNA 
Library Prep Kit protocol (Illumina, San Diego, CA, USA) and sequenced on an 
Illumina MiSeq system using the MiSeq Reagent Kit v3 (600 cycles; Illumina). 
Reference assembly was performed with the software CLC Genomics Workbench 10.  

Phylogenetic analyses 

Sequences generated in this study were aligned to complete genomes of CDV and PDV 
deposited in GenBank using MAFFT [39]. Maximum-likelihood analyses on MEGA7 
[40] were performed with 1000 bootstraps and general time reversible (GTR+G) as 
best-fit model according to Bayesian information criterion. To determine the clock-
likeliness of the sequences, we used TempEst software [41]. Recombination analyses 
were performed with RDP4 package [42], which included the methods	 RDP, 
GeneConv, Bootscan, MaxChi, Chimera, SiScan and 3Seq with cut-off p-value at 0.01. 
Sequences without temporal signal and which went through extensive recombination 
were excluded from Bayesian analyses. Likewise, attenuated MLV strains were not 
included in Bayesian inferences due to its non-natural evolutionary history. Bayesian 
estimations were then carried out with BEAST v2.4.6 software [43]. Sequences were 
partitioned into coding regions of: N, P, M, F, H, and L; and non-coding sequences 
including leader, trailer and the gene start and gene end of each gene. The tests were run 
for 50 million generations sampling every 1000 steps with the following priors: 
coalescent constant population, strict clock model rate, and Hasegawa-Kishino-Yano as 
substitution model.  
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SUPPLEMENTARY MATERIAL 
 

  

Supplementary Figure S1. Bayesian phylogenetic tree of CDV full-length genomes 
without modified live vaccines. America-1 lineage is excluded from this analysis. Most recent 
common ancestor ages are presented at the nodes with posterior values shown in cursive. Grey horizontal 
bars indicate the 95% highest posterior density (HPD). Only large interval is shown. Branches were 
truncated for graphical reasons. Sequences produced in this study are color-coded.  
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Supplementary Figure S2 Bayesian phylogenetic tree of CDV full-length genomes. Most 
recent common ancestor ages are presented at the nodes with posterior values shown in cursive. Grey 
horizontal bars indicate the 95% highest posterior density (HPD). Only large interval is shown. Branches 
were truncated for graphical reasons. Sequences produced in this study are color-coded.  
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Supplementary Figure S3 Maximum-
likelihood phylogenetic tree of CDV full-
length genomes.  
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CHAPTER 5 

GENERAL DISCUSSION 
 
 
 

5. General Discussion 

Newly recognized infectious agents in both animal and human populations are on the rise, 
either as a result of better surveillance and detection technologies or due to truly increased 
emergence of pathogens resulting from a combination of anthropogenic factors. Prevention of 
zoonotic threats, which are at the basis of most emerging human infections, should focus on 
wildlife and on domestic animals. The latter often form a bridge between wildlife and 
humans, as they usually live in close contact with humans, as companion, farm, zoo, or feral 
animals. This proximity between humans and animals can facilitate interspecies transmission 
that eventually often after additional adaptation, may result in true host switching in which 
circulating enzootic viruses may emerge as new zoonotic agents.  

The novel molecular-virological technological advances have provided us with several novel 
platforms – like NGS – that have greatly facilitated the discovery of previously unrecognized 
viruses. The advantage of using NGS as a tool for virus discovery is the relatively unbiased 
sequencing of all biological contents in a sample. Moreover, due to the large amounts of 
sequencing data that can be generated in one application, it is a method of choice for the 
generation of complete virus genome sequences with high-depth of coverage. In the present 
work, an in house NGS workflow was developed consisting of the combination of viral 
enrichment and detection techniques for the successful identification of viral sequences. 
Analyses of complete virus genome sequences over a partial or complete coding protein are 
more useful for investigations on virus evolutionary dynamics and disease transmission as 
well as the identification of molecular patterns of cross-species infections. NGS was therefore 
used as a tool for virus discovery and targeted genome-sequencing purposes.  
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In the next sections, evolutionary and molecular aspects of emerging and re-emerging animal 
viruses identified in the course of these studies will be addressed, largely focusing on 
mechanisms underlying the potential for interspecies transmission. The viruses discussed 
include: ETHBV, CBoV-2, CanineCV, BATV, and the morbilliviruses CeMV and CDV, 
which all belong to different virus families with different genomic organizations and different 
virus-host adaptation strategies (Table). 

Table. Genomic organization and main evolutionary mechanism of viruses identified and 
characterized in this thesis 

 
Virus Genome 

organization 
Length Evolutionary 

mechanism 
Evolutionary rate 
(subs/site/year) 

Host involved 

ETHBV 
circular, 
partially 
dsDNA 

3,024 bp mutation 8.04x10-6 to 
1.51x10-5 [1]* 

Elegant-crested 
tinamou 

CBoV-2 linear, 
ssDNA 5,126 bp mutation, 

recombination 8.6x10-4 [2]* Dog 

CanineCV circular, 
ssDNA 2,063 bp mutation, 

recombination 
8.23x10−4 to 

1.61x10−3 [3]* Dog 

BATV segmented, 
(-)ssRNA 

(S) 903 bp 
(M) 4,085 bp  
(L) 6,573 bp  

mutation, 
reassortment 8.45x10-4 [4]* Harbor seal 

CeMV linear, 
(-)ssRNA 15,720 bp mutation, 

recombination 2.34x10-4 Whales, 
Dolphins 

CDV linear, 
(-)ssRNA 15,690 bp mutation, 

recombination 4.7x10-4 Carnivores 

*Evolutionary rates were estimated for viruses belonging to the same genus 
 

5.1 Avian hepadnavirus – newly discovered virus 

Human hepatitis B virus (HBV) constitutes a major public health problem in humans, with 
approximately 2 billion people infected and 257 million people as chronic carriers [5]. In 
2015 alone, 887,000 deaths were attributed to HBV infection [6]. Hepadnaviruses are divided 
into ortho- and avihepadnaviruses. The recognized host range of hepadnaviruses continues to 
expand, with new members in fish species and the domestic cat recently identified [7,8].  

In Chapter 2.1, the discovery of an extant avian hepadnavirus in captive elegant-crested 
tinamous (ETHBV) associated with hepatitis was described. The newly discovered virus had 
less than 76% nucleotide sequence identity with other avian hepadnavirus members. All 
elegant-crested tinamous from the same enclosure, including live and deceased from recent 
years, appeared to harbor the viral agent, implying intraspecies transmission occurrence. To 
investigate if other elegant-crested tinamous outside the zoo facility were also infected with 
ETHBV, elegant-crested tinamous from a zoo in the Netherlands were tested for the presence 
of ETHBV with negative results. As no ETHBV was detected in other avian species from the 
same zoo facility spillover from another bird host appeared unlikely. This suggested that the 
elegant-crested tinamou is indeed the natural host of the newly identified ETHBV.  
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Hepadnaviruses are highly host restricted and therefore exhibit a strong virus-host 
cospeciation, although interspecies infections have been documented in rare occasions among 
closely related species [9,10]. For instance, the crane HBV was found to surprisingly also 
infect duck hepatocytes [10]. In a recent human HBV study using archival samples belonging 
to the bronze age to the medieval period, the authors detected sequences not only grouping to 
extant human genotypes but also to the ape genotype, evidencing an event of HBV cross-
species transmission among primate species [1]. In the case of ETHBV, we were neither able 
to detect other strains of the same virus nor to trace back the origin of the virus. Therefore, 
we cannot formally exclude the possibility of a recent species jump.  

Extinct avian hepadnaviruses in the form of endogenous virus elements (EVEs) have also 
been detected in the order Neoaves, such as budgerigars and finches [11,12]. These are 
viruses that got integrated into the genome of their hosts and are not infectious anymore due 
to numerous mutations in the virus genome, which hamper the production of a functional 
protein. Moreover, due to the extensive overlapping reading frame regions of its encoding 
proteins nucleocapsid, pre-surface antigen, and polymerase, one deleterious mutation has a 
bigger chance of affecting more than one protein. It is not unlikely that extant avian 
hepadnaviruses, such as ETHBV, have emerged from an ancestor of extinct avian 
hepadnaviruses.  

5.2 Canine bocavirus and circovirus – novel recombined strains 

CBoV and CanineCV are both considered newly emerging viruses in dog populations [13]. 
Although CBoV-1 has been recognized since the late 1960s, CBoV-2 was identified more 
recently in 2012, the same year that CanineCV was discovered [14,15]. In Chapters 2.2-2.3, 
identification of new strains CBoV TH2016 and CanineCV TH/2016 circulating in dogs in 
Thailand were described. Recombination analyses in this study indicated that CBoV TH2016 
and CanineCV TH/2016 were novel strains that resulted from the recombination between 
South Korean and Hong Kong strains for CBoV-2, and between USA and Chinese strains for 
CanineCV. Presumably, genetic recombination during a co-infection generated the novel 
strains, highlighting the effects of anthropogenic factors on virus evolution as interchange of 
genetic material from geographically distant viruses were most likely a product of 
globalization.  

Mutations or deletions affecting the genome structure might possibly have a role in the 
variable pathogenesis displayed by the different strains of the same virus, perhaps due to a 
change in cell tropism. CBoV TH-2016 displayed pathologic changes more similar to CBoV-
1 than those associated with other CBoV-2 strains, which was conceivable due to the unique 
18-nucleotide deletion in the VP2 gene and presence of a longer NS1 gene. Recombination in 
the Rep gene, also encompassing the ORF3 region, in the Thai CanineCV strain may have 
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influenced viral replication properties. Further investigations on CBoV-2 and CanineCV 
pathogenesis and transmission are warranted. 

CBoV-2 and CanineCV are ssDNA viruses, which have an evolutionary rate similar to RNA 
viruses. Genetic recombination and point mutations are suggested as major drivers of 
evolution in ssDNA viruses [16]. Bocaviruses cross-species transmission has been implied 
based on the close phylogenetic relationship between porcine bocavirus and novel rodent 
bocaviruses as well as CBoV-2 and California sea lion bocaviruses [17]. In circoviruses, 
interspecies transmission between taxonomically distinct species has been documented. There 
are indications that circoviruses have originated from a plant nanovirus that after successful 
host switching from plant to vertebrate, it genetically recombined with a vertebrate virus 
giving rise to the vertebrate circoviruses circulating to date [18].  

5.3 Batai virus – novel host, novel pathology 

BATV is an arthropod-borne virus (arbovirus) belonging to the genus Orthobunyavirus. 
Arboviruses are characterized by having a low genetic diversity, possibly due to the 
replication cycles in vertebrate and invertebrate hosts. Segment reassortment has been 
proposed as a major force of evolution in bunyaviruses due to its segmented tripartite genome 
[19]. The BATV identified in Chapter 2.4, came from two captive harbor seals in Northern 
Germany, one of which developed encephalitis. The strain was most similar to Russian 
strains found in mosquitoes without evidence of reassortment. A different strain of this virus 
has also been detected in circulating Anopheles maculipennis sensu lato in Southwest 
Germany [20], which proved to be phylogenetically closer to an Italian strain. Moreover, low 
seroprevalence (0.55%) of BATV specific antbodies in bovines was reported in Southwest 
Germany [21]. Therefore, our study further confirms BATV circulation in Germany with 
evidence of co-circulation of strains from different origins.  

Zoonotic potential has been demonstrated in various arboviruses, including the bunyavirus 
Rift Valley fever virus, in which humans are incidental hosts [22]. Besides BATV detection 
in domestic pigs and ruminants, it has also been reported to cause febrile illness in humans in 
Sudan [23].  Moreover, Ngari virus, a reassortant between BATV M segment and 
Bunyamwera virus S and L segments, has been documented to cause hemorrhagic fever 
outbreaks in East Africa [24]. The M segment encodes the glycoproteins Gn and Gc, which 
are important for binding to the host cell receptor [25]. Altogether, this suggests that BATV 
is a potentially zoonotic agent due to the affinity of its glycoproteins encoded in the M 
segment to human host cells. Additionally, the finding of BATV in the brain of a captive seal 
and given its precedent in humans, zoonotic transmission may occur due to the proximity 
between humans and captive animals. Finally, free-ranging seals from an adjacent area tested 
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negative for BATV specific antibodies in this study, indicating that the seal was rather an 
incidental host and that the virus most likely has another reservoir species. 

Bunyaviruses generally cause mild or no apparent symptoms, but can exhibit a wide range of 
symptoms including febrile illness, encephalitis, hemorrhagic fever or developmental 
malformations. BATV infected mammals have been reported to develop febrile illness 
(humans), but so far encephalitis, as observed in the captive harbor seal, has not been 
documented. It cannot be concluded from the data in this study whether the different 
pathogenesis and cell tropism in the seal were associated with any alteration in the BATV 
genome. 

Although the captive seal in Northern Germany might be a dead-end host, the findings 
suggest that BATV circulates in the vicinity and is capable of inducing encephalitis in a 
mammalian host. Surveillance of the prevalence of BATV and other bunyaviruses among 
mosquitoes and mammals in Germany would shed light on their local zoonotic potential, 
either directly or after mutation or re-assortment.  

5.4 Morbilliviruses in marine mammals – host range and evolution 

Morbilliviruses have defined and reshaped human and terrestrial animal populations 
throughout history, and continue to do so to date. In the less explored marine world, 
cetaceans and phocid species have been and are continuously affected by members of the 
Morbillivirus genus, i.e. CeMV, PDV, and CDV. Morbilliviruses belong to the 
Paramyxoviridae family, which have a high propensity for interspecies transmission. It was 
previously demonstrated that paramyxoviruses have one of the highest rates of host switching 
among RNA viruses [26].  

Among the morbilliviruses, CDV is considered the most promiscuous as its broad host range 
encompasses not only carnivore species such as dogs and seals, but also artiodactyls, rodents, 
and non-human primates. For example, CDV outbreaks in rhesus and cynomologous 
monkeys have been reported in Japan and China [27,28]. CeMV is transmitted between 
dolphin and whale species with a few documented spillover cases to seal species. PDV 
appears to be maintained mainly within phocids, with little evidence of spread into other 
marine mammals, limited to a case of PDV seroconverted walruses, PCR-positive sea otters 
[29,30] and terrestrial mammals [31]. Moreover, recurrent morbillivirus epizootics and 
sporadic strandings pose a threat to the natural ecology and conservation of marine mammals, 
especially to some endangered species such as the fin whale and the Caspian seal. Therefore, 
understanding of evolutionary aspects of morbilliviruses leading to interspecies transmission 
in marine mammals is of great interest. 
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In Chapter 2.5, the identification of a DMV variant is described, in a dead fin whale with 
encephalitis that had stranded on the Danish coast. This prompted a more thorough 
investigation into CeMV, as limited sequence information of this virus was available. Indeed, 
the fin whale DMV sequence was closely related to other circulating variants in dolphin 
species from the Eastern and Western Atlantic Ocean, as described in Chapter 3. The 
evolutionary relationships of CeMV strains and their multi-host potential were further 
investigated. It was concluded that CeMV is spread in all oceans worldwide, appeared to be 
transmissible between cetacean populations apparently without requiring adaptive changes, 
and was also shown to constitute a spillover risk to seal species. 

CDV strains associated with epizootics in the Lake Baikal in 1988 and the Caspian Sea in 
2000 were also investigated and described in Chapter 4. Bayesian evolutionary analyses 
indicated that Baikal seal CDV diverged from other CDV Arctic strains around 1960, the 
period of vaccine introduction. Interestingly, the analyses also implied that the Caspian seal 
CDV strain has a more ancient origin than expected, forming its own clade but grouping with 
the vaccine strain lineage America-1. Additionally, ineffective infection of canine cells 
suggests that the Caspian seal CDV strain is adapted to a non-canid host species. Therefore, it 
is not clear whether the Caspian seal or another so far unknown species is the true reservoir.  

5.4.1 Morbillivirus - Temporal evolutionary relationships  

Phylogenetic distances between identified morbilliviruses have placed MV and RPV in one 
clade grouping with PPRV, but forming altogether a subclade distantly related to CeMV. On 
the other hand, CDV and PDV together exist as a separate clade, which appears to be still 
more closely related to CeMV-PPRV-RPV-MV clade than to FeMV (Figure 1: adaptation of 
Figure 1 in Chapter 1).  

 

 

 

 

 

 

 

 
Figure 1. Phylogenetic analyses of morbilliviruses. 
Phylogram representation of Figure 1 from Chapter 1.  
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Previous studies have suggested that MV derived from a common ancestor with RPV, which 
made a jump to human hosts around the 11th-12th centuries [32], a later date than initially 
speculated on the basis of historical accounts. According to the present study, the two most 
closely related CeMV strains, DMV and PMV, appear to have diverged in the 17th century. 
The tree topology based on partial phosphoprotein sequences between GDMV and all other 
CeMV strains imply that its divergence predates that between DMV and PMV, and that it 
may constitute a new morbillivirus species. However, these hypotheses can only be 
confirmed after more analyses of full-length genomes of CeMV strains are performed.  

Findings on CDV and PDV, the closest related morbilliviruses with about 25% nucleotide 
difference, indicate that they diverged around the 10th-11th centuries. Moreover, the 
separation between the oldest CDV clade (America-1/Caspian Sea) and all recent CDV 
lineages was estimated to have happened in the mid-19th century, with the novel Caspian seal 
CDV strain possibly belonging to the most ancestral wild-type lineage.  

New evidence emerged of the existence of morbilli-related viruses in rodents and bats 
[33,34]. How these viruses fit into the morbillivirus evolutionary pathways remains to be 
elucidated. 

Morbillivirus - Evolutionary rates 

Morbilliviruses are single-stranded negative-sense RNA viruses with high evolutionary rates 
due to its error-prone replication. This means that accumulation of genetic mutations may 
account as its main evolutionary mechanism. However, genetic recombination cannot be 
excluded as recombination between CDV wildlife and vaccine strains has been reported [35]. 
Nevertheless, with the limited data available, no traces of genetic recombination were found 
either in the CeMV genomes analyzed or in the novel Caspian seal CDV strain (data not 
shown). 

The estimated evolutionary rate of 2.34x10-4 subs/site/year for CeMV resulted lower than that 
estimated for CDV with 4.7x10-4 subs/site/year. Whereas all CeMV coding proteins appear to 
have similar evolutionary rates 1.92(P) - 2.56(M) x10-4 subs/site/year, CDV coding proteins 
have an ampler range of evolutionary rates 3.71(P) - 5.59(H) x10-4 subs/site/year. The 
evolutionary rates in CeMV and CDV seem to differ not only in the substitution range, but 
also in the protein with the highest rate.  

CeMV N and M proteins had substitution rates similar to the glycoproteins F and H, which 
usually are considered evolutionary less constrained due to their roles in virus binding and 
entry into host cells. The similar evolutionary rates and the numerous negative selection sites 
without evidence of any positive selection site (as discussed in Chapter 3), indicate that a 
strong purifying selection drives CeMV evolution. Moreover, it appears that CeMV does not 
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require adaptation for transmission between different cetacean hosts, as no species-specific 
mutations were identified.  

On the other hand, CDV is known to be promiscuous with continuous expansion of its host 
range despite vaccine introduction in the mid-20th century [36]. As expected, the 
glycoproteins F and H had the highest evolutionary rates, implying that selective pressures 
act principally on these proteins. Genetic mutations in these proteins may be expected to 
contribute to virus jump and adaptation to new hosts. This seems to be the case of CDV, as 
interspecies transmissions between animals from different orders have been documented.   

5.4.2 Morbillivirus - Interspecies transmission 

Morbilliviruses are highly contagious agents and have a propensity for interspecies 
transmission. The previously discussed monophyletic groups (from Figure 1) suggest that 
morbilliviruses clade by their host animal orders. Pinnipeds and canines belong to the order 
Carnivora whereas cetaceans and ruminants belong to the order Artiodactyla. However, MV 
and RPV have a common ancestor and reports on previous incidences of CDV infection of 
non-human primates together with CeMV spillover to monk seal populations exemplify 
morbillivirus cross-species infections of animals belonging to different orders.  

As discussed above and in Chapter 3, it appears that CeMV can infect both dolphin and 
whale populations without species-specific adaptation. Moreover, it was found that CeMV 
can also replicate efficiently using seal SLAM as a cellular receptor. Whereas virus 
adaptation to new hosts may not be necessary, it can be a determining factor for successful 
endemic transmission. For instance, patterns of unique amino acid changes characterizing 
white-beaked dolphin DMV were detected in comparison with other DMV variants. It is 
speculated that this virus variant is sustained in the white-beaked dolphin population in the 
North Sea after its introduction in the 1970s and has a reduced pathogenicity.  

Furthermore, given the extensive whaling practices in the 18th-20th centuries and findings in 
Chapter 3 that CeMV indeed exists at least since some centuries ago, decimation of whale 
populations due to whaling might have created bottlenecks for CeMV evolution, as viruses 
need certain population size to be sustainable. MV endemicity, for example, needs a 
population size of over 500,000 people to be maintained [37].  

CDV is considered highly promiscuous and various unique substitutions have been found 
important for adaptation [38]. Among them, the substitution Y549H in the hemagglutinin is 
characteristic of host switch from canid to non-canid species. Indeed, the Caspian seal CDV 
strain contained the substitution defining non-canid species as host, which might have played 
a role in the less efficient infection of dog lymphocytes compared to the dog CDV strain used 
as control. However, since the Caspian seal CDV strain contained a number of unique amino 
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acid substitutions in comparison to all other strains, virus-cell and cell-to-cell fusion 
experiments introducing various point mutations in the glycoproteins would help to unveil 
molecular signatures in virus-host adaptation.   

Infection of one morbillivirus conferring cross protective immunity against other 
morbilliviruses, has been described in previous investigations [39,40]. RPV vaccination was 
demonstrated to provide protection to goats against PPRV [39]. Similarly, MV vaccination in 
dogs and monkeys provided partial protection against CDV [40,41]. Therefore, cross 
protective morbilli-immunity could theoretically prevent cross-species transmissions. In 
marine mammals, this may also well be true. It may be speculated that seal epizootics due to 
CDV and CeMV may have rarely occurred due to PDV circulation among wide range of 
phocid species providing cross protection immunity. It should be noted however that more 
recently, due to fragmentation of seal populations, PDV endemicity has largely disappeared 
from e.g. the Northwestern European harbor seal populations, creating anew a ‘virgin soil’ 
for morbillivirus infections [42].  

5.5 Emerging and re-emerging viruses 

New evolutionary analyses of complete genome sequences indicate that newly recognized 
viruses such as CeMV, may have been simply undetected but have been present for centuries. 
Thus, distinction between the terms ‘emerging’ and ‘re-emerging’ appears to be largely 
artificial, and at least in part related to our increasing ability to identify viruses by novel 
technologies.  

ETHBV probably has long been present in the elegant-crested tinamou but was largely 
undetected as these animals are usually found only in the wild in Chile and Argentina. 
Similarly, the two novel CBoV-2 and CanineCV strains were most likely present in dogs but 
remained undetected in the pre-NGS era, with probable confusion with other viruses 
generating similar pathological hallmarks. In the case of BATV, although the virus was 
discovered in the 1950s, it might have been overlooked by routine virus surveillance 
programs as no previous association to encephalitis existed before this study.  

Regarding morbilliviruses in marine mammals, although CeMV was only recognized in the 
late 1980s, Bayesian evolutionary analyses showed that its presence in cetaceans dates back 
several centuries. Presumably, CeMV remained largely unknown since cetacean strandings 
might have been attributed to other causes including bacterial/parasitic infections and the 
effects of anthropogenic factors like pollution. Moreover, in the pre-whaling period, CeMV 
may have been enzootic in more abundant whale populations, with only occasional clinical 
fatal cases among juvenile animals. Furthermore, due to the natural habitat of the host, 
cetacean infectious diseases have been less explored until recently. For CDV, this is 
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somewhat different as devastating disease outbreaks possibly related to morbillivirus 
infections have been recognized from the mid-18th century onward. Since then, CDV has 
been well characterized. Despite vaccine introduction in the mid-20th century, re-emergence 
of the virus causing outbreaks in dogs and novel hosts continued to be reported. CDV was 
rapidly identified in the mass die-offs in the Lake Baikal in 1988 and in the Caspian Sea in 
2000. However, technological limitations at the time restricted the identification of the strain 
back then. Now, evolutionary history of CDV using whole-genome sequences indicated that 
Caspian seal CDV strain originates from a previously undetected strain lineage most related 
to the currently oldest lineage America-1. Findings suggest the Caspian Sea lineage as the 
most ancient wild-type lineage.  

5.6 Concluding remarks 

In the present work, evolutionary aspects and the interspecies transmission propensity related 
to emergence/re-emergence of newly identified viruses have been discussed (Figure 2). 
Different mechanisms of evolution, either due to natural or enforced selective pressures, 
appear to play a role depending on the virus genetic characteristics and replication properties. 
Genetic changes in the virus genome, either by mutations, recombination, and/or 
reassortment appear to influence virus evasion of the host immune system, cell tropism, and 
host switching.   

Capacity to cross the species barrier and adapt to new species appears to be inherent to the 
viruses discussed in this thesis, although to variable degrees: 

− ETHBV appears to be the less prone to spillover due to its host restriction properties, 
although genetic evidence has been recently documented of both ortho- and 
avihepadnaviruses interspecies transmission between avian species on the one hand and 
closely related primate species including humans on the other [9,10].  

− Bocaviruses and Circoviruses frequent genetic recombination and high evolutionary rates 
may contribute and facilitate host switching. The CBoV-2 TH2016 and CanineCV 
TH2016 strains identified were both product of recombination between strains previously 
identified in other countries, like the USA, China, and South Korea.  

− BATV appears to have low genetic diversity despite having an error-prone polymerase, 
like most arboviruses. Replication cycles in taxonomically divergent hosts provide 
arboviruses with enhanced viral fitness, facilitating spillover occurrences. In the present 
case, the seal might have been an incidental host and the identified BATV strain may 
circulate in the vicinity in other reservoir species.  
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− Morbilliviruses have a high evolutionary rate and a high propensity for interspecies 
transmission.  
- CeMV readily infects multiple dolphin and whale species without apparent 

adaptation, and has the capacity to spillover to seal species.  
- CDV can infect multiple carnivore hosts, including pinnipeds, as well as multiple 

omnivore hosts. CDV capacity to switch hosts and escape the host immune system 
even after vaccination has facilitated the extension of its host range and geographic 
distribution. The unexpected identification of the novel Caspian seal CDV strain, 
which was shown to belong to a previously unknown yet the most ancient wild-type 
lineage, illustrates the importance of better surveillance and molecular 
characterization of CDVs in wildlife. 

Thus, it appears that virus genome organization, replication factors, evolutionary 
mechanisms, and anthropogenic factors collectively contribute to the rise of emerging virus 
infections.  

Additional studies are warranted using whole genome sequences for better characterization 
and deeper understanding of virus evolutionary dynamics, global distribution patterns, and 
molecular signatures associated with interspecies transmission of emerging/re-emerging 
viruses. If managed adequately, this information may lead to reduction of the risk posed by 
potential epizootics threatening domestic and wild animals, and zoonotic transmissions that 
may lead to new epidemics and even pandemics in humans.  
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Figure 2. Intra- and interspecies transmission of viruses described in this thesis. 
Intraspecies transmission cycles of ETHBV, CBoV-2, and CanineCV (a, b). Interspecies transmission of 
BATV (c). Intra- and interspecies transmission cycles of CeMV and CDV in marine mammals (d). Circular 
arrows indicate intraspecies transmission cycles, straight arrows indicate interspecies transmission. Dual 
coloring of circular arrows in panel B indicate recombination events between same virus. Brief 
descriptions of each panel regarding findings in this thesis are provided in white-boxes.      



Discussion │ CHAPTER 5 

	 117 

5.7 References 

1.  Mühlemann B, Jones TC, Damgaard P de B, Allentoft ME, Shevnina I, Logvin A, Usmanova E, 
Panyushkina IP, Boldgiv B, Bazartseren T, et al.: Ancient hepatitis B viruses from the Bronze Age to the 
Medieval period. Nature 2018, 557:418–423. 

2.  Zehender G, De Maddalena C, Canuti M, Zappa A, Amendola A, Lai A, Galli M, Tanzi E: Rapid 
molecular evolution of human bocavirus revealed by Bayesian coalescent inference . Infect. Genet. 
Evol. 2010, 10:215–220. 

3.  Firth C, Charleston MA, Duffy S, Shapiro B, Holmes EC: Insights into the Evolutionary History of an 
Emerging Livestock Pathogen: Porcine Circovirus 2. J. Virol. 2009, 83:12813–12821. 

4.  Hanada K, Suzuki Y, Gojobori T: A Large Variation in the Rates of Synonymous Substitution for RNA 
Viruses and Its Relationship to a Diversity of Viral Infection and Transmission Modes. Mol. Biol. 
Evol. 2004, 21:1074–1080. 

5.  WHO: Global hepatitis report 2017 [Internet]. 2017. 

6.  Trépo C, Chan HLY, Lok A: Hepatitis B virus infection. Lancet 2014, 384:2053–2063. 

7.  Lauber C, Seitz S, Mattei S, Suh A, Beck J, Herstein J, Börold J, Salzburger W, Kaderali L, Briggs JAG, et 
al.: Deciphering the Origin and Evolution of Hepatitis B Viruses by Means of a Family of Non-
enveloped Fish Viruses. Cell Host Microbe 2017, 22:387–399.e6. 

8.  Aghazadeh M, Shi M, Barrs V, McLuckie A, Lindsay S, Jameson B, Hampson B, Holmes E, Beatty J: A 
Novel Hepadnavirus Identified in an Immunocompromised Domestic Cat in Australia. Viruses 2018, 
10:269. 

9.  de Carvalho Dominguez Souza BF, König A, Rasche A, de Oliveira Carneiro I, Stephan N, Corman VM, 
Roppert PL, Goldmann N, Kepper R, Müller SF, et al.: A novel hepatitis B virus species discovered in 
capuchin monkeys sheds new light on the evolution of primate hepadnaviruses. J. Hepatol. 2018, 
68:1114–1122. 

10.  Prassolov A, Hohenberg H, Kalinina T, Schneider C, Cova L, Krone O, Frolich K, Will H, Sirma H: New 
Hepatitis B Virus of Cranes That Has an Unexpected Broad Host Range. J. Virol. 2003, 77:1964–
1976. 

11.  Liu W, Pan S, Yang H, Bai W, Shen Z, Liu J, Xie Y: The First Full-Length Endogenous 
Hepadnaviruses: Identification and Analysis. J. Virol. 2012, 86:9510–9513. 

12.  Suh A, Brosius J, Schmitz J, Kriegs JO: The genome of a Mesozoic paleovirus reveals the evolution of 
hepatitis B viruses. Nat. Commun. 2013, 4:1791. 

13.  Caddy SL: New viruses associated with canine gastroenteritis. Vet. J. 2018, 232:57–64. 

14.  Binn LN, Lazar EC, Eddy GA, Kajima M: Recovery and characterization of a minute virus of canines. 
Infect. Immun. 1970, 1:503–8. 

15.  Kapoor A, Dubovi EJ, Henriquez-Rivera JA, Lipkin WI: Complete Genome Sequence of the First 
Canine Circovirus. J. Virol. 2012, 86:7018–7018. 

16.  Duffy S, Shackelton LA, Holmes EC: Rates of evolutionary change in viruses: Patterns and 
determinants. Nat. Rev. Genet. 2008, 9:267–276. 

17.  Zhang C, Song F, Xiu L, Liu Y, Yang J, Yao L, Peng J: Identification and characterization of a novel 
rodent bocavirus from different rodent species in China. Emerg. Microbes Infect. 2018, 7:48. 

18.  Gibbs MJ, Weiller GF: Evidence that a plant virus switched hosts to infect a vertebrate and then 
recombined with a vertebrate-infecting virus. Proc. Natl. Acad. Sci. U. S. A. 1999, 96:8022–7. 

19.  Horne K, Vanlandingham D: Bunyavirus-Vector Interactions. Viruses 2014, 6:4373–4397. 

20.  Jöst H, Bialonski A, Schmetz C, Günther S, Becker N, Schmidt-Chanasit J: Short report: Isolation and 
phylogenetic analysis of Batai virus, Germany. Am. J. Trop. Med. Hyg. 2011, 84:241–243. 

21.  Hofmann M, Wiethölter A, Blaha I, Jöst H, Heinemann P, Lehmann M, Miller T, Cadar D, Yanase T, Kley 
N, et al.: Surveillance of Batai virus in bovines from Germany. Clin. Vaccine Immunol. 2015, 22:672–
673. 



Discussion │ CHAPTER 5 

	118 

22.  Gould E, Pettersson J, Higgs S, Charrel R, de Lamballerie X: Emerging arboviruses: Why today?. One 
Heal. 2017, 4:1–13. 

23.  Nashed NW, Olson JG, El-Tigani A: Isolation of Batai virus (Bunyaviridae:Bunyavirus) from the 
blood of suspected malaria patients in Sudan. Am. J. Trop. Med. Hyg. 1993, 48:676–681. 

24.  Yanase T, Kato T, Yamakawa M, Takayoshi K, Nakamura K, Kokuba T, Tsuda T: Genetic 
characterization of Batai virus indicates a genomic reassortment between orthobunyaviruses in 
nature. Arch. Virol. 2006, 151:2253–2260. 

25.  Shi X, Goli J, Clark G, Brauburger K, Elliott RM: Functional analysis of the Bunyamwera 
orthobunyavirus Gc glycoprotein. J. Gen. Virol. 2009, 90:2483–92. 

26.  Kitchen A, Shackelton LA, Holmes EC: Family level phylogenies reveal modes of macroevolution in 
RNA viruses. Proc. Natl. Acad. Sci. 2011, 108:238–243. 

27.  Qiu W, Zheng Y, Zhang S, Fan Q, Liu H, Zhang F, Wang W, Liao G, Hu R: Canine Distemper Outbreak 
in Rhesus Monkeys, China. Emerg. Infect. Dis. 2011, doi:10.3201/eid1708.101153. 

28.  Sakai K, Nagata N, Ami Y, Seki F, Suzaki Y, Iwata-Yoshikawa N, Suzuki T, Fukushi S, Mizutani T, 
Yoshikawa T, et al.: Lethal Canine Distemper Virus Outbreak in Cynomolgus Monkeys in Japan in 
2008. J. Virol. 2013, 87:1105–1114. 

29.  Nielsen O, Stewart RE, Measures L, Duignan P, House C: A morbillivirus antibody survey of Atlantic 
walrus, narwhal and beluga in Canada. J. Wildl. Dis. 2000, 36:508–517. 

30.  Goldstein T, Mazet JAK, Gill VA, Doroff AM, Burek KA, Hammond JA: Phocine Distemper Virus in 
Northern Sea Otters in the Pacific Ocean, Alaska, USA. Emerg. Infect. Dis. 2009, 15:925–927. 

31.  Örvell C, Blixenkrone-Moller M, Svansson V, Have P: Immunological relationships between phocid 
and canine distemper virus studied with monoclonal antibodies. J. Gen. Virol. 1990, 71:2085–2092. 

32.  Furuse Y, Suzuki A, Oshitani H: Origin of measles virus: divergence from rinderpest virus between the 
11th and 12th centuries. Virol. J. 2010, 7:52. 

33.  Drexler JF, Corman VM, Müller MA, Maganga GD, Vallo P, Binger T, Gloza-Rausch F, Cottontail VM, 
Rasche A, Yordanov S, et al.: Bats host major mammalian paramyxoviruses. Nat. Commun. 2012, 
3:796. 

34.  Ghawar W, Pascalis H, Bettaieb J, Mélade J, Gharbi A, Snoussi MA, Laouini D, Goodman SM, Ben Salah 
A, Dellagi K: Insight into the global evolution of Rodentia associated Morbilli-related 
paramyxoviruses. Sci. Rep. 2017, 7:1974. 

35.  da Fontoura Budaszewski R, Streck AF, Nunes Weber M, Maboni Siqueira F, Muniz Guedes RL, Wageck 
Canal C: Influence of vaccine strains on the evolution of canine distemper virus. Infect. Genet. Evol. 
2016, 41:262–269. 

36.  Bresalier M, Worboys M: “Saving the lives of our dogs”: the development of canine distemper vaccine 
in interwar Britain. Br. J. Hist. Sci. 2014, 47:305–334. 

37.  Black FL: Measles endemicity in insular populations: Critical community size and its evolutionary 
implication. J. Theor. Biol. 1966, 11:207–211. 

38.  McCarthy AJ, Shaw M-A, Goodman SJ: Pathogen evolution and disease emergence in carnivores. Proc. 
R. Soc. B Biol. Sci. 2007, 274:3165–3174. 

39.  Taylor WP: Protection of goats against peste-des-petits-ruminants with attenuated rinderpest virus. 
Res. Vet. Sci. 1979, 27:321–4. 

40.  de Vries RD, Ludlow M, Verburgh RJ, van Amerongen G, Yuksel S, Nguyen DT, McQuaid S, Osterhaus 
ADME, Duprex WP, de Swart RL: Measles Vaccination of Nonhuman Primates Provides Partial 
Protection against Infection with Canine Distemper Virus. J. Virol. 2014, 88:4423–4433. 

41.  Appel MJ, Shek WR, Shesberadaran H, Norrby E: Measles virus and inactivated canine distemper virus 
induce incomplete immunity to canine distemper. Arch. Virol. 1984, 82:73–82. 

42.  Bodewes R, Morick D, van de Bildt MW, Osinga N, Rubio Garc?a A, S?nchez Contreras GJ, Smits SL, 
Reperant LA, Kuiken T, Osterhaus AD: Prevalence of phocine distemper virus specific antibodies: 
bracing for the next seal epizootic in north-western Europe. Emerg. Microbes Infect. 2013, 2:e3. 



Appendix │ CHAPTER 6 

	 119 

 
CHAPTER 6 

APPENDIX 
 

 

6.1 Fusion assay 

Comparison between pCG and pcDNA3.1 as vectors 

The viability of CDV fusion activity using vectors pCG or pcDNA3.1 for the fusion protein 
were compared. The degree of fusion activity using either the open reading frame 1 (orf1) or 
orf2 (codon position 61) of the Fusion protein of CDVR252 strain were also tested.  

- No or minimal fusion resulted when using pcDNA3.1 as vector.  
- No apparent difference was observed using orf1 or orf2. 
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6.2 Quantitative fusion assay (β-Galactobetasidase) 
 
Cell-to-cell spread comparison between different morbillivirus glycoproteins and 
heterologous SLAM receptors  
 

- DMV glycoproteins are highly promiscuous and fusiogenic.  
- Carnivore SLAM receptors are in general highly permissive. 
- MV glycoproteins can use dog SLAM, at a lesser extent the dolphin SLAM, but 

cannot use seal SLAM as cellular receptor.  
- Only MV glycoproteins can use human SLAM as a cellular receptor 
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