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Résumé 

  

En août 2006, le sérotype 8 (BTV8) du virus de la fièvre catarrhale ovine (FCO) ou maladie de la 

langue bleue a été confirmé pour la première fois aux Pays-Bas. Celle-ci était caractérisée par une 

sévérité inattendue chez les bovins, une expansion géographique sans précédent et une propagation 

épizootique efficace malgré l'absence du vecteur classique Culicoides imicola dans les zones touchées. 

En outre, le BTV8 européen a été le premier BTV de type sauvage dont la capacité à traverser la 

barrière placentaire et le potentiel tératogène ont pu être prouvés, ces caractéristiques étant jusque-là 

l’apanage des souches adaptées au laboratoire, comme les virus vaccinaux vivants modifiés. 

En novembre 2011, c’est un nouvel Orthobunyavirus (famille Peribunyaviridae) qui a été identifié. Le 

nouveau virus a été appelé virus de Schmallenberg (SBV), du nom de la ville allemande où il a été 

isolé la première fois. Outre des manifestations cliniques – très rares et modérées - observées 

occasionnellement chez les bovins adultes, le SBV a été surtout associé à des avortements, des 

mortinatalités et des malformations congénitales chez les agneaux, les veaux et les chevreaux.  Le 

virus de la FCO et le SBV ont un pouvoir tératogène, partagent une zone d’émergence commune ainsi 

qu’un spectre d'hôtes et des espèces communes de vecteurs. Ils sont tous deux des arbovirus à ARN 

segmenté à l’origine non identifiée et ayant un impact sérieux sur le bétail. Ces aspects convergents 

justifient les travaux actuels visant à clarifier et à discuter plus spécifiquement la pathogenèse de ces 

deux maladies. 

Pour ce faire, six infections expérimentales de bovins ou de moutons ont été mises en place. La thèse 

présente est ainsi séparée en trois parties :  

1) Contribution à la mise au point d'un modèle infectieux animal fiable et normalisé pour étudier 

la pathogenèse du virus de la FCO et du SBV chez les espèces cibles de ruminants (études 1 et  

2)  

2) Etudes de la pathogenèse et du potentiel tératogène du virus de FCO et du SBV chez des 

animaux gestants (études 3 et 4); 

3) Évaluation de la réactivité croisée, de la super-infection et comparaison des sérotypes de BTV, 

avec un accent particulier sur les sérotypes du virus de la FCO historiquement présents en 

Europe continentale (études 5 et 6). 

L’étude 1 nous a permis de mettre en évidence qu’un virus de la FCO issu d’une culture cellulaire 

passée un nombre limité de fois constitue un inoculum tout à fait valable pour une reproduction 

adéquate de la maladie en conditions expérimentales. Dans l'étude 2, nous avons conclu que les 
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voies d'inoculation sous-cutanée et intradermique étaient adaptées pour reproduire correctement 

une infection par le SBV similaire à une infection naturelle.  

Nous avons rapporté dans l'étude 3 des hémorragies de l'artère pulmonaire - considérée comme 

presque pathognomonique de l'infection par BTV - chez des veaux nés de mères infectées avant la 

mi-gestation, malgré l'absence d'ARNémie à la naissance. De même, dans l'étude 4, après 

l'infection de brebis à 45 ou 60 jours de gestation, aucun agneau n'a présenté de malformation 

évoquant une infection à SBV et aucun d'entre eux n'avait d'anticorps anti-SBV avant la prise de 

colostrum. Cependant, la plupart d'entre eux avaient au moins une structure placentaire ou extra-

embryonnaire avec une détection positive de l'ARN du SBV. 

L'objectif principal de l'étude 5 était d'évaluer l'effet d'une surinfection par BTV1 chez des veaux 

naïfs ou vaccinés préalablement contre BTV8. L'inoculum s’est révélé être contaminé par BTV15. 

Nous avons ensuite caractérisé la co-infection BTV1-BTV15 en plus d'une comparaison BTV1 et 

BTV15 au cours de challenges infectieux à sérotype unique. Cette étude a fourni de nouvelles 

informations sur la protection hétérologue entre BTV1, BTV8 et BTV15 et sur leur adaptation au 

bétail. L'étude 6 décrit les paramètres cliniques, sérologiques et virologiques après les infections 

expérimentales de veaux avec 5 sérotypes européens de BTV (1, 2, 4, 9 et 16). Les expériences ont 

montré (i) la virulence limitée des souches virales sélectionnées pour les bovins, (ii) une réactivité 

croisée partielle, (iii) une faible protection croisée induite par la vaccination et/ou l’infection 

préalable contre BTV8. De plus, nous avons pu confirmer que les sérotypes de BTV sont adaptés 

différemment aux jeunes bovins (BTV1, 16 et 9 plus adaptés que 2 et 4). 

Les travaux présentés ici ont apporté de nouvelles données utiles à la conception des infections 

expérimentales avec BTV et SBV, à la pathogenèse des anomalies reproductives et aux relations 

sérologiques entre les sérotypes européens de BTV. Ces aspects sont finalement discutés à la 

lumière des données expérimentales les plus récentes. En dépit des contraintes de biosécurité, 

d’éthique animale et de cout, la valeur des données fournies et l'absence de modèles alternatifs 

reproduisant de manière adéquate la pathogenèse de BTV et de SBV prouvent que les infections 

expérimentales de ruminants restent incontournables dans ce contexte. 
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Summary 

In august 2006, bluetongue virus serotype 8 (BTV8) was for the first time confirmed in 

Netherlands, in the core of Western Europe. The bluetongue disease caused by BTV8 in Europe was 

characterized by its unexpected severity in cattle, an unprecedented geographic expansion, and an 

effective epizootic propagation despite the absence of Culicoides imicola in the areas of interest. In 

addition, European BTV8 was the first wild-type BTV whose ability to cross the placental barrier and 

its related teratogenic potential has been proven, as these features were previously only described in 

laboratory adapted strains, like modified live vaccine viruses.  

In November 2011, a novel Orthobunyavirus (family Peribunyaviridae) was identified. The new virus 

was named Schmallenberg virus (SBV) out of the name of the German city of its first isolation. In 

addition to the clinical manifestations – very rare and mild - seen in adult cattle, SBV has been mostly 

associated with abortions, stillbirths and congenital affection in lambs, calves and kids, characterized 

by arthrogryposis/hydranencephaly syndrom.  

BTV and SBV share a teratogenic potential, with a common emerging area, host range and vector 

species, are both segmented RNA arboviruses of inconclusive origin and serious impact on livestock. 

These converging aspects warrant the present work clarifying and discussing more specifically the 

pathogenesis of both diseases.   

To do so, six experimental infections in cattle or sheep were implemented. The current thesis is 

therefore separated in three parts: 

1) Contribution to the development of a reliable and standardized animal infectious model to study 

the pathogenesis of BTV and SBV in ruminant target species (studies 1 and 2); 

2) Studies of the pathogenesis and teratogenic potential of BTV and SBV in pregnant animals 

(studies 3 and 4); 

3) Cross-reactivity assessment, super-infection and serotype comparison with a particular emphasis 

on BTV serotypes historically present in Europe mainland (studies 5 and 6). 

The study 1 highlighted the suitability of culture grown virus that was passaged a limited number of 

times for a standardized BTV infection model. In study 2 we concluded that both subcutaneous and 

intradermal inoculation routes were suitable to properly reproduce a SBV infection similar to field 

infection.  

We reported in study 3 haemorrhages of the pulmonary artery – considered as almost pathognomonic 

of BTV infection - in calves born from infected dams prior to mid-gestation, despite the lack of 

RNAemia at birth. These results were consistent with the actual low frequency of BTV induced 

malformation in natural infections. Likewise in study 4, following the infection of ewes at 45 or 60 
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days of pregnancy no lambs showed any malformation suggestive of SBV infection and none of them 

had RNAemia or anti-SBV antibodies prior to colostrum uptake. However most of them had at least 

one extraembryonic or placental structure with positive SBV RNA detection.  

The main objective of study 5 was to evaluate the effect of a BTV1 superinfection in naïve and BTV8-

vaccinated calves. The inoculum appeared to be unexpectedly contaminated with BTV15. Then we 

further characterized the BTV1-BTV15 co-infection in addition to a BTV1 and BTV15 comparison in 

single serotype challenges. This study provided new insights in heterologous protection between 

BTV1, BTV8 and BTV15 and on their adaptation to cattle. The study 6 describes the clinical, 

serological and virological parameters after calf experimental infections with 5 European BTV 

serotypes (1, 2, 4, 9, and 16). Experiments showed (i) the limited virulence of the selected viral strains 

for bovines, (ii) a partial cross-reactivity, (iii) a potential weak cross-protection induced by BTV8 

vaccination and/or infection. In addition, we could confirm that BTV serotypes are differently adapted 

to young bovines (BTV1, 16 and 9 more adapted than 2 and 4). 

The current work provided renewed contributions to BTV and SBV experimental infections design, 

reproductive defects pathogenesis and updated serological cross-relationships between European BTV 

serotypes. These aspects are finally discussed in the light of the most recent experimental data and 

litterature. Despite the harsh biosafety constrains, the ethical concerns and the cost of such 

experiments, the value of the data provided and the lack of alternative models adequately reproducing 

BTV and SBV pathogenesis prove ruminant host-species to remain necessary.  
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As human, animal, or zoonotic pathogens, RNA viruses represented a major source of emerging 

diseases during the last 30 years. The genetic adaptability and variability of these viruses is mostly 

driven by a high mutation rate and, in case of segmented genome, reassortment.  

Mainland Europe underwent in the past 15 years the outbreak of two major pathogens affecting cattle 

and sheep: Bluetongue virus (BTV) and Schmallenberg virus (SBV). These outbreaks were singular in 

different ways:  the diseases were either never reported in such Northern locations before (bluetongue 

virus) or just newly discovered (Schmallenberg virus); their emergence still has unexplained features; 

both viruses displayed the ability to cross the placental barrier and they confirmed that palearctic 

endemic Culicoides species could support and spread BTV and SBV epizootic. 

Experimental infections of mammalian hosts proved to be a highly valuable tool to study the 

pathogenicity, the virulence, the pathogeny and transplacental infections since the dawn of the study of 

infectious diseases.  The design of the in vivo models evolved and were usefully complemented with 

in vitro and in silico approaches to better comprehend the host-pathogen interactions.  

Prior to study the pathogenesis of BTV and SBV in ruminants, including their teratogenic potential, an 

experimental model reproducing the disease had to be found. Palearctic Culicoides spp. are the vectors 

of both BTV and SBV in Northern and Western Europe. These midges are telmophagous insects: they 

lacerate the skin to feed on the effusion into this injury (hence considered as “pool” feeders), which 

includes blood, skin cells and lymph. To date there are no lab-adapted colonies of Palearctic 

Culicoides. Therefore, given the feeding behavior of Culicoides in natural infection and the lack of 

lab-adapted colonies, investigating the most adapted route of inoculation is of prime importance to 

ensure standardization and repeatability of challenge experiments. Amongst the other important 

pathogenesis factors to consider while designing experimental infections the origin of the inoculum 

and its passage history has to be carefully evaluated. Indeed the number of passages, the cell culture 

system used to grow the inoculum or by contrast the source animals for infectious blood or serum are 

central to achieve an experimental infection matching the virological, clinical and serological 

parameter of field infection with wild-type virus.  

The timeframe, pathogenesis of in utero infection and teratogenic potential of both viruses were still 

poorly documented and mostly based on closely related viruses. Although both ruminant species the 

placenta of cattle and sheep differs. The uterine epithelium, historically believed to be missing in the 

placenta of small ruminant species, actually persists albeit in syncytial form in sheep and goat. By 

contrast an actual cellular epithelium (in cow and deer) lines the maternal side interdigitating with the 

fetal chorion. Obviously the gestation duration of the two species is an important factor of variability 

in the critical time frame at risk for the development of congenital defects. Likewise, the maturation of 

the immune system is tightly connected with the organogenesis and the timing of the related in utero 
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events in cattle and sheep could be looked deeper into trying to better comprehend the outcomes of 

BTV and SBV infection of pregnant ruminants.  

In the context of a changing BTV epidemiological system in Europe, more insight and updated data on 

the cross-reactivity between different serotypes and potential reassortment would be of great value. 

Indeed very regularly figures based on experiments carried on in the 90’s are displayed to illustrate the 

serological relationship between BTV serotypes, whereas molecular virology and sequencing clearly 

entered a new era. BTV can no longer be characterized solely on their serotypes to allow an adequate 

evaluation of their pathogenic potential.  

The last part of the manuscript presents a general discussion about BTV and SBV converging and 

diverging aspects in matters of evolutionary dynamics, epidemiology, clinical picture and 

pathogenesis. Animal welfare concerns are also put in perspective.  

The central challenge of the present thesis is indeed to integrate altogether results from pathogenesis 

studies targeting two different pathogens. Despite obvious and significant differences between BTV 

and SBV, from taxonomy to clinical picture or replication mechanisms, these differences and even 

more importantly their similarities worth to be discussed with the benefit of the hindsight of the last 10 

years. 
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1 History 

1.1 Bluetongue disease, from Southern Africa to BTV8 emergence in Europe 

From 1781 to 1784, the young François Levaillant (sometimes written as Le Vaillant – “The 

Valiant”) travelled extensively in South-Africa inland. As an explorer and zoologist, he reported the 

damages caused by some of the most common cattle pathogens on the development of human 

settlement. Among other cattle diseases he described the “Tong-Sikte” afflicting the cattle (Gutsche, 

1979). About one century later Duncan Hutcheon, then Colonial Veterinary Surgeon, described in his 

annual report in 1880 a very accurate clinical picture of the disease, called by that time “Malarial 

Catarrhal Fever”. Indeed Hutcheon believed that the agent was an arthropod-transmitted 

intracorpuscular protozoon. Later on Spreull suggested the name “Bluetongue” to characterize the 

disease with respect to the cyanotic aspect of the tongue affected sheep could present. “Bluetongue” 

being itself the translation of the Dutch “Blaauwtong”, also often named “Bekziekte” (mouth-sickness) 

(Spreull, 1905). Theiler and Robertson demonstrated that the aetiological agent of BT was filterable, 

thus indicating the viral origin of the disease. Then in 1906-1907 Theiler described the production of a 

first vaccine against BT. The method consisted of a single virus strain (BTV4) that was attenuated by 

serial passage through sheep and reported the absence of death following infectious challenge after 10 

generations in the host (Theiler, 1908b). This blood vaccine was used by sheep farmers in South 

Africa for over 40 years despite evidence that the vaccine was not safe and that the resultant immunity 

was not adequate (Gorman, 1990). Protection failures from the vaccine prepared from the Theiler 

strain drove Neitz to investigate the antigenic differences of BTV strains in the field by cross-

protection tests in sheep. These studies confirmed that each strain produce solid homogenous 

immunity, but only partial to no protection against infection with heterologous field strains (Neitz, 

1948). Bluetongue is historically an African disease, and although it has not been reported from all 

African countries, it has probably been endemic in wild ruminants in sub-Saharan Africa since 

antiquity (Vervoerd and Eramus, 2004). In South Africa highly susceptible fine-wool European sheep 

breeds like Merino sheep act as sentinel animals and are indicative of clinical outbreaks. Scientists 

working in southern Africa contributed for a huge amount to clarify BT aetiology, epidemiology and 

vector-borne transmission, in the early years after the discovery of the virus as well as more recently 

through the last key findings. 

The first official outbreak out of Africa was reported in 1943 in Cyprus (Gambles, 1949). 

Then the disease reached the shores of Palestine, Turkey, Syria and Israel during the winter of the 

same year (Shimshony, 2004). The European expansion of the virus started with an extensive outbreak 

of BTV serotype 10 in Portugal and Spain in 1956-1957 (Manso-Ribeiro et al., 1957). This first 

epizootic in Europe was characterized by an unusual severity, with sheep experiencing a mortality rate 



Chapter I: Introduction 

14 

of about 75%. The disease disappeared from the Iberic peninsula within 4 years, and the following 

European BTV episode only occurred in 1979-1980 in Greek islands (Mastroyanni et al., 1981).   

BTV underwent from 1940s to 1980s an unprecedented expansion out of Africa into Europe 

but also in North America, Australia and the Indian subcontinent. It has been now identified on all 

continents but Antarctica (Maclachlan, 2011).  This global spread associated with potential dramatic 

damages on livestock and massive economic losses mostly due to indirect costs such as trade 

restriction justified to include BTV in the list of notifiable diseases (formerly List A) of the OIE 

(Office International des Epizooties; also known as World Organisation for Animal Health) 

(Maclachlan, 2011).  

The tipping point of the BTV epidemiology in Europe is the end of the 1990s. From 1998 to 

2005 at least five serotypes (BTV1, 2, 4, 9 and 16) were involved in outbreaks in at least 12 countries, 

including Greece, Turkey, Cyprus and the Balkans (Purse et al., 2005). During the summer of 2000 the 

disease (identified as BTV2; BTV serotype 2) reached Italy and caused there serious damages to the 

local flocks (Calistri et al., 2004). BTV circulated continuously in Italy until November 2005. The 

nearby island Corsica got affected in the year 2000 as well (BTV2), with continuous detection until 

September 2004 (Breard et al., 2004). Outbreaks of BTV2 and BTV4 were later reported in Spain and 

Portugal in 2000 and 2004, respectively (Gomez-Tejedor, 2004). BTV2 was later in 2005 isolated in 

Spain from a herd of sentinel bovines and seroconversions to BTV4 were reported in Portugal the 

same year (Mellor et al., 2009). 

On the 14 August of 2006, a farm in Kerkrade – South of Netherlands close to the Belgian and 

German borders - reported clinical signs in sheep suggesting an outbreak of BTV (World Organization 

for Animal Health, 2006). Four days later came the laboratory confirmation along with the official 

international press release from the Dutch agriculture ministry.  The disease then spread rapidly: the 

19 August BTV hit Belgium, and on 21 August Germany also announced its first BTV outbreak, in 

both countries in cattle herds. France announced the first BTV confirmed case on 31 August (Mellor et 

al., 2009).  By the end of August 2006 scientists at the Pirbright Institute showed that the BTV causing 

disease in the Netherlands was serotype 8. This serotype has not previously been identified in Europe 

(International Society for Infectious Diseases, 2006). By the end of 2006, over 2000 outbreaks had 

been declared in five different countries (Netherlands, Germany, Belgium, France and Luxemburg) 

(International Society for Infectious Diseases, 2007b). 

Eventually the disease disappeared in winter. However the success of the overwintering of 

BTV8 was confirmed when a sentinel bovine seroconverted in April 2007 (International Society for 

Infectious Diseases, 2007a). BTV8 then spread further to UK, Switzerland, Denmark and the Czech 

Republic (Zientara and Sanchez-Vizcaino, 2013). By the spring of 2009, the disease reached Hungary, 
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Austria, Sweden and eventually its northernmost location in Norway. In southern Europe BTV8 was 

present in Spain from its incursion in 2008 to its last report in 2010 (de Diego et al., 2014).  Likewise, 

BTV8 hit Italy during the spring of 2008. 

France gained its BTV free status in 2012 two years after a last reported case in 2010 

(Courtejoie et al., 2017). Quite unexpectedly BTV8 re-emerged in 2015 after 5 years of absence; 

BTV8 was detected in a sick ram showing clinical signs of BTV infection in central France (Sailleau 

et al., 2017a). Sequencing demonstrated that the BTV8 currently circulating is similar to the strain that 

circulated back in 2008 (Breard et al., 2016). Moreover a recent retrospective serological study clearly 

suggests that the virus actually kept circulating undetected at low level (Courtejoie et al., 2017). The 

mechanism of re-emergence in 2015 is incompletely understood. It might involve a combination 

between the progressive decrease of the residual protection in local ruminant population and the 

maintained low level BTV circulation (possibly locally increased as a consequence of a higher vector 

activity). Indeed in non-naïve livestock clinical signs might remain undetected as long as the herd 

immunity does not fall under a specific threshold (Meroc et al., 2008). 

1.2 The unexpected emergence of Schmallenberg virus in Western Europe 

Schmallenberg virus (SBV) was discovered in November 2011 by the Friedrich Loeffler 

Institute (FLI, Riems Island, Germany) following the metagenomic analysis of a pool of blood 

samples from a farm in the city of Schmallenberg (North Rhine-Westphalia, Germany). These 

analyses were carried out following an abnormally high rate of decline in milk production associated 

with hyperthermia, severe diarrhoea and sometimes abortion in cattle from the area since August 2011. 

The percentages of nucleotide homology presented by the genetic sequences identified made it 

possible to classify this novel virus back then in the family Bunyaviridae, genus Orthobunyavirus, 

serogroup Simbu.  Gerhauser et al. (2014) reported the lack of Schmallenberg virus in ruminant brain 

tissues archived from 1961 to 2010 in Germany underlining the recent introduction of the virus in 

Europe, most likely from tropical or subtropical regions (Gerhauser et al., 2014). However, other 

orthobunyaviruses were identified in Europe, either sporadically by the analysis of mosquito pools 

(Batai virus in Germany)(Jost et al., 2011), or due to an endemic presence (Tahyna virus) (Bennett et 

al., 2011). 

Between November 2011 and mid-March 2012, the virus was detected in sheep, goats and 

cattle in Germany, the Netherlands, Belgium, United Kingdom and France, in a goat in Italy, lambs 

and calves in the Grand- Duché of Luxembourg and in a lamb in Spain, thus constituting the first 

occurrence of circulation of an Orthobunyavirus of the Simbu serogroup in Western Europe. SBV 

almost disappeared in 2013. However, since late summer 2014, new cases have occurred in adult cattle 

in Germany and in France. 
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In Belgium, the drop in cattle herds seroprevalence in 2012 (from 86 to 65 %) (Meroc et al., 

2013) was however followed by the detection of SBV RNA in three aborted calves in 2016 leading to 

the assumption of a continued low-level circulation or to a re-introduction in late autumn of 2015 

(Delooz et al., 2017; Sohier et al., 2017b). Moreover, the increase in ruminant seroprevalence against 

Schmallenberg virus during the summer of 2016 indicated the most extensive recirculation of SBV 

since its original emergence in 2011 (Sohier et al., 2017a).  

2 Taxonomy, morphology and viral replication of Bluetongue virus 

2.1 Taxonomy and structure of BTV 

Bluetongue virus (BTV) causes the eponymous bluetongue disease (BT). BTV belongs to the 

family Reoviridae, subfamily Sedoreovirinae and represents the type specie of the Orbivirus genus 

(Mertens et al., 2005). The family Reoviridae currently contains fifteen genera of multi-segmented 

dsRNA viruses, including pathogens of a wide range of vertebrates (including humans), arthropods, 

plants and fungi (Mertens et al., 2004). 

Unlike the other reoviruses, all orbiviruses are arthropod-borne viruses (arboviruses). This 

genus currently contains 22 species as well as 10 unclassified “orbiviruses” (Attoui et al., 2009). The 

three economically most important orbiviruses are bluetongue virus, African horse sickness virus and 

epizootic haemorrhagic disease virus all of which are transmitted by Culicoides species. The 

icosahedral virus particle, ≈ 80–90 nm in diameter, contains seven distinct proteins, from Viral Protein 

(VP)1 to VP7.   

BTV is a non-enveloped virus with a genome of approximately 19 200 base pairs composed of 

ten linear segments of double-stranded RNA (dsRNA) (Schwartz-Cornil et al., 2008).  The virus 

particle has been extensively studied at high resolution by cryo-electro-microscopy and X-ray 

crystallography techniques (Grimes et al., 1998; Nason et al., 2004). The ten linear segments of the 

dsRNA genome are packaged as exactly one copy of each segment (identified as Seg-1 to Seg-10 in 

order of decreasing molecular weight) within a three layered protein capsid (Sung and Roy, 2014). 

Characteristics of various proteins encoded by the different genome segments of BTV are shown in 

Table 1. 
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Table 1. Genome segments, proteins encoded by BTV segments and their functions (sizes for BTV 

serotype 10, modified from (Roy, 1992). 

Segment 

(size in base pairs) 

Protein/s encoded 

(size in kilo Daltons) 
Protein function 

S1 (3954) VP1 (150 kDa) RNA dependent RNA polymerase 

S2 (2926) VP2 (111 kDa) Receptor binding and cell entry 

S3 (2772) VP3 (103 kDa) 
Sub-core structural protein, localises viral 

polymerase complex 

S4 (2011) VP4 (76 kDa) Capping enzyme 

S5 (1769) NS1 (64 kDa) Viral protein translation enhancer 

S6 (1638) VP5 (59 kDa) Membrane permeabilization protein 

S7 (1156) VP7 (38 kDa) 
Core structural protein and receptor 

binding protein for Culicoides cells 

S8 (1124) NS2 (42 kDa) 
Concentrator of core components, viral 

inclusion body formation 

S9 (1046) 
VP6 (36 kDa) 

NS4 (17 kDa) 

Helicase 

Viral fitness to interferon response 

S10 (822) 
NS3 (26 kDa) 

  NS3A (25 kDa) 
Adaptor protein facilitating egress 

The innermost “sub-core” layer is composed of 12 copies of triangular decamers of 

VP3(Grimes et al., 1998). VP3 can be considered as a “pseudo T = 2” icosaedral lattice, which 

encloses the ribonucleoprotein “transcriptase complexes”,  comprising an individual genome segment 

associated with three minor proteins involved in transcription and replication, namely the RNA-

dependent RNA polymerase (VP1, Pol, 149 kDa), the RNA capping enzyme and transmethylase (VP4, 

CaP, 76 kDa) and the dsRNA viral helicase (VP6, Hel, 36 kDa) (Rao et al., 2017). The BTV sub-core 

layer can self-assemble when VP3 is synthesized separately from the other viral proteins (e.g. as 

expressed by a recombinant vector system) (Mertens et al., 2009).  

The intermediate layer consists of the major immunodominant VP7 structural protein (38 

kDa), organized in 260 trimers forming a T = 13 icosahedral lattice covering the sub-core (Roy, 1992). 

The VP3-VP7 interaction provides additional rigidity and strength to the sub-core layer. The core (700 

Å in diameter), composed of VP7 and VP3 and the three minor proteins VP1, VP4 and VP6 is 

transcriptionally active and produces capped mRNA from which all BTV proteins are translated 

(Ramadevi et al., 1998). 
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The core is surrounded by an “outer capsid” composed of two structural proteins, 60 trimers of 

VP2 (111 kDa) and 120 trimers of VP5 (59 kDa). The trimers of the VP2 form ”triskelion” motifs 

(three interlocked spirals) on the outer layer (Grimes et al., 1998). VP2 is responsible for receptor 

binding, hemagglutination and eliciting serotype-specific neutralizing antibodies (Schwartz-Cornil et 

al., 2008). VP2 is the major determinant of BTV serotype, with a minor role for VP5 (Mertens et al., 

1989). It is also the most variable protein of BTV.  

VP5 is more conserved than VP2 and also trimeric. It has a more globular structure and VP5 

trimers are located above VP7 trimers on the core surface layer (Hewat et al., 1992a). VP5 has been 

shown to display membrane penetration and fusion activities that mediate release of viral particles 

from endosomal compartments into the cytoplasm (Hassan et al., 2001). The structure of the BTV 

particle is shown in Figure 1.  
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Figure 1. BTV structure. BTV is a non-enveloped, icosahedral, virus with a triple capsid 

structure, about 80 nm in diameter. The intermediate capsid has a T=13 icosahedral symmetry, the 

inner capsid a T=2* icosahedral symmetry (Gasteiger et al., 2003). 

The virus has 6 or seven non-structural proteins: NS1, NS2, NS3, NS3a, NS4, NS5 and 

possibly NS5a. Four non-structural viral proteins (NS1–NS4) are only expressed in infected cells and 

have essential functions in the coordination of viral assembly, virus translocation within the cell and in 

modulating host cell responses to virus infection (Belhouchet et al., 2011). 

NS1 is a 64-kDa protein expressed from BTV genome segment 5 (Mertens et al., 1984). It 

forms “tubules” of unknown function which are observed within BTV infected cells as well as in cells 

infected with other orbiviruses (Huismans and Els, 1979). No other viral factor is required to their 

assembly since they form in the absence of any other BTV protein (Hewat et al., 1992b). NS1 is 
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identified as a positive regulator of viral protein synthesis and viral morphogenesis (Owens et al., 

2004; Boyce et al., 2012). 

NS2 is the RNA binding protein and is also the major component of virus encoded inclusion 

bodies (VIBs), which are believed to be virus assembly sites (Kar et al., 2007). 

NS3 (25.5kDa) and its shorter form NS3a (24kDa) are highly expressed in insect cells whereas 

they are almost undetectable in mammalian cells (they accumulate but at a very low level (Bansal et 

al., 1998)). They appear to be associated with both smooth intracellular membranes and plasma 

membranes. These proteins contribute to virus release thanks to viroporin-like properties by 

permeabilizing mammalian cell membrane. In addition NS3 also allows BTV to egress from infected 

cells through a budding mechanism. This mechanism might be prominent in insect cells as it induces a 

lesser cytopathic effect (Han and Harty, 2004; Schwartz-Cornil et al., 2008). Therefore NS3 amino 

acid sequence might be of importance for an efficient spreading within the insect vector (Riegler, 

2002). NS3 also represses the production of INF-I by inhibiting the RLR-dependent signalling 

pathway in non-haematopoietic cells (Chauveau et al., 2013). 

Although BTV replicates exclusively in the cytoplasm, NS4 is localized in the nucleoli of both 

mammalian and insect infected cells. NS4 is not required for viral replication (Ratinier et al., 2011). 

However NS4 is an interferon antagonist and confers a replication advantage to counteract the host’s 

innate immune response. In particular it contributes to the virulence of BTV favoring replication in 

sheep (Ratinier et al., 2016). 

BTV genome segment 10 potentially expresses a small protein overlapping the NS3 ORF in 

the +1 position. Likewise NS4 this putative NS5 protein seems to be localized in the nuclei of the host 

cells.  Viral replication in vitro or pathogenicity in vivo in mouse models does not seem to be affected 

by NS5 (Stewart et al., 2015). This newly discovered protein requires further investigation but it might 

provide some evolutionary advantage since it is well conserved among BTV serotypes, inhibits gene 

expression and tolerate amino acid change possibly allowing adaptation to changes in the host cell 

(Stewart et al., 2015).  

So far 32 distinct serotypes of BTV were described including four potential novel BTV 

serotypes: one detected in a Sheep Pox vaccine preparation in Israel (Bumbarov et al., 2016), an 

additional strain isolated from an alpaca in South Africa (Wright, 2014), another one in healthy goats 

in Sardinia (Savini et al., 2017) and the last one possibly circulating in goats in Italy in the Piedmont 

region and related to Toggenburg virus (Marcacci et al., 2018). 
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2.2 Viral replication and assembly of BTV 

Being non-enveloped orbiviruses are quite resistant in the environment, particularly in the 

presence of protein (Erasmus, 1990). However when compared to rotavirus and reoviruses BTV is 

relatively fragile as it is readily inactivated by disinfectant containing acid, alkali, sodium hypochlorite 

and iodophors (Howell and Verwoerd, 1971; Roy and Noad, 2006). 

BTV is transmitted between its ruminant hosts almost exclusively by the bites of 

hematophagous midges belonging to the genus Culicoides (Mellor et al., 2000). Virus is inoculated 

into the host bloodstream by Culicoides saliva during a blood meal. Mononuclear phagocytes and 

endothelial cells constitute the first target of the infectious virions before being disseminated via the 

host blood stream (Mohl and Roy, 2014). BTV replication can be divided in somehow classical steps 

that include adsorption, viral uptake, fusion/uncoating, transcription, protein translation, core 

assembly, and viral maturation/egress (Coetzee and Venter, 2015). Figure 2 depicts an overview of 

this process. 

 

Figure 2. Bluetongue virus cycle. From (Mertens et al., 2004). 

Virus entry in mammalian cells is initiated with the interaction of VP2 with cell surface 

receptors via sialic acid binding. The exact target receptor has to be determined but is most likely a 

glycoprotein (Hassan and Roy, 1999). Following attachment BTV virions are internalized through a 
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clathrin-mediated endocytosis pathway (Forzan et al., 2007). Acidification of the endosome is 

essential to allow entering of BTV particles since VP5 fusogenic activity is enabled by low-pH 

environment (Eaton et al., 1990). Within the early endosome the outer coat (composed of VP2 and 

VP5) is quickly lost. 

Since VP2 and VP5 were demonstrated to be able to trigger apoptosis in mammalian cells the 

cell entry and uncoating has to be fast in order to outpace the activation of the NF-кB path (Mortola et 

al., 2004). Indeed adsorption and penetration were reported to occur within 10 min. following the 

infection (Lecatsas, 1968). 

By contrast, VP7 trimers are responsible for insect cell binding activity (Xu et al., 1997; Tan 

et al., 2001). In addition BTV particles lacking the VP2-VP5 outer-core displayed a higher oral 

infectivity in insects (Mertens et al., 1996). Since VP2 also mediates the BTV binding to erythrocytes 

(Hassan and Roy, 1999), this stresses the potential importance of host serum or insect gut proteases in 

the initiation of the infection of the vectors.   

Infected endosomes translocate the BTV core into the cytoplasm. This again occurs quite 

readily after infection as viral particles were detected in the cell cytoplasm within 1 hour post-infection 

(Huismans et al., 1987b; Forzan et al., 2007).  

The outer-core removal activates the transcription functions of the core particle. In order to 

escape the cell defense mechanisms induced by the recognition of dsRNA by the host, the ten genome 

segments are synthesized within the core itself (Eaton et al., 1990). In total BTV genome is about 

19200 base pairs (bp), ranging from 3954 for segment 1 to 822 bp for segment 10; however the exact 

length depends on the serotype (Fukusho et al., 1989).  The viral RNA-dependent RNA polymerase 

VP1, the capping enzyme VP4 and and the helicase VP6 are located at the inner side of VP3 (Nason et 

al., 2004). Each of these proteins can work independently and together constitute the transcription 

complex.  

Quite interestingly, BTV along with epizootic haemorrhagic disease virus (EHDV) and 

African horsesickness virus (AHSV) do transcribe mRNA optimally at 28°C (Van Dijk and Huismans, 

1982).  The temperature of VP1 activity range underlines the adaptation of the virus to both insects 

and mammalian cells (Schwartz-Cornil et al., 2008). 

To allow the proper transcription of the BTV genome segments VP1 needs to get a clear 

access to the viral dsRNA. VP6 binds and unwinds the dsRNA ahead of VP1 and also separates 

parental and newly synthesized RNAs (Stauber et al., 1997). VP1 proteins transcribe positive sense 

ssRNA (mRNAs) from each of the genome segments (Boyce et al., 2004). Capping of the mRNAs is 
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achieved by the triple enzymatic activity of VP4: RNA triphosphatase, followed by 

guanylyltransferase and finally a methyltransferase (Patel and Roy, 2014).  

High resolution crystallography and electronic microscopy allowed to identify conformational 

changes at the five-fold axes of the VP3 layer. The VP3 decameric structure therefore defines pores 

that can be used for the trafficking of viral nucleic acids and substrate from the core to the host cell 

cytoplasm (Gouet et al., 1999). Based on findings regarding rotaviruses assembly (Periz et al., 2013), 

it is suggested that each segments are associated with a single transcription complex. BTV has 10 

segments and the VP3 decamer structure defines twelve vertices, leaving two potential pores unused. 

Therefore this model requires confirmation.  

BTV transcripts are extruded from the core through these pores to the cell cytoplasm.  There, 

they act as templates for translation and for negative ssRNA to further synthetize genomic dsRNA 

(Mertens et al., 1984; Diprose et al., 2001). As a consequence of the major role of the viral 

polymerase, VP1 and its corresponding segment are amongst the most conserved proteins/RNA 

segments considering the different BTV serotypes and even in the Reoviridae family (Mertens et al., 

2004). 

Viral mRNAs are translated using the host cellular machinery. In the infected mammalian cell 

BTV specific proteins can be detected 2 to 4 hours post-infection with an increasing production rate 

until 11 to 13 hours post infection (Verwoerd and Huismans, 1972; Eaton et al., 1990).   

Core assembly mostly takes place in the viral inclusion bodies (VIB) near the nucleus. NS2 

composes the VIB where encapsidation of the segments takes place in the VP3 shell (Kar et al., 2007).  

Reassortment – the exchange of homologous genome segments with closely related viruses – 

is a powerful evolutionary mechanism for segmented viruses and BTV in particular. It was described 

from the field between wild and vaccine strains in any possible combinations (Batten et al., 2008b; He 

et al., 2010; Maan et al., 2010; Maan et al., 2012b) as well as in vitro (Samal et al., 1987; Gould and 

Hyatt, 1994). 

The exact packing mechanism of the viral proteins and segments remains still unclear. Still, 

there is only one copy of each genome segment that is selected for packaging within the VP3 subcore. 

Outer core proteins VP2 and VP5 seem to be added to the progeny core as it leaves the VIB (Mertens 

et al., 2004). 

The mature virions are exported by exocytosis mediated by the interaction between VP2 and 

vimentin (Bhattacharya et al., 2007). They reach host cell membrane where NS3 interacts with 

calpactin and acts as a bridge molecule facilitating cell membrane trafficking (Celma and Roy, 2011). 
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Egress of the mature viral particles is achieved through budding or rupture of the cytosolic membrane 

possibly leading to cell death (Patel and Roy, 2014). Production of viral particles is reported to be 

exponential between 8 and 24 hours post-infection (Schwartz-Cornil et al., 2008).  

3 Taxonomy, morphology and viral replication of Schmallenberg virus 

3.1 Taxonomy and structure of SBV 

Until the recent changes in viruses nomenclature implemented by the International Committee 

on Taxonomy of Viruses (Adams et al., 2017) SBV was part of the Bunyaviridae family, genus 

Orthobunyavirus, grouped within the serogroup Simbu along with at least 27 other virus species. The 

members of the Simbu serogroup show cross-reactions to the complement fixation test but are 

distinguished by seroneutralization (Kinney and Calisher, 1981) and by genetic sequence analysis. 

Two members of this group are of particular medical importance, the Akabane (AKAV) and 

Oropouche (OROV) viruses, respectively in veterinary and human medicine. 

Yet still part of the Orthobunyavirus genus, SBV, AKAV and Aino virus (AINOV) are now 

considered exemplar viruses of the species Sathuperi orthobunyavirus, Akabane orthobunyavirus, and 

Shuni orthobunyavirus respectively (De Regge, 2017). These belong to the new order Bunyavirales, 

family Peribunyaviridae (formerly Bunyaviridae), which comprises the genus Orthobunyavirus and 

Herbevirus (host range limited to insects). Viruses belonging to the Peribunyaviridae family are 

enveloped viruses with a segmented RNA genome.  The viral genome is single-stranded negative 

sense and SBV-virions are spherical, about 100 nm in diameter (Elliott, 2009).  

Their genome consists of 3 segments: S (Small), M (medium) and L (Large), these names 

reflecting their respective length in terms of number of nucleotides (Walter and Barr, 2011).  

The S segment of all Orthobunyaviruses encodes the nucleocapsid protein N and also a non-

structural NSs protein, which plays a role in mediating the antiviral response of infected cells.  

The M segment encodes a membrane protein precursor that will be cleaved by cellular 

proteases to form the two viral glycoproteins Gn and Gc, which play an essential role in the maturation 

of new viral particles and attachment to sensitive cells. These two glycoproteins were also referred to 

as G1 and G2, respectively (Saeed et al., 2001). This segment further encodes an NSm protein, derived 

from the same protein precursor as Gn and Gc, which also seems to play a role in viral morphogenesis.  

A single protein is encoded by the L segment, a large complex protein that constitutes the viral 

RNA-dependent RNA polymerase (Figure 3). 
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Figure 3. SBV structure. Enveloped, spherical. Diameter from 80 to 120nm. The three 

genomic RNA segments (small, medium and large) are encapsidated by the N protein to form three 

ribonucleoprotein (RNP) complexes that associate with the RdRp and are contained within the lipid 

envelope of the particle that is derived from the host cell Golgi complex, modified by insertion of the 

viral glycoproteins Gn and Gc (Elliott, 2014). 

The first data from sequencing of the three genomic segments of SBV reported a nucleotide 

homology of 97% with the Shamonda virus (SHAV), 71% with AINOV, and 69% with AKAV 

respectively for the S, M and L segments (Hoffmann et al., 2012). This greater phylogenetic proximity 

to the SHAV has led FLI researchers to initially talk about Shamonda-like viruses to characterize 

SBV. Further and more recent sequencing of three genomic RNA segments of Sathuperi virus 

(SATV), SHAV and Douglas virus (DOUV) revealed that the M RNA segment of SATV and DOUV 

have a high degree of sequence identity with that of SBV, but the S and L RNA segments closely 

matched those of SHAV (Figure 4). Phylogenetic analysis suggested that SBV is a reassortant, with 

the M RNA segment from SATV and the S and L RNA segments from SHAV (Yanase et al., 2012). 

Genetic investigations covering additional Simbu serogroup viruses indicated that SBV should be 

classified within the species Sathuperi virus (Goller et al., 2012). SBV is likely to be the ancestor of 

SHAV, which is in contrast a reassortant virus comprising the S and L segments from SBV and the M 

segment from another virus, as proposed previously by Saeed et al. (Saeed et al., 2001). 
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Figure 4. Phylogenetic relationships of Simbu serogroup viruses for the M (A), L (B), and S 

(C) coding regions. DOUV, Douglas virus; SATV, Sathuperi virus; SBV, Schmallenberg virus; 

SHUV, Shuni virus; AINOV, Aino virus; SIMV, Simbu virus; PEAV, Peaton virus; SANV, Sango 

virus; AKAV, Akabane virus; SABOV, Sabo virus; SHAV, Shamonda virus; OROV, Oropouche 

virus. ND, not determined. Cross neutralization of SBV antibodies against 9 Simbu serogroup virus 

strains were tested (upper right A panel). DOUV and SATV were well neutralized whereas SHAV 

titers (as well as AKAV titers) were not reduced at all. These results support the M gene phylogeny. 

Moreover, as SBV, DOUV and SATV cluster for all three segments but SHAV only for L and S 
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segments, it appears that SHAV, and not SBV, is a reassortant within the Simbu serogroup. From 

(Goller et al., 2012). 

3.2 Viral replication and assembly of SBV 

The life cycle of SBV is largely based on the knowledge gathered studying other 

Peribunyaviridae, since SBV was quite recently discovered. Virus attaches to the host cell through 

Gn-Gc glycoprotein dimer interactions with membrane surface receptors (Figure 5). These receptors 

are currently unknown, however dendritic cell-specific intercellular adhesion molecule 3-grabbing 

non-integrin (DC-SIGN) was reported as a potential candidate receptor (Lozach et al., 2011). 

Following attachment cell entry is likely mediated by clathrin-dependent endocytosis (Hollidge et al., 

2012). Acidification of endocytic vesicles leads to the uncoating of the viral particles. The viral 

envelope then fuses with the endosomal membrane (Plassmeyer et al., 2007). Ribonucleoproteins 

(RNPs) segments are released in the cytoplasm and accumulate in the Golgi. Virus factories form and 

there viral RNA-dependent RNA polymerase (RdRp) starts the primary transcription of viral mRNAs. 

Transcription is initiated when RdRp cleaves a 10 to 18 nucleotides sequence from the 5’ end of host 

mature mRNAs. These cellular sequences are subsequently used to prime the transcription of capped 

viral mRNAs in the cytoplasm (Patterson et al., 1984). Quite a particular feature is the need of on-

going translation within the host cell to allow proper transcription of peribunyaviruses (Kolakofsky et 

al., 1987). The origin of this mechanism remains unclear (Elliott, 2014). Viral proteins are synthetized 

by host cell ribosomes (Doceul et al., 2013). 

It seems that peribunyaviruses start to replicate once the quantity of N proteins in the 

cytoplasm reaches a threshold level. RdRp and N protein are the only required viral protein for 

transcription and replication (Dunn et al., 1995). As previously described for BTV, reassortment is a 

common phenomenon for segmented viruses. Given the tripartite genome of peribunyaviruses, 

coinfection with two different viruses could lead to 6 different theoretical reassortants. However as 

stated here above it was recently reported that to allow proper replication and transcription a functional 

promoter has to be recognized by RdRp and N proteins. Hence reassortants whose L and S segments 

came from the same virus tend to benefit from their higher replication rate (Tilston-Lunel et al., 2017). 

As a consequence reassortant progeny viruses display at a higher frequency L and S segments from a 

same origin. 

Assembly and budding occur in tube-like virus factories comprising both cellular and viral 

(NSm) components that are built around the Golgi complex (Murphy et al., 1973; Doceul et al., 2013). 

Dimerized viral glycoproteins Gn and Gc accumulate in Golgi stacks and associate with RNPs. 

Maturation of viral particle is achieved by the migration through Golgi compartments. The progeny 
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virions are transported to the cell surface by exocytosis. Following virus release, further maturation 

occurs resulting in full infectivity (Walter and Barr, 2011; Elliott, 2014). 

 

  

Figure 5. Overview of Orthobunyaviruses life cycle (Elliott, 2014). 

4 Epidemiology 

4.1 Introduction routes 

Arboviruses can be introduced from one affected area to a naïve area following 4 main 

mechanisms: i) animal movement (domestic and wild, legal or illegal) or animal product transport 

(semen, embryos), ii) infected vectors carried by various living beings (animals or plants) or fomites; 

iii) active movement (flight of the vector in the case of BTV and SBV) and iv) through passive 

transportation (by wind for long-distance dissemination for BTV and SBV) (Saegerman et al., 2008). 
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Mintiens et al. reviewed in 2008 the possible routes of introduction of BTV8 at the Epicentre 

of the 2006 North-Western Epidemic regarding movements of ruminants, horses, semen or embryos 

(Mintiens et al., 2008). No obvious origin could be determined. In addition, introduction of infected 

vectors by wind, plants, aircraft or through illegal animal trade were considered unlikely to be the 

cause of the introduction of BTV8.  Indeed, the best matches with the original BTV8 European strain 

were isolates from sub-saharian African countries, namely South Africa (reference strain), Kenya and 

especially Nigeria (Maan et al., 2008). From Nigeria to the Netherlands not much commercial 

exchanges exist and no cattle trade was registered between 2001 and 2011 (FAO, 2018). 

Retrospective studies assessing the initial occurrence of BTV8 led to hypothesize an original 

introduction of BTV somewhere in 2006 near the National Park of Hautes Fagnes et Eifel at the 

border between Belgium and Germany (Saegerman et al., 2010). In addition, the likely use of 

unlicensed incompletely attenuated live vaccine resulted in the transitory appearance of BTV6 and 

BTV11 in the Netherlands, Germany and Belgium. Both serotypes appeared during the 2008 vector 

season (De Clercq et al., 2009; Maan et al., 2010; van Rijn et al., 2012). The exact source of these 

serotypes remains unknown and they both spontaneously disappeared without the implementation of 

any particular control measure.    

SBV introduction in Western Europe is even more puzzling. The use of 

immunohistochemistry and in-situ hybridization in ruminant brain tissue archived between 1961 and 

2010 in Germany did not allow to find any evidence of SBV proteins or RNA in the tested samples. 

Therefore it was hypothesized that SBV was only recently introduced from tropical or subtropical 

regions (Gerhauser et al., 2014). Indeed, several studies from South-Africa, Tanzania, Mozambique 

and China reported serological results suggesting SBV circulation in livestock possibly before the 

onset of the European epizootic (Leask et al., 2013; Blomstrom et al., 2014; Mathew et al., 2015; Zhai 

et al., 2018). However the SBV circulation outside Europe mainland has to be seen only as potential 

since serological cross-reactivity within the Simbu serogroup has been described based on ELISA 

results (mostly detecting anti-N protein antibodies) as well as on seroneutralization results (detecting 

anti-Gn/Gc antibodies) (Kinney and Calisher, 1981; Mathew et al., 2015). 

4.2 Bluetongue Virus and Schmallenberg Virus are arboviruses  

The European Palearctic Culicoides species constitute the main BTV and SBV transmission 

route. Culicoides are telmophagous insects: they feed from a pool of blood caused by tissue laceration, 

which includes blood, skin cells and lymph (Pages et al., 2014). Culicoides saliva contains vasodilator, 

anticoagulant and other components inhibiting leucocytes response (Perez de Leon et al., 1997; Perez 

de Leon et al., 1998; Bishop et al., 2006). Once bitten, the host recruits inflammatory cells that might 

be targets for viruses (Takamatsu et al., 2004). 
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In the field, culicoides become infected with an arbovirus only via a blood meal on an infected 

vertebrate host, and unlike other insect groups such as sandflies, mosquitoes and ticks (Walker and 

Davies, 1971), there is no scientific evidence to suggest vertical or horizontal transmission of viruses 

in infected culicoides (Mellor et al., 2000). Persistence of the virus in long-lived parous female midges 

is a more likely mechanism for overwintering of BTV in Europe (Mellor et al., 2000; Osborne et al., 

2015). However, recently Larska et al. (2013) suggested a possible trans-ovarian transmission of SBV 

by Culicoides (Larska et al., 2013). The time period that spans from the ingestion of a virus during an 

infected blood meal to the transmission capacity is called an "extrinsic incubation period". During this 

time, the virus replicates in the midgut epithelial cells of the insect (Figure 6), and then diffuses to 

infect the secondary target organs. The virions thus produced will disperse in the insect via 

hemolymph.  

 

 

Figure 6. Schematic cycle of arbovirus infection in Culicoides species (Venter, 2014). 

SBV had an apparent higher rate of spread in matter of geographic coverage by time unit when 

compared to BTV (Sedda and Rogers, 2013). However in this latter study case definition differed for 

each disease, with BTV cases defined as clinical disease in adult ruminants and SBV cases defined as 

fetal malformation cases. As a consequence SBV actual spread speed may have been overestimated 

since unapparent infection of adult ruminants were not recorded.   
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Vectorial capacity is the measure of the ability of a vector population to transmit a pathogen to 

a population of susceptible hosts (Garrett-Jones, 1964; Christofferson and Mores, 2011). The vector 

capacity is calculated using a combination of the biting rate, host preference, frequency of blood 

meals, vector competence, daily survival of the vector and extrinsic incubation period (Gerry et al., 

2001).  

Vector competence refers to the ability of a vector to support virus infection, replication 

and/or dissemination. It is estimated by the proportion of vector midges actually getting infectious 

following a meal of infectious blood. It is dependent upon genetics of the vector and environmental 

factors (Saegerman et al., 2008; Venter, 2014).  

A competent vector may have a low vectorial capacity due to low biting rates or survivorship. 

By contrast, a low vector competence could be compensated by an aggressive behavior and high biting 

rate (Venter, 2014).  

Indeed, data regarding the respective spread of orthobunyaviruses versus orbiviruses are not 

always consistent. A seroprevalence study in Central Sudan revealed different spread dynamics 

between Akabane and BTV and other orbiviruses, with sporadic occurrences over the years for the 

former and enzootic state for the latter (Mohamed et al., 1996). In Turkey as well Akabane virus has 

spread neither on the northeast coast nor on the Anatolian plateau, unlike BTV. Therefore these two 

viruses might be transmitted locally by different vectors, or if Culicoides imicola is their only vector, 

that it is more competent for BTV than for the Akabane virus (Taylor and Mellor, 1994). Kirkland by 

contrast reported a higher level of transmission efficiency for Akabane virus when compared to BTV. 

Vector competence, infection rate and attack rate are key elements to mitigate the transmission of 

viruses to the mammalian host and are species dependent (Kirkland, 2015).  

Given the Culicoides vector species are similar for BTV and SBV infection rate during an 

epidemic has an important influence on disease transmission speed and extent. In areas where the 

classical C. imicola and palearctic Culicoides species are sharing the same ecosystem, higher BTV 

infection rates were associated with C. scoticus, C. newsteadi when compared to C. imicola (Foxi et 

al., 2016). In the lab BTV infection rate of Culicoides blood fed on membrane reach usually about 10-

30 % (Tabachnick, 1996; Fu et al., 1999; Gerry et al., 2001) and up to 51.6% (Jennings and Mellor, 

1987). In the field however captured Culicoides usually display an infection rate significantly lower 

and frequently below 1% regarding Culicoides sonorensis (Gerry et al., 2001). Minimum infection rate 

(MIR) of the obsoletus complex was reported to be about 2.6% (Vanbinst et al., 2009), which is much 

higher than the ones reported in two Italian studies about the BTV2 epidemic of 2002 and in the more 

recent study of Foxi et al. In these studies infection rates of 0.05% for C. obsoletus/C. scoticus (Savini 

et al., 2005), 0.22% for C. obsoletus/C. scoticus, C. dewulfi and C. chiopterus (De Liberato et al., 
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2005) and 0.058 for C. scoticus (Foxi et al., 2016) were reported. In the US the estimated overall 

infection rate ranged from 0.08 % to 0.4% for Culicoides sonorensis (Gerry and Mullens, 2000; Gerry 

et al., 2001). It has however to be stressed that BTV infection of culicoides leads to an aversion 

towards light, therefore possibly underestimating the actual infection rate of the vector population as 

light traps are among the most commonly used traps (McDermott et al., 2015). 

Considering that each SBV positive pool of C. obsoletus caught in the region of Antwerp in 

the months of September and October 2011 only contained one positive midge, infection rate would 

have reached 3.61% in this species in this region (De Regge et al., 2012). In Southern Belgium 

infection rate reached at least 2.86 % during the summer of 2012 (De Regge et al., 2014). To this 

respect SBV infection rate in European palearctic Culicoides species seems to be higher when 

compared to BTV infection rate. Regarding the Orthobunyavirus genus the potential difference in 

transmission efficiency between SBV and Akabane virus might rely on the sequence of the M 

segment. Indeed the importance of the M segment in determining vector competence and vector range 

was studied and reported in the California serogroup (Horne and Vanlandingham, 2014).  

SBV RNA could be detected in Culicoides caught in Denmark in October 2011 (ProMED-

mail, 2012b), in Belgium in a pool of C. obsoletus caught in early September 2011 and a pool of C. 

dewulfi caught at the beginning of October 2011(ProMED-mail, 2012a), as well as in Italy, on 6 

Culicoides pools belonging to the obsoletus complex captured between September and November 

2011. In Belgium, the RTqPCR were made only on culicoides heads. In this way, insects whose 

positivity is linked to a recent blood meal taken on viraemic animals are discarded. Thus, a positive 

result suggests the presence of virus in the salivary glands of the culicoides and reflects a possible 

active transmission of the virus with biological amplification by the vector (De Regge et al., 2012). 

By contrast the role of mosquitoes or other arthropods in the transmission and epidemiology of SBV is 

currently highly unlikely (Doceul et al., 2013). In mosquitoes the salivary gland barriers seem able to 

prevent the further dissemination of SBV within the insect (Wernike et al., 2014b; Manley et al., 

2015).  

4.3 Vertical transmission 

Vertical transmission from pregnant dams to their offspring is of major consequences for both 

SBV and BTV, especially BTV8 and lab-adapted strains (Wouda et al., 2009; Veldhuis et al., 2014a). 

Many pathogens are capable of crossing the placenta to cause fetal injury. Most maternal virus 

infections are not transmitted to the fetus; however, certain viruses are capable of crossing the 

placental barrier possibly causing developmental defects (teratogenesis). Teratogenesis is the 

production of a permanent abnormality in structure or function, restriction of growth, or death of the 
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embryo or fetus (Gilbert-Barness, 2010). The outcome of in utero infection depends on the 

susceptibility of the fetus to the infecting virus which, in turn, is a reflection of the gestational age of 

the fetus at exposure as well as the virulence characteristics of the infecting virus (MacLachlan et al., 

2000).  

In cattle the SBV transmission rate leading to congenital defects is assumed to be low, around 

0.5 % (Veldhuis et al., 2014a). By contrast, subclinical transmission might be underestimated and 

could be as high as 12.5% (Wernike et al., 2014a) and up to 28 % (Garigliany et al., 2012a). During 

the BTV epizootic of 2007-2008, Darpel et al., estimated transplacental infection rate of 33 %, which 

is consistent with the latter result (Darpel et al., 2009). 

The lesions potentially presented by the calves affected in utero by SBV could be 

distinguished according to two entities: a hydrocephaly / hydranencephaly syndrome and a torticollis / 

arthrogryposis syndrome. By analogy with Akabane virus the infection during the first 6 months 

seems to be critical: an infection of the fetus between 76 and 104 days usually gives rise to 

hydranencephaly / porencephaly type lesions, and from 103 to 174 it is predominantly arthrogryposis 

(Kirkland et al., 1988). The latest lesions have been observed for infection at 249 days of gestation, 

and it appears that fetuses less than 2 months old (after conception) could be protected from in utero 

infection (Kirkland et al., 1988). 

 By contrast with SBV, BTV in utero infection is usually associated to BTV lab adapted 

strains (i.e. passaged on cell culture like modified live vaccine strains) or more recently with the 

European BTV8 wild type virus. Indeed early studies reported a readily crossing of the placental 

barrier when ewes were infected with lab-adapted BTV or modified lab vaccine strains (Schultz and 

Delay, 1955; Cordy and Shultz, 1961). The highest susceptibility was then observed around 35-42 

days of pregnancy (Kirkland and Hawkes, 2004) and infections after day 75 resulted in much lighter 

consequences (Osburn et al., 1971). Placental crossing, depending on the gestational stage, the BTV 

serotype and the inoculated dose, was reported to cause congenital defect in up to 40% of the offspring 

of infected ewes (Anderson and Jensen, 1969). 

In cattle not so much studies were carried over however similar nervous lesions were reported 

when BTV lab-adapted or modified live-vaccine strains were involved (Richards et al., 1971; 

MacLachlan et al., 2000). By the end of the XX
th
 century, at least five BTV serotypes (BTV4, BTV10, 

BTV11, BTV13, BTV17) were reported to be able to cross the placental barrier and possibly causing 

teratogenic effects (MacLachlan et al., 1985b; Richardson et al., 1985; Vercauteren et al., 2008). In 

utero infection caused by wild-type strains was considered uncommon (Waldvogel et al., 1992b) yet 

documented (McKercher et al., 1970). 
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4.4 Transmission through direct contact 

Oral contamination of dogs was reported for the BTV closely related African Horse sickness 

virus (AHSV) following the ingestion of infectious horse meat  (Van Rensberg et al., 1981).  First 

occurrence of a potential BTV8 oral transmission to cattle was reported in 2008 supposedly following 

the ingestion of infectious placenta (Menzies et al., 2008). However prior to this first study Jauniaux et 

al. described the case of two lynx that died most likely of bluetongue disease. These animals were 

used to be fed with fetuses, stillborn and placentas of cattle at a time and in an area highly prevalent 

with BTV (Jauniaux et al., 2008). Oral infection was also documented for BTV8 in calves, but the 

study involved the consumption of spiked milk in quantities unlikely to match a possible field 

situation (Backx et al., 2009). In the USA non-productive perinatal BTV11 infection was reported. 

However the infection did not lead to seroconversion, viraemia or long lasting nucleic acid detection. 

The source of the contamination was confirmed to be colostrum (Mayo et al., 2010). 

Animals can also get bluetongue disease as a nosocomial infection: bitches aborted and 

subsequently died of heart failure and respiratory distress following routine vaccination against 

distemper vaccine (Evermann et al., 1994). Unfortunately the vaccine was tainted with BTV11, 

already known for its ability to cross the placental barrier (Waldvogel et al., 1992a).  

Some more unclear direct transmissions were also described in the supposed absence of vector 

midges and contamination through feed: Van der Sluijs et al. first reported the transmission of BTV8 

to a control pregnant ewe housed with challenged animals (van der Sluijs et al., 2011). Two years later 

the same author also described the transmission in similar condition of BTV1 to a control pregnant 

ewe (van der Sluijs et al., 2013). Other BTV serotypes revealed their potential for direct contact 

transmission. Once every other likely routes of infection were ruled out (midges, feed or iatrogenic 

through the use of contaminated needles) Batten et al. concluded that BTV26 could possibly be 

transmitted by direct contact between goats (Batten et al., 2013b). An additional study confirmed in 

2014 that BTV26 is readily transmitted through direct contact in caprine and is likely to be refractory 

to replication in the insect host (Batten et al., 2014). Such transmission was also described in red deer 

with BTV1 but then since during the experiment the animals were fighting quite seriously for 

dominance it was hypothesized that transmission to a control animal in such circumstances might be 

related to wound to wound contact or oral to wound contact (Lopez-Olvera et al., 2010). BTV2 adds 

up interestingly as a control ewe, kept in a different pen (70 cm away) from the challenge animals, 

displayed RNAemia and seroconverted. The authors brought forward a potential undetected 

contamination via the oral route (Rasmussen et al., 2013). The recently discovered BTV27 also 

showed abilities to be transmitted by direct contact between goats, whereas sheep and cattle seem to be 

insensitive to the virus (Breard et al., 2018). 
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The risk of iatrogen transmission of BTV was assessed and demonstrated through the use of 

shared needles for subcutaneous inoculation. However the real importance of that mean of 

transmission has to be clarified and is believed to be rare under field condition since only 25 % of the 

recipient animals (cattle and sheep) became infected (Darpel et al., 2016). 

So far there was no direct horizontal animal to animal transmission reported for SBV. Spread 

modelling taking into consideration latent period, duration of viraemia, probability of host-vector 

transmission and viral replication rate are satisfying explanatory variables to explain the rapid spread 

of the virus without the need of alternatives to the vector transmission such as direct transmission 

(EFSA, 2014; Gubbins et al., 2014).  

4.5 Genetic evolution 

Like other families of RNA viruses, Peribunyaviridae-RNA-dependent RNA polymerases and 

orbiviruses VP1 RNA-dependent RNA polymerase are prone to produce errors in the replication of the 

viral genome. Broadly speaking, RNA virus replication is characterized by high mutation rates (10
−5

 to 

10
−3

 misincorporations per nucleotide copied), short generation times, and high progeny yields 

(Domingo and Holland, 1997). In addition, segmented RNA viruses also generate genomic variation 

through recombination and reassortment (Bonneau et al., 2001). Therefore RNA viruses form 

populations of closely related viral variants that started from a single clone: the quasispecies 

(Domingo et al., 1996; Biebricher and Eigen, 2006). 

As SBV and BTV are transmitted by arthropod vectors, the viruses undergo typically an 

alternate two-host ‘life cycle’ and are therefore suggested to be more stable and to evolve slower than 

vector-independent viruses (Fischer et al., 2013). 

Both steps may put selective pressures on the viruses, but it remains unknown whether 

sequence divergence is related to the mammalian or arthropod portion of the virus life cycle. However 

it has been demonstrated that despite the lack of changes in the consensus sequence, the passage of 

BTV in Culicoides cells induces an increase of the number of low-frequency variants as well as an 

increase in virulence (Caporale et al., 2014). The biological stage of the virus within the insect vector 

seems to act a major role in the development of genomic variability and possibly as a consequence, 

explains at least partly the virulence of BTV. This is in line with results of Heidner et al. that 

demonstrated the genetic stability of BTV in cattle throughout prolonged infection and despite a strong 

humoral immune response (Heidner et al., 1988).  Moreover, previous studies reported a correlation 

between the lifespan of the vector and the mutation rate, with short-living arthropods like mosquitoes 

were accumulating more mutations by time unit when compared to ticks (Gould et al., 2003). Since 

Culicoides are blood-feeding biting midges with a life-cycle closer from mosquitoes than from ticks 
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(Verhoef et al., 2014), one may hypothesize that culicoides-borne viruses display quite a large 

variability in relatively short amount of time. By contrast, Carpi et al. demonstrated that BTV genome 

segments have substitution rates usually lower (0.5-7 X 10
-4

 nucleotides substitutions per site, per 

year) when compared to single stranded positive sense RNA arboviruses (Carpi et al., 2010).  

SBV as well seems overall showing a high level of genetic stability when passaged in cell 

culture (Hofmann et al., 2015b) and indeed the cycle between arthropod vector and mammalian host as 

well tend to repress the genetic drift of the virus (Garigliany et al., 2012b). Nonetheless the outcome of 

passages in cell culture can be quite unexpected and interesting: Varela et al. generated a SBV clone 

passaged 32 times that happened to be more virulent in mice than wild type virus (Varela et al., 2013).  

Most of the interesting mutations were found in the part of the M segment coding the Gc protein. The 

Gc protein being exposed on the outer surface of the virion it is indeed the main target for SBV 

neutralizing antibodies. The involvement of the N-terminal region of the Gc glycoprotein as a major 

element of genetic variability was confirmed by other studies and that particular region of the M 

segment was then referred to as a mutation “hot spot” at the origin of an hypervariable region in the 

Gc protein (Coupeau et al., 2013a; Fischer et al., 2013). 

Reassortment of gene segments has been shown to occur extensively within both families 

Peribunyavirdae and Reoviridae (Weaver, 2006). Antigenic shift is a particular case of reassortment 

where the phenotypic properties of the virus are changed. In presence of pathogenic and 

nonpathogenic strains the outcomes of reassortment could be an increase in the pathogenicity in a 

previously avirulent strain and vice-versa (Shaw et al., 2013). SBV was believed to be a field 

reassortant between Sathuperi and Shamonda viruses (Garigliany et al., 2012b; Yanase et al., 2012) 

before it was established it was actually part of the species Sathuperi and a possible ancestor of the 

reassortant Shamonda virus (Goller et al., 2012). Recently it was shown that reassortment between 

SBV and Oropouche virus, another Orthobunyavirus yet belonging to another species, is not unlikely 

to occur (Tilston-Lunel et al., 2017). Peribunyaviridae are so prone to reassortment that it was 

hypothesized that all current Peribunyaviridae are actually reassortant viruses (Briese et al., 2013). 

BTV ease on reassortment was described for a long time in the field and through experimental 

infections of mammals and insects vector (el Hussein et al., 1989; Maan et al., 2012b; Shaw et al., 

2013). The timing of the infection is of consequence in the success of the reassortment since 

synchrone or shortly delayed infection with two serotypes could lead to a high reassortment rate 

whereas later super infection restrains the chances of reassortant progeny viruses to be generated (el 

Hussein et al., 1989). It seems that reassortment can involve any genomic segment but the origin of the 

transmitted ones suggests it is not random with over and under representation of particular segments 

from specific parental origin (Ramig et al., 1989). Moreover, the tendency to transmit certain segments 
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at a higher frequency seems not to be host-specific as similar segregation patterns were reported in 

VERO cells as well as in vector insects (Ramig et al., 1989).  

Although genetic drift and antigenic shift are key elements to drive the evolution of segmented 

RNA viruses, recombination is another mechanism potentially leading to the emergence of new strains 

(Nagy and Simon, 1997). Recombination events were described in BTV not as usual events but still 

acting as evolutionary forces allowing orbiviruses to leap forward in fitness in a single step (He et al., 

2010).  Recombination in Peribunyaviridae was described too, but so far only for a few viruses and 

recombination in SBV has to be demonstrated (Klimas et al., 1981; He and Ding, 2012). 

Fast genotypic and phenotypic changes can also be promoted through founder effect: a small 

number of viral variants can be fixed and thereby give raise to a novel genotype (Chao, 1990). The 

long term low level RNAemia observed in BTV infection can lead to the random ingestion of a single 

variant from the quasispecies virus population by a culicoide, subsequently amplified and spread in the 

field (Bonneau et al., 2001).   

5 Economic losses and impact on livestock industry 

BTV infection can lead to tremendous financial loss, partly due to direct losses from mortality 

and reduced production but mostly from the ban of ruminant trade (Zientara et al., 2010). Global 

economic losses, thus mainly secondary to trade restrictions through limitations of livestock and 

germplasm movements to bluetongue free countries were previously estimated at as much as three 

billion dollars annually and 125 million dollars for the US alone (Tabachnick, 1996). 

The Belgian ovine flock indeed paid a very heavy toll to BTV. The 2007 epizootic of BTV8 in 

Northern Europe was far more aggressive than in 2006. Between July and October 2007, around 25 

000 more sheep died in Belgium than during the same period in 2006, representing approximately one-

sixth of the national flock (Wilson and Mellor, 2009). By the end of 2007, well over 30 000 farms in 

northern Europe had been infected, causing over 150 million euros of damage through direct costs and 

way more in lost trade. The 2006 epizootic of BTV8 in Northern Europe is believed to have caused 

greater economic damage than any previous single serotype BTV outbreak (Wilson and Mellor, 2009). 

In the Netherlands the BTV8 epizootic in 2006 and 2007 has been estimated to a cost of 32.4 

and 164-175 million euros, respectively (Velthuis et al., 2010). Using the same model the financial 

impact has been assessed around 40 million euros for 2008 (Velthuis et al., 2011). Milk losses were 

estimated to potentially reach more than 3% of the annual production of dairy cows following the 

infection of a naïve herd, with a negative impact on production up to 4 months after the first detection 

of a case in an infected herd (Nusinovici et al., 2013). 
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In Switzerland a stochastic economic model applied to retrospective (2008-2009) and 

prospective (2011-2012) analyses estimated losses from 2.6 million euros in 2011 to 12.2 million for 

2008 (Hasler et al., 2012).  

In Belgium, the average estimated losses at the level of the entire Walloon Region for the 

period 2006-2007 were respectively 32.3 million euros (low assumption based on the census of 

officially declared households), 90 million euros (medium assumption based on a representative 

survey of veterinarians) and 104.8 million euros (high assumption based on four representative 

surveys of cattle and sheep farmers) (Hanon et al., 2009). 

Regarding SBV, recent studies evaluated an impact ranging from 23 to 43 euros per cow per 

year versus 19 to 37 euros per ewe per year (Waret-Szkuta et al., 2017). Other authors evaluated an 

annual cost between £ 6.40 to £ 20.85 £ per ewe in the UK versus £ 4.75 to 17.20 in France (Alarcon 

et al., 2014). Likewise, the SBV cost has been evaluated from £ 8.2 to £ 51.4 per cow per year in the 

UK versus £ 9.7 to £ 48.6 in France (Hasler et al., 2015). In Switzerland the average losses after SBV 

infection at the farm level was CHF 1606 (EUR 1338) but could locally be higher than CHF 10 000 

(8333 euros) (Wuthrich et al., 2016). 

The lesser economic impact and the decrease in clinical manifestation of SBV through time 

led to a low uptake of the vaccine throughout Europe. The European livestock is therefore potentially 

susceptible to a new outbreak of fetal malformations (Stavrou et al., 2017).  

6 Culicoides biting midges 

The biological vectors of BTV and SBV are biting midges belonging to the family 

Ceratopogonidae, genus Culicoides Latreille 1809 (Du Toit, 1944; De Regge et al., 2012). These 

small midges (1-4 mm), of which about 1,400 species are currently described worldwide with the 

exception of Antarctica, New-Zealand, Patagonia and Hawaii  (Mellor et al., 2000). In Europe 

Mainland and exclusive of C. imicola, the classical old world BTV vector, only 5 species of these 

midges are reported to be of epidemiological relevance in the transmission of these viruses, namely C. 

obsoletus, C. scoticus, C. pulicaris, C. dewulfi and C. chiopterus (Vanbinst et al., 2009; Meiswinkel et 

al., 2014; Rasmussen et al., 2014). C. obsoletus, C. scoticus and C. chiopterus are part of the obsoletus 

complex based on morphologic and phylogenic similarities (Lehmann et al., 2012). These Palearctic 

Culicoides species mostly feed on mammalian hosts (Calvo et al., 2012). Usually, the bigger the target 

the greater the feast: cows are preferred to horses and horses come before sheep (Elbers and 

Meiswinkel, 2015). Some Culicoides species – especially the Scottish biting midge C. impunctatus 

Goetghebuer 1920 - are responsible for painful biting reactions in human (Logan et al., 2010). 
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Culicoides spp. are reported to be distributed from tropics to the tundra and from see level to 

4000 m. (Mellor et al., 2000). Obsoletus group species is the most prevalent group up to an altitude of 

1200 whereas Pulicaris group dominates above 1500 m. (Kaufmann et al., 2012). 

All the BTV and SBV vector species are multivoltine and most likely to complete 4 to 6 

generations annually (Meiswinkel et al., 2014). This is clearly an increase in the estimated number of 

cycle that prevailed a few decades ago (Rieb, 1982). The local weather and climate in general and the 

temperature in particular are key elements to determine lifespan and vectorial capacity of culicoides 

(Mellor et al., 2000; Lysyk and Danyk, 2007; Carpenter et al., 2011).   

6.1 Biology and ecology of Culicoides 

Culicoides (Diptera: Ceratopogonidae) are holometabolous insects (Harrup et al., 2015). The 

life cycle of Culicoides therefore includes egg, four larval stages, and an emergence of the adult or 

imago from a nymph (Figure 7). Only females are hematophagous and need blood to complete a 

gonotrophic cycle (White et al., 2017). However it has been reported that as most hematophagous 

insect vectors, the culicoides females can also use sugar from nectar or honeydew to enhance their 

longevity (Kaufmann et al., 2015). Most culicoides species are at rest at the level of vegetation during 

the day (Zimmer et al., 2014). Survival, activity and dispersion of these biting midges are strongly 

influenced by meteorological variables such as the temperature, the humidity, local winds and 

immature stages are very sensitive to desiccation and require a certain level of moisture to survive 

(Blackwell et al., 1994). The active dispersion of culicoides is quite limited (Mellor et al., 2000), 

ranging from 800 m to 4 Km (Lillie et al., 1985). However using ascending winds Culicoides behave 

as “aerial plankton” and can be transported as far as 700 Km over sea and 300-400 Km over land 

(Hendrickx et al., 2008). Nevertheless the long range dispersal of culicoides midges seems to play a 

marginal role in the spreading of disease since at least for BTV it has been shown that more than 90 % 

of the outbreaks occurred within 31 Km from a previous onset with a modal value for infections of 

less than 1 Km (Sedda et al., 2012).  

Female midges fly into swarms of males to mate; spermatophores of males are stored in one to 

three spermathecae of the female. After mating, the female looks for a host to blood feed which is 

essential for the maturation of the eggs. In some species it is the male that goes to hosts likely to 

attract females looking for a blood meal; mating occurs when she finishes feeding (Ziani Hadj-Henni, 

2014).  

Eggs are small and elongated, laid in batches, about 400 µm long by 50 µm wide. They are 

white when laid but gradually turn dark brown. They are usually not resistant to drying and usually 

hatch within two to seven days giving tiny white larvae (Mellor et al., 2000).  
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The larvae are worm-shaped and measure 0.3 to 1 cm long. They are apneutical and 

eucephalic (Courtney et al., 2000). Larvae require water, air and food and are not strictly aquatic or 

terrestrial. They cannot develop without moisture and can be found in a wide range of substrate 

including silage residues, dung, leftover cattle feed, compost and decaying wood (Zimmer et al., 

2014). They feed on organic material and can be predaceous to microorganisms or small invertebrates, 

such as nematodes or insect larvae (Aussel and Linley, 1993, 1994; Zimmer et al., 2014)  

The four larval stages can last from as little as four to five days to several weeks, depending 

on the species, temperatures, and geographic area. In temperate countries the diapause behavior of 

Culicoides can reach several months since fourth-instar larvae are commonly found over winter 

(White et al., 2017). 

During the pupal stage the Culicoides does not feed. It is brief and typically lasts two to ten 

days and the Imago finally emerges.  

 

Figure 7. Culicoides life cycle. Adapted from (Purse et al., 2005) 

Egg maturation 
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6.2 Vector control 

In Europe Mainland most of the work done on the control of Culicoides before the 2006 BTV 

outbreak was realized to limit the biting behavior of Culicoides species per se, as it causes nuisances to 

human and animals, especially horses (Carpenter et al., 2008). BTV and SBV emergences raised the 

need to limit the viral transmission rate as well. Most of the studies about the control of Palearctic 

Culicoides species were realized in the context of BTV emergence in Europe; yet most of their 

findings and conclusions should apply to SBV and any other arbovirus vectored by culicoides.  

The current control strategies include: a) spraying of space and facilities with residual 

insecticides/repellents; b) Treatment of livestock with insecticides/repellents; c) Reducing biting risk; 

d) Management of breeding sites (Carpenter et al., 2008). The broad scale spraying of the environment 

with residual insecticides is clearly not realistic nowadays for pollution and residues concerns.  

Treatment of livestock was attempted in several studies. However quite often chemicals and 

insecticides were tested in laboratory facilities, which quite often does not meet the field conditions. 

Lambda-cyhalothrin was tested and killed efficiently culicoides. However the midges were brought 

into contact with treated wooden plates, which in no way is even close from Culicoides behavior 

(Schmahl et al., 2008). Likewise, deltamethrin pour-on treatment of ruminants was assessed by 

bringing into contact hair clipped from treated animals with culicoides (Mehlhorn et al., 2008). 

Permethrin and pirimiphos-methyl were tested on calves and authors well observed that a decrease in 

the number of midges leaving cattle is clearly different from a reduction in culicoides bite rate, since 

many midges can bite before being incapacitated some others biting again once revived (Mullens et 

al., 2000). Even though, treatment of sheep with deltamethrin led to a decrease in Culicoides feeding 

rate in field condition (Weiher et al., 2014), but since a single bite from an infected midge is sufficient 

to transmit BTV the actual impact on BTV transmission remains inconclusive (Baylis et al., 2008). 

When based on seroconversion of target ruminants in field conditions treatment with permethrin at a 

two weeks interval failed to reduce the exposure to BTV (Mullens et al., 2001). 

Breeding site management and habitat removal has been demonstrated to have a negligible 

impact on BTV transmission. Indeed, breeding sites are ubiquitous and only require organic material 

and some degree of moist, which is usually abundant in the vicinity of ruminants (Mayo et al., 2014).  

To prevent AHS in horses the stabling of equids especially at dusk was proven to be an 

appropriate strategy (Meiswinkel et al., 2000). Although being part of the recommendations 

formulated during the 2006 BTV8 outbreak, the efficacy of such a measure in the European context is 

disputable: i) cattle and sheep housing is usually more open than horse stalls, therefore it is easier for 

the midges to get to the animals; ii) the traditional AHSV vector, C. imicola, is clearly exophilic 
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whereas C. obsoletus and C. pulicaris just adapt to environmental factors and can behave either as 

exophilic or endophilic depending on circumstances (Kameke et al., 2017). 

During the last decade biological means of control were also investigated. Among 

entomopathogen organisms, some fungus species are known to infect many insects worldwide and are 

used to control some major pests (Nicholas and McCorkell, 2014). Metarhizium anisopliae was 

studied on Culicoides spp. along with other species showing interesting properties to control larval and 

adult stages but so far no field trial were performed (Ansari et al., 2011; Narladkar et al., 2015).  

Endosymbiotic bacteria were screened in European culicoides species. Indeed endosymbiotic 

bacteria are known to potentially increase (Graham et al., 2012) or decrease (Hedges et al., 2008) host 

susceptibility to viruses. Other endosymbionts have the ability to reduce the lifespan of their host 

therefore interrupting the viral transmission (McMeniman et al., 2009). So far the detection of 

endosymbiotic bacteria in European culicoides populations could not be linked with alteration in the 

vector competency of BTV or SBV vectors (Lewis et al., 2014). 

Arboviruses are exposed to antiviral mechanisms in both arthropods and vertebrates. In the 

insect vector RNA interference (RNAi) is a sequence-specific RNA degradation mechanism that has 

been shown to play a major role in the antiviral response against arboviruses (Schnettler et al., 2013). 

Both BTV and SBV when used to infect culicoides-derived cell culture managed to generate virus 

derived small interfering RNAs (Schnettler et al., 2013). Moreover it was later shown than Culicoides 

have the required enzymatic machinery to properly perform RNA silencing through the production of 

RNAi (Mills et al., 2015). These findings open a way further to the establishment of midges refractory 

to viral replication (Harrup et al., 2016).  

7 Pathogenesis and clinical signs of BTV and SBV 

7.1 Bluetongue disease: a viral hemorrhagic fever affecting ruminants 

It all starts when the culicoides take a meal of infected blood. Once the culicoides are infected, 

the virus persists in them throughout their lifespan (Tabachnick et al., 1996). After a blood meal, 

ingested virus passes through the midgut and spreads via the haemocoele, to the salivary glands. There 

it replicates and mature virions are released in the salivary ducts (Mellor et al., 2000). Only a fraction 

of Culicoides population gets permanently infected and an even smaller fraction is able to transmit the 

virus (Fu et al., 1999). Viral particles are then excreted in the saliva of the insect. As soon as four days 

post-infection viral load can be multiplied by 50 within the culicoides (Pages et al., 2014). Viral 

transmission occurs by an insect bite during a subsequent blood meal (Fu et al., 1999). 

Once the virus reaches the blood flow of the ruminant, BTV multiplies first in the endothelium of 

blood vessels in the skin and simultaneously in regional lymphatic nodes draining the site of 
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inoculation (Darpel et al., 2012). It then spreads via blood and via lymph and infects secondary sites 

and organs, mostly the lung and spleen targeting vascular endothelium, and mononuclear phagocytes 

(Barratt-Boyes and MacLachlan, 1994). Virus replication occurs in mononuclear phagocytic, 

dendritic, and endothelial cells (ECs) (Drew et al., 2010b). Viraemia is highly cell associated to each 

cell type, especially to the erythrocytes (Bonneau et al., 2002). One particular feature is the persistence 

of BTV within invaginations of the erythrocytes cell membrane; this close association seems to 

contribute to protect BTV from the host immune system (Brewer and MacLachlan, 1994). Moreover, 

the extended lifespan of red blood cells might explain the prolonged but not persistent viraemia in the 

host as well as a more efficient transmission to the culicoides vector. Indeed, the median duration to 

obtain RTqPCR negative results on naturally BTV8 infected cattle was reported to be 195 days 

(Zanella et al., 2013). By contrast, infectious virus could only be isolated up to 39 days post infection 

(Di Gialleonardo et al., 2011). Viraemia and RNAemia length are clearly influenced by the considered 

serotype since previous studies described a viral isolation possible until 63 days post infection (Singer 

et al., 2001) and for BTV25 (Toggenburg Orbivirus) a RNA detection over a period of 19-25 months 

(Vogtlin et al., 2013).  

BTV clinical picture, gross lesions and histopathologic lesions are all consequences of 

vascular injuries mostly of small caliber vessels (Mahrt and Osburn, 1986; MacLachlan et al., 2008). 

BTV causes direct virus-mediated endothelial injury with thrombosis and infarction as direct 

consequences of the virus replication in endothelial cells (EC). It is precisely those direct virus-

mediated injury to the EC that is likely responsible for ischemia, necrosis and the characteristic 

cyanotic tongue sometimes reported in affected sheep (Maclachlan, 2011). 

Cytokine and endothelial responses are the key elements to determine the outcome of BTV 

infection (Howerth, 2015). By contrast infection of macrophages and dendritic cells leads to the 

release of TNF and other vasoactive mediators, all contributing to the increase of vascular 

permeability, capillary leakage and edema. The redistribution of VE-cadherin, cytoskeleton and 

adherens junction alterations result in fluid leakage possibly leading to hypovolemic shock and 

subsequently in the most severe cases to death (Gowen and Holbrook, 2008), also often seen in AHS 

and other virus-induced haemorrhagic fever (Drew et al., 2010a). Proliferation of BTVspecific CD4+ 

and CD8+ T cells was demonstrated in vitro following the production of pro-inflammatory cytokines 

(IL-1 β, IL-6,IL-12) by infected conventional dendritic cells (Hemati et al., 2009). Macrophages 

produce additional vasoactive mediators such as TNF-α, IL-1 β and IL-8 (Drew et al., 2010b). BTV 

infection of lymph nodes draining the original area of the inoculations stimulates B cells proliferation 

and release of activated CD8+ T cells, most likely to control an early viral spread (Barratt-Boyes et al., 

1995). The target cells of the secondary replication are mostly macrophages, dendritic cells, 

endothelial cells and lymphocytes (Maclachlan et al., 2014).  
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The various cytokine, prostanoids and proinflammatory mediators were suggested to trigger a 

so-called “cytokine storm” by analogy to the pathogenesis of fulminant hemorrhagic fevers 

(MacLachlan et al., 2008; Maclachlan et al., 2009). The prognosis of the disease is thus better assessed 

by the acute phase response than by the viral load (Sanchez-Cordon et al., 2013). Likewise, the 

increased severity of the affection on sheep versus cattle could be related to a higher ratio of plasma 

thromboxane to prostacyclin in sheep (DeMaula et al., 2002). 

Group-specific antibodies are raised against VP7 since this protein is conserved amongst most 

BTV serotypes and strains (Maclachlan and Mayo, 2013), which can be used for pan-BTV detection 

by ELISA (Huismans and Erasmus, 1981). Neutralizing antibodies are targeted to regions of the VP2 

outer capsid protein and generally only provide protection to homologous serotypes (serotype specific 

antibodies) (Huismans et al., 1987a; Gould and Eaton, 1990; Maclachlan et al., 2014). The capacity of 

an infected animal to raise neutralizing antibodies directed towards different serotypes does not seem 

to be infinite, especially in case of simultaneous inoculation of more than two serotypes. Indeed, 

possibly through interference mechanisms, usually not all inoculated serotypes do replicate in the host 

leading therefore to a partial coverage of the neutralizing antibodies generated against the inoculated 

serotypes (Jeggo et al., 1986). Some neutralizing epitopes are also conformationally dependent: they 

rely mostly on the interaction between VP2 and VP5, not only on VP2 (DeMaula et al., 2000). 

Moreover, several studies reported a better neutralization of BTV when both VP2 and VP5 were 

present (Lobato et al., 1997; Ma et al., 2012). Common neutralization epitopes were demonstrated by 

serological cross reaction to some extent (Dungu et al., 2004). 

The level of antibodies doesn’t always correlate with the level of protection (Jeggo et al., 

1984) and animals were reported to be protected even in the absence of circulating neutralizing 

antibodies (Stott et al., 1985; Sanchez-Cordon et al., 2015). CD8+ cytotoxic T lymphocytes (CTLs) 

are central in cell mediated immunity although their precise role is currently poorly defined (Andrew 

et al., 1995). BTV NS proteins are predominantly recognized by CTLs whereas VP2 and VP5 are not. 

However the extent of cross-reactivity between NS epitopes over different serotypes in not consistent 

(Jones et al., 1996) and despite the demonstration of CTLs cross-reactivity amongst different BTV 

serotypes (Calvo-Pinilla et al., 2012) the induction of CTLs targeting NS1 expressed in a recombinant 

adenovirus failed to confer protection to vaccinated animals (Maclachlan et al., 2014).  

It has however to be clearly stated that in many cases BTV infection remains very mild or 

even subclinical. Sheep are clearly the most sensitive species, and fine wool breed like merinos or 

Sardinian sheep are particularly susceptible (Shimshony, 2004; Maclachlan et al., 2009; Verwoerd, 

2012) although some more recent work suggested a lesser influence of the breed on BTV infection 

outcome than originally thought (Caporale et al., 2014). Other individual factors influence the clinical 

outcome of the disease, such as the immune status, the nutritional state and broadly speaking the 
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general health of the animal (Osburn, 1994a; Wackerlin et al., 2010). The usual asymptomatic display 

of BTV on cattle along with the prolonged RNA detection in this species led to consider bovine as the 

reservoir of the virus (MacLachlan, 1994).  

Incubation period ranges from 2 to 15 days (Erasmus, 1990). Among the commonly reported 

clinical signs, some are not specific, such as transient and unsystematic hyperthermia, weakness, 

depression and anorexia (Maclachlan et al., 2009). Other clinical signs are more suggestive and 

include salivation, abundant serous or mucous-purulent nasal discharge with accumulation of crusts on 

the nostrils' wings, edema (especially of the head and distal end of limbs), congestion and ulceration of 

the oral mucosa, conjunctivitis and, rarely and mainly in sheep, cyanosis of the tongue, hence the 

name of the blue tongue disease (Cox, 1954; Elbers et al., 2008a; Dal Pozzo et al., 2009b). In lactating 

animals, teat ulceration leads to a steady decline in milk production that can last up to 4 months when 

infected with BTV8 and losses between 0.3 and 3.4 % (Santman-Berends et al., 2011a; Nusinovici et 

al., 2013). As a result of edema of limbs, stiffness and lameness are reported. In the most severe cases, 

death occurs within 8-10 days after the onset of clinical signs as a result of respiratory distress. The 

animal may also succumb later to a secondary bacterial pneumonia (Parsonson, 1990; MacLachlan, 

2017). 

Semen quality in rams has been reported to be decreased and correlated to viral RNA load 

following natural BTV8 infection (Leemans et al., 2012b). Affected semen reached back standard 

values 63-138 days after clinical bluetongue disease diagnosis (Kirschvink et al., 2009). Transient 

infertility in rams and bulls and viral shedding in semen has been indeed reported previously with 

other BTV serotypes as well (Osburn, 1994b). Viral nucleic acid found in the semen is well 

documented and seems to be clearly associated to the contamination of the sperm with red blood cells 

or mononuclear cells (Osburn, 1994b). Under experimental conditions the transmission of BTV to 

susceptible cows through contaminated semen could be demonstrated in a limited number of animals 

(Bowen et al., 1985). However this route of transmission is very unlikely to play an important role in 

BTV epidemiology. Moreover the hypothetic persistent infection or latent infection of calves born 

from dams infected during their pregnancy, once popular and mainly investigated from the late 70’s to 

the late 80’s,  could not be supported by field and experimental data (Walton, 2004).  

BTV8 exposure in naïve dairy herd has been associated to an increase of return-to-service rate 

from 8 to 21 % on a 90 days base return to service. Fertility was significantly decreased in cows 

inseminated from one month before to one month after the detection of the disease in the herd 

(Nusinovici et al., 2012). 

The 2006 BTV outbreak in Central and Western Europe caused severe losses with mortality 

rates around 1-1.5 % in cattle and up to 40% in sheep and case fatality of about 3-5 % and up to 50 %, 
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respectively for cattle and sheep (Elbers et al., 2008b; Conraths et al., 2009; Santman-Berends et al., 

2011b) . 

BTV8 was characterized by an unusual ability to cross the placental barrier when compared to 

classical field wild type serotypes and strains (Desmecht et al., 2008; Wouda et al., 2008). The lesions 

described in new-born ruminants were similar to previously reported ones with infections with North 

American serotypes of BTV from 85 to 125 days of pregnancy (MacLachlan et al., 1985a). Namely, 

congenital cerebral cysts, thin-walled cerebral hemispheres, dilated cerebral ventricles were reported 

(porencephaly and hydanencephaly). As a consequence an increased number of “dummy calves” were 

also detected following the 2006 BTV8 outbreak (Wouda et al., 2008), sometimes associated with 

blindness and a “blue eye” syndrome (Holzhauer and Vos, 2009). When infection occurs later on 

pregnancy calves display encephalitis but usually no brain malformation (Waldvogel et al., 1992a). 

7.2 Schmallenberg virus is an important teratogenic agent of ruminants  

SBV infection starts as does BTV infection: by the bite of an infected Culicoides female 

midge (Rasmussen et al., 2014).  

The influence of NSs protein on viral pathogenesis of Peribunyaviridae is established for 

several virus members of the family (Bridgen et al., 2001; Weber et al., 2001; Verbruggen et al., 

2011). Since SBV is like BTV a potent INF inducer it has developed mechanisms to counteract the 

antiviral state of the infected cell. To that end NSs was demonstrated – at least partly thanks to its 

nucleolar localization - to promote the degradation of RPB1 (a subunit of RNA polymerase complex 

of the cell) and as a consequence hinders the global transcription level in the cell (Gouzil et al., 2017) . 

NSs represents so far the major identified virulence factor of SBV (Kraatz et al., 2015). 

SBV infection of adult healthy cattle is usually quite similar to BTV infection since most 

animals only show mild clinical signs if any. The clinical picture is aspecific and includes transient 

fever, diarrhea, and anorexia (Conraths et al., 2013; Wernike et al., 2014c). However the milk 

production loss could range from barely noticeable (Veldhuis et al., 2014b) to a 50 % reduction lasting 

for 3-11 days (Doceul et al., 2013; Agerholm et al., 2015). Unlike BTV it seems that adult cows are 

more severely affected than sheep or goats (Doceul et al., 2013). SBV viral RNA can only be detected 

for a very limited amount of time in the blood, lasting for 2-6 days in cattle (Hoffmann et al., 2012). 

The main impact of SBV on ruminants is its teratogenic potential when the dams are infected during 

pregnancy and the virus crosses the placental barrier. The rate of effective transmission from the 

mother to the offspring showing pathological lesions seems to be low (about 0.5%) but the nature of 

the malformations could be dramatic and often fatal (Veldhuis et al., 2014a). By contrast, the risk of 
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SBV infection of the fetus after formation of the placenta was also estimated to be 28 % (Garigliany et 

al., 2012a). 

The extent of the teratogenic effects depends on the timing of the infection and foetal 

development; fast dividing cells in the CNS are the target (Varela et al., 2013). Broadly speaking, the 

pathogenesis of SBV in sheep and cattle foetuses is similar to those of other ruminant 

orthobunyaviruses (Peperkamp et al., 2015). The cattle fetus builds-up its immunocompetency starting 

around 40 days of pregnancy up to 175 days whereas the lamb fetus starts at 20 days of pregnancy and 

ends around 115 days (Herder et al., 2013). During this time thymus and lymph nodes are colonized 

by immune cells; the fetus is nonetheless already capable of inflammatory response (Agerholm et al., 

2015). The critical timeframe appears to match the period when CNS cells are differentiating the most, 

between 45 and 165 days of pregnancy in cattle (Wernike et al., 2014a). By analogy with AKAV 

infection of the fetus before 40 days of pregnancy might be unlikely since placentomes are considered 

to be key elements to allow the passage of the virus to the fetus and require to be vascularized and 

developed enough which is believed not to be the case this early in the gestation (Parsonson et al., 

1988).   

The lesions potentially presented by the calves affected in utero by SBV could be 

distinguished according to two entities depending on the stage of pregnancy when infection occurs: a 

hydrocephaly / hydranencephaly syndrome and a torticollis / arthrogryposis syndrome. The shorter 

gestation in small ruminants does not allow such a distinction and malformations are part of a usually 

joint hydranencephaly / arthrogryposis syndrome (Parsonson et al., 1981b). SBV appears to have an 

increased tropism for rapidly dividing immature cells such as those present in the nervous system and 

skeletal muscles of the fetus, directly inducing encephalomyelitis and necrotizing polymyositis. If the 

fetus survives, it will be by eventually presenting lesions of hydrocephaly / hydranencephaly, 

porencephaly, microcephaly, non-suppurating encephalomyelitis, arthrogryposis or torticollis 

(Tarlinton et al., 2012). Congenital lesions may also include dilation of the cerebral ventricles, 

paralysis of the tongue, brachygnatia inferior, blindness, deafness, general weakness, lameness, limb 

torsion, and muscle atrophy; kyphosis and spina bifida can be observed occasionally (Garigliany et al., 

2012b; Garigliany et al., 2012c; Bayrou et al., 2014; Brulisauer et al., 2017). The most severe lesions 

occur after infection of mothers at earlier stages of gestation, reflecting the large population of 

vulnerable cells and the lack of a fully competent immune system. Microphthalmia can also be 

observed. Behavioral abnormalities similar to the “dummy calf/lamb syndrome” caused by BTV8 

were also reported (van den Brom et al., 2012). The musculoskeletal malformations are considered to 

be secondary to the lesions of the CNS. Defects in the spinal chord would have consequences on a 

detrimental development of the ventral horns and subsequently arthrogyposis and vertebral column 

malformations (Parsonson et al., 1977; Peperkamp et al., 2015). As described earlier BTV8 and some 
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other BTV vaccine strains are known to induce hydranencephaly in domestic ruminants (Vercauteren 

et al., 2008). The lesions caused by the Border Disease Virus (BDV) and Bovine Viral Diarrhea Virus 

(BVDV), both pestiviruses, are characterized by hypomyelinogenesis and CNS dysplasia along with a 

reduction in the number of ventral motor neurons, like in Akabane virus infection (Clarke and Osburn, 

1978). However in case of BTV, BDV or BVDV infection arthrogryposis cases are neither as frequent 

nor as severe as with SBV. In addition, primary involvement of muscle cells has been demonstrated in 

the fetus of sheep and cattle infected with Akabane virus (Kurogi et al., 1976; Kurogi et al., 1977; 

Parsonson et al., 1988). Thus, according to several authors, this increased frequency of 

musculoskeletal disorders in case of infection in utero with SBV could be explained in particular by 

the primary involvement of the fetal muscles (Kurogi et al., 1977; Edwards et al., 1989). 

SBV RNA has been reported in bull semen several months after natural infection but no SBV 

infection by using SBV positive semen in AI has been demonstrated so far (Ponsart et al., 2014). SBV 

RNA positive semen has been used to subcutaneously inoculate cattle and interferon α/β receptor 

deficient (IFNAR -/-) mice with confirmed infection of several cattle; however the subcutaneous route 

is obviously different from the intrauterine route used in AI (Schulz et al., 2014). 

After a natural infection, SBV specific antibodies remain in adult cows for at least two years. 

Colostrum-derived maternal antibodies are lost after 5-6 months (Elbers et al., 2014), which is close 

from the extent of the protection conferred by the colostrum-derived antibodies against AKAV 

(Tsutsui et al., 2009). 

7.3 Host range: BTV and SBV affect many wild and domestic ruminants  

All ruminants are susceptible to infection with BTV; clinical disease is most often manifested 

in sheep whereas cattle (and goats) are considered reservoir species. In wildlife a serious disease de-

velops in white-tailed deer (Odocoileus virginianus) and pronghorn antelope (Antilocapra Americana) 

(Parsonson, 1990; Johnson et al., 2006; Drolet et al., 2016). The haemorrhagic syndrome caused by 

BTV was also reported in mule deer (Odocoileus hemionus), wapiti (Cervus elaphus canadensis), 

desert bighorn sheep, bison (Bison bison), elk (Cervus elaphus), mountain goat (Oreamnos 

americanus) along with African antelope species and other wild ruminants (Howerth et al., 2001). 

Camelids, Old World (Batten et al., 2011) as well as New World species (Schulz et al., 2012a; Schulz 

et al., 2012b). The African elephant, wildebeest and buffalo usually show a high seroprevalence 

(Coetzee et al., 2012). Outside North American wild ungulate species clinical disease was only 

reported in topi, or sassebi antelope (Damaliscus lunatus) (Wells, 1962). Experimental or natural 

infection of antelope, wapiti, musk, ox, bison, yak, white-tailed deer and African buffalo also 

produced clinical disease, whereas blesbock, mountain gazelle, roe deer, red deer and Eurasian elk did 

not show clinical sign after natural or experimental infection, yet BTV viral RNA or specific 
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antibodies could be detected (Niedbalski, 2015). The cases of iatrogen infections of lynxes and dogs 

was previously discussed, and BTV specific antibodies were also identified in African carnivores 

including lions, cheetahs, wild dogs, jackals, hyenas and large-spotted genets (Alexander et al., 1994). 

Similarly to dogs seropositive for AHSV (usually acquired by feeding with infected horse meat) 

(Braverman and Chizov-Ginzburg, 1996) these predators were most likely infected by ingestion of 

flesh and organs of BTV infected animals. In North America BTV specific antibodies have been found 

in Florida black bears (Ursus americanus floridanus) and Florida panthers (Puma concolor coryi) 

(Dunbar et al., 1998). 

BTV has indeed never been demonstrated to infect humans (Hu et al., 2008). Nonetheless BTV might 

be of interest in human medicine. DsRNA viruses were demonstrated to display interesting oncolytic 

properties for at least 20 years (Strong et al., 1998). However and unfortunately, the very majority on 

those oncolytic viruses are also human cancer viruses (Wildner, 2003). BTV constitutes quite an 

exception: it was demonstrated to preferentially infect and destroy several types of human cancer cells, 

without prior genetic modifications and preserving normal human cells (Li, 2011). Therefore BTV 

based treatment represents an innovative perspective to treat human cancer, yet to be further 

investigated. BTV’s potential in human medicine may also provide benefits to the treatment of AIDS. 

The interferon induction power of BTV leads to the production of many antiviral factors very useful in 

the resistance to AIDS, acting on different levels from preventing entry of HIV in host cells, restriction 

of HIV release and significant suppression of HIV in stimulated macrophages (Dai et al., 2015). 

To date, SBV has never been related to a human disease, the viruses most closely related are non-

zoonotic and serological studies realized on at risk human subject provided negative results 

(Ducomble et al., 2012; Reusken et al., 2012); for all these reasons the European Centre for Disease 

Prevention and Control declared the zoonotic risk of SBV as “very unlikely” (Tarlinton et al., 2012).  

European livestock paid the greatest toll to SBV infection, mainly cattle, sheep and goats. In addition 

SBV has been isolated or confirmed by PCR in bison, roe deer and red deer, whereas SBV specific 

antibodies have been detected in roe deer, red deer, fallow deer, alpaca, mouflons, ibex, water buffalo 

and wild boar (Linden et al., 2012; Azkur et al., 2013; Garcia-Bocanegra et al., 2017; Rossi et al., 

2017). Laloy et al. reviewed the seroprevalence in exotic ruminant species in zoos from the SBV 

epizootic area and found out 18 of these species could be affected by this virus, even when kept in 

urban areas. Animals born in Europe were also part of the sample therefore likely excluding a 

preliminary infection by a SBV-like virus (Laloy et al., 2016). Low and transient levels of SBV 

neutralizing antibodies could be detected in pigs in experimental infections (Poskin et al., 2014b). 

Recently a limited seroprevalence (5-7%) was demonstrated in horse population from Iran (Rasekh et 

al., 2018). By contrast, serological studies in United-Kingdom could not find evidences of SBV 

antibodies in local equids (EFSA, 2014). Evidences of SBV susceptibility were also found in zebras, 

Asian elephants and babirusa (Molenaar et al., 2015). Once again however these results usually based 
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on ELISA tests or VNT should be interpreted with the greatest caution. The ELISA multispecies kit 

mostly used in the above mentioned studies targets anti-nucleoprotein antibodies and cross-reactivity 

with other viruses from the Simbu serogroup was reported (see point 4.1 and figure 4). VNT results 

were also demonstrated to be at times inconsistent with ELISA results on the same samples, forward 

pointing to a SBV-like virus rather than SBV (Molenaar et al., 2015).   

7.4 Viral Warfare and immune evasion  

All pluricellular organisms display defence systems to prevent infections. In vertebrate the 

immune response can be divided in innate and adaptive responses. The innate immune response 

represents the first line of defence, with the objective to slow down, to interfere with viral replication 

in order to contain the infection and subsequently to allow the adaptive immune response to build up 

(Stanifer et al., 2017). Parts of the critical components of the innate immune response are the type I 

and type III interferon (IFN) families. The IFN proteins are cytokines related by structure, regulation 

and function (Levy et al., 2011). In most mammal species type I IFN proteins are encoded by more or 

less a dozen of genes for IFN-α, a single gene for IFN-β and several other genes for the other IFN 

proteins belonging to the type I family (Levy et al., 2011). They act as inducers of other antiviral 

effectors, display antiproliferative and proapoptotic properties, and contribute to the maturation of 

dendritic cells, NK cells, and cytotoxic T lymphocytes (Vitour et al., 2014). Both orbiviruses and 

orthobunyaviruses are known for decades to be very potent INF inducers, in particular BTV (Jameson 

et al., 1978; Raju and Kolakofsky, 1988). Indeed dsRNA viruses induce the production of type I 

interferon (IFN-α/β), among other inflammatory cytokines, both in vivo and in vitro, and is studied 

since at least 40 years (Kerr et al., 1974). The production of IFNs is also recognized to be a key 

determinant of peribunyaviruses pathogenesis (Elliott and Weber, 2009). 

Following viral intrusion the infected cell recognizes pathogens associated molecular patterns 

(PAMP) and then start to produce IFN. dsRNA and ssRNA are types of well-known PAMP, along 

with non-methylated CpG DNA and envelop glycoproteins. Type I IFN cytokines are produced 

following the mediation of several distinct receptors named pattern recognition receptors (PRRs). The 

best characterized PRRs are  i) the TLR3 (Toll-like receptor 3); ii) the RIG-I (retinoid acid-inducible 

gene I) or MDA5 (melanoma differentiation-associated gene 5)-MAVS (mitochondrial antiviral 

signalling) mitochondrial pathway (Broquet et al., 2011); iii) the PKR (dsRNA-activated protein 

kinase) pathway (Vitour et al., 2014), and (iv) the TRIF-dependent DexD/H-box helicases (Zhang et 

al., 2011).  

Since the IFN signalling pathway is the cornerstone of the innate antiviral immune response, most 

viruses have elaborated evasion mechanisms. Viruses circumvent the IFN response through different 

mechanisms and among the most common are: (i) interfering with host cell gene expression and/or 
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protein synthesis; (ii) minimizing IFN induction by limiting the production of viral PAMPs and/or by 

specifically blocking IFN-induction cascades; (iii) inhibiting IFN signalling; (iv) blocking the action 

of IFN-induced effectors with antiviral activity (Randall and Goodbourn, 2008).  

7.4.1 Interfering with host cell gene expression and/or protein synthesis 

BTV was reported to induce different gene expression profiles whether the infected cells were 

conventional dendritic cells (cDC) or plasmacytoid dendritic cells (pDC). Among these two subset the 

cDC are specialized in antigen presentation whereas pDC are specialized in IFN-I production. During 

the course of the BTV infection the number of DC in blood decreases. The remaining pDC circulating 

in the blood flow were demonstrated to have overall pro-inflammatory genes up regulated whereas 

pDC and cDC found in lymph nodes expressed mostly an anti-inflammatory profile (Ruscanu et al., 

2013). Cytoplasmic helicases RIG-I and MDA5 were demonstrated to mediate the expression of INF-β 

as well as the control of BTV infection in non-hematopoietic cells (Vitour et al., 2014). By contrast in 

hematopoietic cells like plasmocytoid dendritic cells (pDC) MyD88 adaptor, PKR and stress-activated 

protein kinase (SAPK)/Jun N-terminal protein kinase (JNK) were implicated (Ruscanu et al., 2012). 

Thus BTV reduces the number of pro-inflammatory pDC circulating in blood and modifies the gene 

expression of the remaining DC in the lymph nodes to an anti-inflammatory state, resulting overall in 

a lesser immune response.   

Furthermore, BT is known to induce apoptosis through caspase-3 activation and trigger selective 

depletion in cell subsets, in particular CD8+ T lymphocytes (Umeshappa et al., 2010a). This also 

could be associated to a lower IFN-α expression. As a consequence, the destruction of IFN-producing 

infected cells could lead to immune-suppression and secondary bacterial infections, quite often 

described in BTV infected sheep (MacLachlan and Thompson, 1985; Umeshappa et al., 2010a).  

Several studies involving other peribunyaviruses than SBV suggested that the NSs protein 

inhibits cellular mRNA transcription (Thomas et al., 2004). Barry et al. (2014) demonstrated that the 

SBV NSs protein targets the RPB1 subunit of the RNA Polymerase II for degradation, preventing 

transcription in infected cells and consequently de novo protein synthesis (see also point 7.2). The C-

terminal region of NSs is critical for these inhibitory functions (Barry et al., 2014). The inhibition of 

cellular transcription leads to a reduction in IFN production as well that facilitates SBV replication and 

spread. The NSs of BUNV can also affect cellular apoptosis by reducing or delaying cell death (Kohl 

et al., 2003). LACV NSs by contrast tends to enhance apoptosis. The same authors reported a pro-

apoptotic effect of SBV NSs, similar to LACV NSs. 
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7.4.2 Minimizing IFN production 

Chauveau et al., (2013) reported the drastic inhibition of IFN-β activity triggered by NS3 

(Chauveau et al., 2013). First, using a luciferase assay BTV was shown to greatly reduce the INF-β 

promoter activity. To identify the responsible viral protein(s) the different BTV8 ORFs were tested 

using tagged plasmids. NS3 induced a significant decrease in IFN-β promoter activity following 

stimulation of the RIG-1 pathway (Chauveau et al., 2013).  

As part of the induction of an antiviral state in BTV infected and neighboring cells the 

activation and phosphorylation of interferon regulatory factor 3 (IRF3) was demonstrated. The nuclear 

translocation of IRF3 however was impaired in BTV infected cells. Interestingly BTV does not 

degrade IRF3 but sequesters it in cytoplasmic viral factories. Viral inclusion bodies are therefore not 

only believed to be the sites of viral replication and morphogenesis but could also take part of an 

immune evasion mechanism (Stanifer et al., 2017). 

More recently it was demonstrated that BTV NS4 downregulates the host INF-I and mRNA 

levels, making NS4 a key determinant of viral virulence and possibly acting in synergy with NS3 

(Ratinier et al., 2016). In addition, the inhibitory activity of NS4 was reported to be linked to its 

nucleolar localization, a rare feature for BTV proteins given the exclusive cytoplasmic replication. The 

recently discovered NS5 also shares a nucleolar localization and could act synergistically with NS4 

(Stewart et al., 2015). 

BTV passaged in insect vectors or in insect cell culture could induce less IFN than viruses 

derived from mammalian cells. Indeed, KC cells (derived from C.sonorensis) were reported to better 

sustain BTV replication (Anderson et al., 2014) and alphaviruses grown in mosquito cells induce less 

IFN than their mammalian grown counterparts (Shabman et al., 2007). Moreover, BTV8 transmitted 

via the bite of Culicoides induced a delayed IFN response when compared to needle infection and as a 

consequence led to a higher viraemia and an increased severity in the clinical picture (Pages et al., 

2014).  

SBV uses cap-snatching to keep the production of viral PAMPs to a minimum while initiating 

mRNA transcription. RdRp protein is believed to have cap-dependent endonuclease activity. In the 

cytoplasm, host mRNAs are cleaved from the 5’ end and the capped nucleotide residues are then used 

to prime transcription of the viral genome (Coupeau et al., 2013b). Once capped, viral mRNA is 

concealed from RIG-1 recognition (Pages et al., 2014).  
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7.4.3 Inhibition of IFN signalling 

BTV is able to inhibit the expression of the IFN-stimulated genes following two mechanisms 

involving signaling pathways. The mechanism involved will depends on the timing of infection: in 

early infection BTV blocks the phosphorylation and nuclear translocation of STAT1. Later in the 

course of infection BTV will downregulate the Janus tyrosine kinase (JAK1) signal/transducer and 

TYK2 proteins expression (Doceul et al., 2014). 

In OROV interference with IFN signaling was hypothesized as a specific mechanism involving 

NSs but to date there is no clear evidence of such an action for SBV NSs (Livonesi et al., 2007). RIG-

I-like receptors (RLR) are a cytosolic receptor family shown to be involved in SBV viral RNA 

recognition (as for most of the negative single stranded RNA viruses)(Blomstrom et al., 2015). An 

alternative immune evasion strategy described for severe fever with thrombocytopenia syndrome virus 

(SFTSV) involves the action of NSs to relocalize RIG-I and some other signaling molecules into NSs 

induced endosome like cytoplasmic structures (Santiago et al., 2014). Whether or not such 

mechanisms do exist for SBV requires investigations.   

7.4.4 Inhibition of INF-induced antiviral enzymes 

In order to avoid host cell shut off and apoptosis, BTV produces capped mRNA internally 

within a core particle and releases ssRNA as the only viral genome in the cytoplasm of infected cells 

(Diprose et al., 2002). dsRNA is tightly associated with the BTV core as the release of viral dsRNA in 

the infected cell would be of dreadful consequences for the ongoing BTV infection.  

8 Diagnosis 

8.1 Clinical differential diagnosis 

Since both BTV and SBV infect mostly the same species, are both arbovirus, both are 

teratogenic agents causing not dissimilar congenital lesions in the affected offspring and cause quite 

often mild and aspecific clinical signs in adult animals, they are clearly part of their reciprocal 

differential diagnosis. 

SBV and BTV infection should be distinguished from other Orthobunyaviruses, such as the 

Akabane and Aino viruses, or Cache Valley virus (belonging to the Bunyamwera serogroup, 

circulating in North America). Other orbiviruses, such as Chuzan virus, belonging to the Palyam 

serogroup, isolated in Japan following a series of malformed calf births (Goto et al., 1988), are to be 

included in the differential diagnosis. Due to the potential for birth defects, BVDV, BDV and 

Wesselsbron disease virus are also to be considered (Rovid Spickler, 2010). Neospora caninum is an 
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important abortion agent in cattle throughout the world, and may also cause non-suppurating 

encephalomyelitis in congenital affection of calves. In this case, the condition is manifested by 

nervous disorders including proprioceptive deficits, arthrogryposis, and can lead to complete paralysis 

of the animal (De Meerschman et al., 2005). Nutritional causes (maternal deficiency in selenium and / 

or manganese at the beginning of gestation), toxic (ingestion of lupins between 40 and 70 days of 

gestation) or physical (exposure to ionizing radiations) can be envisaged (Oryan et al., 2011). 

Regarding clinical Bluetongue disease in adult cattle or sheep, basically any condition 

showing oedema, haemorrhages and epithelial damage should be considered in the differential 

diagnoses. Moreover, it includes all the vesicular diseases, and some of them are notifiable diseases. In 

particular, foot-and-mouth disease, vesicular stomatitis, rinderpest and peste des petits ruminants, 

capripoxvirus, malignant catarrhal fever, BVD, IBR and bovine papular stomatitis should be 

considered in cattle. In sheep Orf should be considered additionally. For both species any other 

condition possibly leading to lameness, ocular or nasal discharge, respiratory distress and oedema 

should be taken into consideration (Williamson et al., 2008; Savini et al., 2011). 

8.2 Laboratory diagnosis 

The identification of BTV or SBV could be carried on following two different approaches: 

1. Identification by direct diagnosis 

2. Identification by indirect diagnosis 

Direct diagnosis is based on the identification of viral antigen(s) by virological assays, classical virus 

isolation or detection of viral nucleic acids.  

Indirect diagnosis is mostly based on the identification of antibodies by serological assays.  

Specifics and details on some of the most common assays are provided for BTV in the OIE Manual of 

Diagnostic Tests and Vaccines for Terrestrial Animals (OIE, 2014).  

Direct diagnosis detects actual presence of the virus itself (viral nucleic acids or antigen) and therefore 

is the most certain method of determining an infection. Viral isolation can be highly time consuming 

and expensive. RTqPCR, on the other hand can be achieved in a considerably shorter time and can be 

serotype specific in the case of BTV. Another direct serotype-specific direct diagnostic technique is 

the virus neutralization test (VNT). VNT requires the availability of a characterized immunized serum 

bank, and can become highly laborious depending on the epidemiological context (Hamblin, 2004). 

Moreover, high throughput is not possible to achieve.  
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Indirect diagnosis is based on the detection of the antibodies of interest from the serum of infected 

animals. Besides historical serological tests currently almost totally abandoned due to their relative 

lack of sensitivity or cross reactivity, ELISA remains the most recommended tests for both SBV and 

BTV due to their usually high sensitivity and specificity. The serotype identification is however not 

possible with such tests (Breard et al., 2017). To identify BTV to the serotype level seroneutralization 

test (SNT) is required. Like for VNT, several parameters complicate the standardization of SNT 

protocols and inter-lab repeatability (Worwa et al., 2013). 

8.3 SBV direct diagnosis 

SBV is diagnosed using RTqPCR to detect the viral nucleic acid (Doceul et al., 2013). The 

FLI has developed and disseminated across Europe two new RTqPCRs targeting either the S segment 

or the L segment currently used to detect SBV. However, RTqPCR is limited by the short-lived 

viremia presented in SBV-infected animals. Indeed, in case of congenital defects, malformations can 

be observed although the virus could be eliminated, thus making it impossible to detect antigens or 

nucleic acids of the virus. In the case of post-natal infection of cattle, the RNAemia is also brief, 2 to 5 

days according to the first experimental data (Beer et al., 2013). Different kits targeting the segments S 

or L are commercially available.  

Viral isolation has been successfully achieved from blood samples from clinically affected cows 

(Hoffmann et al., 2012).  

Currently viral isolation is performed after a first passage on KC cells (larval cells of 

Culicoides variipennis) followed by inoculation of BHK-21 cells. The cytopathic effect is evident after 

5 days of incubation (Hoffmann et al., 2012).  

Interestingly, placentomes appear to be a tissue in which Orthobunyaviruses are more 

frequently isolated in case of in utero infection; Parsonson et al. hypothesized that the fetal-maternal 

interface may be a difficult access environment for neutralizing antibodies, and thus allow an 

increased replication (Parsonson et al., 1981b). 

In case of clinical suspicion of SBV in adults, the etiology may be confirmed by RTqPCR. A negative 

viremia, because of the brevity of the latter, does not allow to permanently dismiss the suspicion of 

SBV. 

8.4 SBV indirect diagnosis 

The FLI has developed seroneutralization and indirect immunofluorescence tests. Researchers 

at CVI Wageningen have also developed a serum-neutralization test that was used in the first 

seroprevalence study on livestock in one of the affected countries. The development of serological 
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tests made possible to confirm the involvement of SBV in many cases of malformations in the absence 

of viral RNA detection. Using SBV lab isolated strains it has also been possible to detect neutralising 

antibodies in the serum of infected animals with virus neutralization tests (VNT) (Mansfield et al., 

2013). However the classical VNT requires several days to be completed and cannot be automated, 

stressing the need of a faster mean to identify SBV. Therefore an indirect ELISA test was designed 

and developed by ID-Vet (Montpellier, France) later validated (Breard et al., 2013). Usually in the 

commercially available kits the plates are coated with SBV N protein (nucleoprotein). The major 

drawback is a described cross-reactivity towards SBV related orthobunyaviruses. Other commercial 

kits have been developed allowing to detect SBV antibodies on different matrixes (Humphries and 

Burr, 2012).  

In the absence of positive RTqPCR results, the monitoring of antibodies specific to SBV by serology 

coupled at 3-week intervals (ELISA or seroneutralization test) may be necessary to complete the 

diagnosis. 

8.5 Diagnosis of congenital SBV infection  

In case of suspicion of congenital lesions or abortions caused by SBV, the first examinations to be 

carried out will be: i) the detection of antibodies specific for SBV in the serum of abortions or 

newborns before taking colostrum (ELISA or seroneutralization), (ii) the detection of SBV RNA by 

RTqPCR from a piece of placentome and, if possible, from the brain of aborted fetuses or neonates. 

Otherwise, EDTA blood and spleen can also be tested by RTqPCR, but the virus appears to be less 

frequently detected in these organs than in the CNS (personal data). In the aborted fetus, different 

combinations could be found: seropositive but vironegative, or mother seropositive and vironegative 

fetus (van Maanen et al., 2012).  

If the approach is part of a diagnosis of abortion without particular suspicion of SBV, it may be useful 

to test the serum of the mother to detect SBV specific antibodies, their absence allowing to remove 

this virus from the potential etiologies of abortion in a context of a naïve livestock. In case of 

suspicion of SBV, the samples to be taken are presented in Table 2. 
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Table 2. Tissues and organs to sample in case of SBV suspicion. From (Parsonson et al., 1981a; Rovid 

Spickler, 2010; Martinelle et al., 2012). 

 
Adult/mother Fœtus/stillborn 

Storage 

 

24-48 h Long term 

Serology Blood (dry tube) 

Blood (dry tube) 

before/after colostrum 

intake 

2-20°C  -20°C 

RTqPCR 

Blood (EDTA 

tube) 

 

 

 

 

Blood (EDTA tube) before 

colostrum intake 

2-8°C  -80°C 

Brain 

Peritoneal fluids 

Placentome 

Umbilical cord 

Placental fluids 

Spleen 

Thymus 

Viral isolation 

and IHC 

Blood (EDTA 

tube) 

Blood (EDTA tube) before 

colostrum intake 

2-8°C viral 

isolation) ; 

formaldehyd 10 

% (IHC) 

 -80°C (viral 

isolation) ; 

formaldehyd 10 

% (IHC) 

Encephal (cattle, 

if dead)  

Brain 

Placentome 

Thymus 

Spinal cord 

Affected muscle 

Spleen 

Kidney 

Heart 

Lung 

Lymph nodes 

8.6 BTV direct diagnosis 

BTV can be isolated from blood, mainly the red blood cells fraction. The first step to 

successfully isolate BTV is to inoculate embryonated chicken eggs followed by passages on VERO or 

BHK-21 cells (Afshar, 1994). Indeed direct isolation on cell culture is tricky and can fail to isolate 

weak positive samples (Billinis et al., 2001).  
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First record of PCR being used for BTV diagnosis goes back to 1992 (Akita et al., 1992). In 

the late 90’s and early 2000’s several RT-PCR have been developed, targeting segments 2, 3, 6, 7 or 

10 (Toussaint et al., 2007). Since 2006 molecular diagnosis techniques have considerably evolved. 

RTqPCR assays developed in Europe following the BTV8 outbreak aimed at detecting all BTV 

serotypes. Toussaint et al. designed a broadly used protocol and primer sets, targeting a fraction of S5 

and later designated as “pan-BTV” (Toussaint et al., 2007; Zanella et al., 2013). Currently many 

commercial “ready-to-use” RTqPCR kits are available. Recently several of these kits were assessed 

and were found to be reliable and robust (Sailleau et al., 2017b). More recently serotype specific RT-

PCR protocols detecting BTV1 to BTV26 (Maan et al., 2012a) and RTqPCR protocols amplifying the 

serotype specific segment 2 of serotypes 1 to 27 and 29 were developed (Maan et al., 2016). 

8.7 BTV indirect diagnosis 

Agar gel immunodiffusion (AGID) and competitive ELISA (cELISA) using VP7 as antigen 

were the first widely used diagnostic techniques. In-house ELISAs routines using commercial kits 

have been quickly developed following the 2006 BTV8 outbreak (Batten et al., 2008a; Batten et al., 

2009) and AGID are practically no longer in use. Later sandwich (double-antigen) ELISAs have been 

introduced and provided evidences of their capacity to detect BTV antibodies earlier than cELISAs 

kits (Oura et al., 2009). However sandwich ELISA (sELISA) have been demonstrated at risk of false 

negative results if tested animals were infected longer ago: sELISA manage to detect BTV antibodies 

early in the course of the infection but are less sensitive than cELISA if the infection took place 4 

weeks ago (Eschbaumer et al., 2011a).  

Recently Bréard et al. developed a microsphere assay using fluorescent beads allowing a 

simultaneous detection of group and serotype specific antibodies (Breard et al., 2017).  

9 Vaccines  

Currently the best way to control BTV outbreaks remains vaccination (Maclachlan and Mayo, 

2013). The ideal vaccine has to be safe, cheap, if not universal at least to prevent RNAemia and further 

transmission of not only one but several serotypes/strains and allows DIVA (Feenstra and van Rijn, 

2017). To date, only modified live vaccines and inactivated vaccines are available for BTV whereas 

only inactivated vaccines are available for SBV. However commercial vaccines face two major issues: 

i) they are unable to allow the distinction between vaccinated and infected animals (Differentiating 

Infected from Vaccinated Animals – DIVA); ii) against BTV they fail to confer cross-protection to the 

ever growing number of different serotypes (Noad and Roy, 2009).  
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9.1 BTV and SBV modified live vaccines 

Modified live vaccines (MLVs) have a long history since they were the first BTV vaccines to 

be developed (Theiler, 1908a). Most of these vaccines were developed in South Africa and since such 

vaccines are still currently in use, covering 15 different serotypes divided in three different vaccine 

formulation (Coetzee et al., 2012). Most of these vaccines are produced using BTV strains passaged 

between 19 and 70 times on embryonated chicken eggs and a few additional passages on BHK or 

VERO cells (Alpar et al., 2009). They are cheap to produce and induce a long lasting immunity with 

only one single shot (Monaco et al., 2004). 

Nevertheless, BTV MLV vaccines present several potential disadvantages. As they do 

replicate very efficiently they could lead to severe clinical disease even possibly fatal (Veronesi et al., 

2005). Safety is particularly at stake when under attenuated vaccines are used, like with vaccines that 

did not undergo a sufficient number of passages (Savini et al., 2008). Indeed this active replication can 

increase the viraemia to the point it could infect biting midges and as a consequence give rise to a 

vaccine-derived BTV outbreak; it may also revert to a virulent form and/or the segments in the vector 

may reassort with wild-type viral genes, resulting in a reassortant vaccine strain possibly infectious 

and pathogenic (Batten et al., 2008b). Teratogenic effects and abortions were described as well 

following the use of MLV (Savini et al., 2004). MLV seem to have a transient and limited impact on 

semen quality (Breard et al., 2007) and no effect on milk production (Giovannini et al., 2004). In 

addition, no DIVA strategy exists with MLVs. 

Vaccination using a SBV mutant lacking NSs and a combined NSs/NSm deletion mutant has 

been assessed.  The double deletion mutant caused no viraemia and vaccinated animals were fully 

protected when challenged with a wild-type SBV, which might open a new track for SBV MLV use 

(Kraatz et al., 2015). Nonetheless to date only SBV inactivated vaccines have been provided with a 

marketing authorization.   

9.2 BTV and SBV inactivated vaccines 

Regarding BTV, possibly the best strategic option for control of clinical outbreaks in the 

European endemic areas has been vaccination of susceptible livestock with inactivated vaccines to 

protect against disease and i) to exclude the possibility of reversion to virulence of the vaccine viruses 

and ii) avoid reassortment between vaccine and field strains of the virus (Saegerman et al., 2008). 

Inactivated vaccines were produced from whole virus preparation killed using an inactivating agent 

such as heat, gamma radiation, UV light or chemicals like binary ethylenimine (Savini et al., 2007). 

Inactivated vaccines are clearly safer than MLVs since they are theoretically unable to produce any 

viraemia, although there are reports of short-lasting BTV RNA detection in the blood of naïve then 
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vaccinated cattle (De Leeuw et al., 2015). Neutralizing antibodies raised following the use of an 

inactivated vaccine according to an appropriate protocol was demonstrated to last at least 4 years 

(Batten et al., 2013a). By contrast, naturally infected animal were tested 6 years post infection and still 

exhibited a strong humoral response; nonetheless this does not mean that vaccine-induced humoral 

immunity is in any way shorter (Eschbaumer et al., 2012). Quite surprisingly the change from one 

commercial inactivated vaccine to another between the primovaccination and the booster shot was 

reported to produce more neutralizing antibodies than using the same vaccine during the whole 

protocol along (Bartram et al., 2011). 

The use of BTV inactivated vaccines has been associated to a 4 % increase of return-to-service 

in cattle when the animals were vaccinated between 3 days before and 16 days after AI (Nusinovici et 

al., 2011). By contrast, BTV8 vaccination of rams did not appear to cause any defects in semen quality 

(Leemans et al., 2012a). 

SBV vaccines and immunological mechanisms are far less studied than BTV ones. SBV 

inactivated vaccines protect efficiently vaccinated animals (Wernike et al., 2013b). Moreover, as cattle 

need two vaccine shots, the complete protection of sheep can be achieved using a single vaccine dose 

(Hechinger et al., 2014). Inactivated vaccines against other closely related Orthobunyaviruses – 

namely AKAV, AINOV and Chuzan virus - were demonstrated not to be efficient against SBV 

(Hechinger et al., 2013).  

Despite the numerous advantages of inactivated vaccines, they do have some limitations. They 

are more expensive to produce and require additional inactivation and purification steps. They are 

usually formulated with adjuvants and animals need several shots to be properly immunized (Mayo et 

al., 2017). 

A summary of currently available and potential future vaccines is provided in table 3. 

Table 3. A summary of BTV vaccine strategies. Adapted from (Mayo et al., 2017) 

Vaccine 
strategy 

Design Strategy Advantages Disadvantages 

Inactivated 
vaccines 

Virus killed by heat, UV radiation, or 
chemicals and mixed with adjuvant. 
The adjuvant non-specifically 
stimulates the immune system to 
respond to the viral antigens present 
on the killed viruses. 

Relatively safe, 
Cannot reassort 
with field strains 

   Multiple doses 
required 

 

   Local reaction to 
adjuvant possible 

  Immunity may be 
transient 
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Modified live 
vaccines 

Live virus attenuated by serial 
passage in alternate cell cultures or 
host(s). The viruses replicate 
(ideally) to a low level after 
vaccination, producing progeny 
viruses that stimulate virus-specific 
immunity. 

   Cost effective 
   Reversion to 
virulence 

   Single dose 
immunity possible 

   Side effects 
(decreased lactation, 
abortion) 

   Immunity can 
last for years 

   Reassortment 
with natural strains 

 
   Transmission by 
vector possible 

Recombinant 
vector vaccines 

Non-pathogenic viruses (other than 
BTV or SBV) are genetically 
modified to produce antigenic BTV 
or SBV proteins that stimulate 
specific antibodies. The modified 
viruses are administered in the 
vaccine, and they replicate to a low 
level within the host after 
vaccination. 

  Strong 
neutralizing 
immunity possible 

   Difficult/expensive 
to design 

  Potential for 
single dose 
immunity 

  

Disabled 
infectious single 
cycle vaccines 

Deletion of an essential gene results 
in BTV or SBV virions that can only 
replicate one time after vaccination. 
Purified single-cycle viruses are 
administered in the vaccine. 

   Low risk of 
reversion to 
virulence 

   Difficult/expensive 
to design 

 
   Multiple doses 
likely necessary 

Virus-like particle 
vaccines 

Genetically modified baculovirus 
vectors grown in insect cells express 
BTV or SBV structural proteins, 
which assemble into empty viral 
particles. The vaccine consists of 
purified viral particles and adjuvant. 

   High stability 
   Multiple doses 
required 

   Low risk of side 
effects 

   Difficult/expensive 
to design and 
manufacture 

   No risk of 
disease 

   Local reaction to 
adjuvant possible 
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9.3 Novel vaccines and perspectives 

Next development in BTV and SBV vaccines would follow presumably three different paths: 

i) using genetically modified viruses; ii) using virus vectors to express immunogenic BTV or SBV 

proteins; and iii) using preparations of immunogenic proteins themselves (Mayo et al., 2017). The 

main goals of these next generation vaccines are to tackle some of the major drawbacks of inactivated 

and MLV. To limit the spread and the reversion to virulence and the ability to distinguish vaccinated 

from infected animals are part of these major objectives.  

Disabled Infectious Single-Cycle (DISC) vaccines are infectious virus particle able to infect 

and replicate only once in the host cell due to the deletion of an essential gene (Feenstra and van Rijn, 

2017). In the case of BTV the DISC vaccine lacks the expression of VP6 (Matsuo et al., 2011). 

Therefore DISC vaccines provide the efficacy of MLVs and the safety of inactivated ones. However, 

since all the viral proteins are present the perspective of DIVA development is unlikely. 

Another type of newly designed vaccines generated by reverse genetics is the Disabled 

Infectious Single-Animal (DISA) vaccine. Basically, it pushes forward the knocking out of MLVs 

using genetic engineering to prevent unwanted spread and viraemia (Feenstra et al., 2014b). For BTV 

this is done by deleting NS3/NS3A, leading to complete avirulence, only local viral replication, and 

prevention of transmission to vector (Feenstra et al., 2014a; van Gennip et al., 2014). By contrast to 

DISC vaccines, since NS3/NS3A expression is lacking in DISA vaccines they are clearly in line with a 

potential DIVA approach, given the use of NS3 based ELISA tests (Feenstra et al., 2014a; Tacken et 

al., 2015). 

DNA vaccines have been assessed in BTV and SBV. For both viruses protocols and reduction 

of viraemia did not fully reached the objectives. Furthermore the use of DNA vaccines is submitted to 

logistic limitations such as complex protocols, high vaccine load or increased number of boost shots 

(Li et al., 2015; Boshra et al., 2017).  

Vectored vaccines use various combinations of immunogenic viral proteins (usually 

immunogenic capsid and envelop proteins) expressed through the replication of a different live 

attenuated virus. The non-pathogenic vector virus replicates at high level allowing the expression of a 

high number of immunogenic proteins in host cells (Boone et al., 2007). A lot of different recombinant 

vector viruses have been studied for BTV: capripox virus, canary poxvirus, fowlpox virus, equine 

herpesvirus 1, bovine herpesvirus 4, canine adenovirus, human adenovirus-5, vesicular stomatitis virus 

and vaccinia virus (Mayo et al., 2017). 
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Subunit vaccines and virus-like particles (VLPs) are non-replicating vaccines based on a 

similar principle: incomplete portions of the complete mature viral particle are sufficient to induce a 

protective immunity. BTV VP2 alone has been demonstrated to elicit a protective immune response in 

sheep (Huismans et al., 1987a). Subunit vaccines are produced by purification or on recombinant 

baculovirus or E.coli systems with the addition of adjuvants (Legisa et al., 2015; Feenstra and van 

Rijn, 2017). By contrast with subunit vaccines which are basically immunogenic proteins cocktails 

with adjuvants, VLPs are empty viral particles, with a conformation similar to fully functional mature 

virions yet lacking genetic material (Hewat et al., 1994).  DIVA should be possible as replication 

complex and non-structural proteins are not present. Results so far have been very promising also In 

vivo on target species and the reasons no VLPs vaccines are currently marketed is unclear. It however 

seems that the production method is not cost effective enough when compared to currently marketed 

vaccines (Feenstra and van Rijn, 2017). Figure 8 illustrates the different generations and evolution of 

the characteristics of BTV vaccines.   
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Figure 8. Characteristics and evolution from attenuated to future BTV vaccines. From (Noad 

and Roy, 2009). 
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The unexpected emergence of BTV8 in Western and Northern Europe and the later spread of 

other serotypes, soon followed by the onset of SBV just a couple of years later stimulated policy 

makers both at European and Belgian levels to develop research programs aiming at a better 

understanding of the pathogenesis of these diseases and to clarify their potential impact on livestock 

industry.  

General objective 

Emerging and/or newly discovered viruses affecting domestic ruminants trigger the need for 

data acquired within the smallest time frame in order to manage efficiently the diseases.  

The general objective of this thesis was to increase the knowledge about the pathogenesis of 

BTV and SBV in ruminant host-species and as a consequence to improve the decision making process 

in the context of vector-borne emerging diseases showing epizootic potential and possibly requiring 

high biosafety measures. 

Specific objectives 

As previously stated, the current thesis can be divided in three parts: 

Part I: Gaining additional knowledge about the pathogenesis of BTV and SBV especially to 

develop reliable and standardized animal infectious models on ruminant host-species (studies 1 and 2).  

Part II: Clarifying the pathogenesis of BTV and SBV in pregnant cattle and sheep, 

respectively (studies 3 and 4).  

Part III: Studying cross-reactivity, super-infection and compare serotypes clinical outcome 

with a particular emphasis on BTV serotypes historically present in Europe mainland (studies 5 and 6). 

More specifically with respect to the six studies presented in this manuscript the goals were: 

1) Study 1: To better understand the kinetics of the appearance of the clinical signs of 

Bluetongue disease and to identify the most precocious ones (prerequisites for the 

establishment of an early warning system); moreover, to compare and discuss the clinical 

picture obtained with two different kind of inoculum (infectious blood and cell-cultured virus 

passaged a limited number of times) versus the disease as observed in the field.  

 

2) Study 2: To assess the best way to reproduce in vivo SBV RNA detection and humoral 

immune response in sheep following experimental infection compared to field infection, with 

particular emphasis on the inoculation route. 
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3) Study 3: To study the mechanisms of protection and persistence of the BTV in pregnant dairy 

cattle and to clarify the circumstances of the placental crossing. To provide data about the 

teratogenic potential of BTV8.  

 

4) Study 4: To obtain insight in the pathogenesis of SBV in pregnant sheep. This will allow 

having a better understanding in the vulnerable period in which SBV infection causes 

congenital malformations in lambs.  

5) Study 5: To evaluate the effect of co- and superinfection with BTV1 on calves previously 

infected with BTV8. The fortuitous contamination of the inoculum with BTV15 added the 

supplemental objective of providing a preliminary discussion about the level of serotype-

dependant adaptation to the mammal host.  

6) Study 6: To compare the pathogenicity and virulence of BTV serotypes surrounding Western 

and Northern Europe on cattle, to assess the protection conferred by a preliminar vaccination 

against BTV8 and update serological cross-reactivity between BTV serotypes in the European 

epidemiological system.  
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Study 1: Two alternative inocula to reproduce bluetongue serotype 8 disease in calves 

 

 

  

Study 1 : 

Two alternative inocula to reproduce bluetongue serotype 8 

disease in calves 

Experimental section 

      Vaccine  29 (2011):3600-3609 

Martinelle L, Dal Pozzo F, Sarradin P, De Leeuw I, De Clercq K, Thys C, Ziant D, 

Thiry E, Saegerman C. 
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Preamble 

 

This study has been realized in order to answer to an intriguing question involving bluetongue 

virus and the development of a reliable and reproducible experimental model, namely the role of the 

inoculum in the outcome of the disease. The unexpected emergence and subsequent rapid spread of 

bluetongue serotype 8 in Western and Northern Europe had been remarked for several reasons. 

Amongst these, the high virulence against bovine raised several questions around the pathogenesis and 

the protection mechanisms in this host.  

Data relative to experimental BTV infection in the litterature are difficult to compare as 

different studies have used a variety of viruses of different serotypes, different passage history and 

inoculating different animal species/ breeds in different experimental settings. 

In addition, the OIE still recommends to use infectious ruminant blood in BTV vaccine trials instead 

of cell culture adapted virus. The interesting question is whether BTV once isolated in cell culture 

loses virulence compared to BTV isolated from blood of an infected animal. This is a pertinent 

question because BTV can be attenuated after extensive passaging in cell culture. In addition, isolation 

of BTV in tissue culture from an infected animal is not straightforward and requires passaging of 

infected blood in embryonated eggs (or insect cells) before the virus can replicate in mammalian cells. 

In other words, BTV does not adapt easily in mammalian cells without prior passaging in embryonated 

eggs. Thus, it is clear that the viral "population" growing in tissue culture is somewhat selected from 

wild type BTV found in the blood of an infected animal and this could lead to a reduction of virulence. 

 

In this paper we compare the effects of infectious blood and low cell-passaged virus on the 

outcome of the disease, and discuss their respective impact on the pathogenesis of BTV8 in bovine.
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Study 2: Three Different Routes of Inoculation for Experimental Infection with Schmallenberg Virus in Sheep 

Three Different Routes of Inoculation for Experimental Infection 

with Schmallenberg Virus in Sheep 

Experimental section 

Study 2 : 

Transboundary and Emerging Diseases  64(2017):305-308 

Martinelle L, Poskin A, Dal Pozzo F, Mostin L, Van Campe W, Cay AB, De Regge 

N, Saegerman C. 
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Preamble 

 

Knowledge of the impact of different inoculation routes of SBV in experimental models is 

currently incomplete. Each route implies constrains and benefits, some of significant practical impact. 

It might be tempting to assume that different arboviruses sharing common vectors could be 

experimentally inoculated using similar routes, as vector feeding behaviour should be virus-

independent. Based on this assumption the inoculation routes validated for BTV experimental 

infection are likely to be suitable for SBV experimental infection. However, since vectorial capacity, 

target cells and target tissues, and replication dynamics differs, the choice of the inoculation route 

should remain specifically evidence based. In order to complete the screening of the potential SBV 

inoculation routes we evaluated subcutaneous, intradermal and intranasal inoculations of sheep on 

clinical, virological and serological outcomes.  

Intradermal and subcutaneous inoculations are classical routes broadly used in experimental 

infections. As developed in the introduction of the present thesis, BTV and SBV are arboviruses and 

the bite of infected culicoides clearly represents the epidemiologically relevant transmission route. 

However some direct BTV transmissions were also described in the supposed absence of vector 

midges. In 2011 Van der Sluijs et al. reported the first transmission of BTV8 to a control pregnant ewe 

housed with challenged animals, supposedly without iatrogenic inoculation. Therefore, in order to 

investigate a similar potential direct SBV transmission we also inoculated ewes by intranasal route.   
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Study 3: Pulmonary artery haemorrhage in newborn calves following bluetongue virus serotype 8 experimental infections of 

pregnant heifers  

Pulmonary artery haemorrhage in newborn calves following 

bluetongue virus serotype 8 experimental infections  

of pregnant heifers 

Experimental section 

Study 3 : 

Veterinary Microbiology  167 (2013):250-259 

Martinelle L, Dal Pozzo F, Sarradin P, De Leeuw I, De Clercq K, Thys C, Thiry 

E, Saegerman C. 
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Preamble 

The unexpected emergence and subsequent rapid spread of bluetongue virus serotype 8 

(BTV8) in Western and Northern Europe led to dramatic repercussions on sheep and cattle livestock. 

Many features were specific of the BTV8 European outbreak: an increased severity in cattle, the 

discovery of competent local vectors, and the astonishing ability of the virus to cross the placenta 

barrier. Several experimental infections were performed to date, involving sheep or cattle, but only a 

part of them met the biosafety requirements to deal with BTV8 and in most of time they didn’t exceed 

4 to 5 weeks.  

We decided to implement a longitudinal study of repeated experimental infections of pregnant 

heifers, including calving and follow-up of their offspring for 2 months. Half of the infected heifers 

were vaccinated against BTV8. Our work, running for nearly one whole year, investigated the effects 

of successive challenges on vaccinated and non-vaccinated pregnant heifers, with particular emphasis 

on transplacental infection and the efficacy of the vaccine to protect the foetus.  
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Supplemental material  

 

Supplementary file 1 

1
: expressed in days after AI 

      2
: the number in brackets corresponds to the standard deviation 

    3
: expressed in kg 

       4
: because of the artificial induction of calving and subsequent shorter pregnancy in V-8379, OV-5 was not included in means and standard 

deviations calculations 

Dam Calf Sex Pregnancy duration
1
 Mean duration/group

1, 2
 Birth weight

3
 Mean weight/group

2, 3
 

  V-5188 OV-1 M 269   48   

  V-5211 OV-2 M 273   45   

  V-8377 OV-3 M 276 275.25 (5.9) 51 45.5 (5.6) 

  V-5198 OV-4 F 283   38   

  V-8379 OV-5
4
 F 266   32   

  NV-2200 ONV-1 F 283   46   

  NV-1903 ONV-2 M 285   50   

  NV-1905 ONV-3 M 287 284 (3.8) 50 44 (3.7) 

  NV-8381 ONV-4 M 279   41   

  NV-1893 ONV-5 F 289   47   

  CH-5213 OC-1 F 277 282.2 (1.4) 39 46.8 (7) 

  CH-5199 OC-2 F 279   49   
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Supplementary file 2 
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Supplementary file 3 

1
: the number in brackets corresponds to the standard 

deviation 

Calf dpp g/L Mean by group 1 

OV-1 5 64   

OV-2 6 74   

OV-3 7 66 68.4 (4.72) 

OV-4 7 65   

OV-5 4 73   

OC-1 5 72 
62 (14.14) 

OC-2 4 52 

ONV-1 7 88   

ONV-2 5 73   

ONV-3 7 67 73 (8.75) 

ONV-4 6 67   

ONV-5 4 70   

 

Supplementary file 4 

1
: PAG antisera from bovine origin 

2
: PAG antisera from caprine origin 

dpAI dpi dpV1 RIA-497
1 

RIA-706
2 

34 -88 -10 1.029 1.34 

45 -77 1 1.008 1.161 

46 -76 2 0.992 1.041 

47 -75 3 0.902 0.827 

48 -74 4 0.774 0.485 

49 -73 5 0.582 0.654 

50 -72 6 0.68 0.764 

51 -71 7 0.601 0.514 

52 -70 8 0.288 0.347 

53 -69 9 0.332 0.547 

54 -68 10 0.449 0.489 
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Study 4: Experimental Infection of Sheep at 45 and 60 Days of Gestation with Schmallenberg Virus Readily Led to Placental Colonization 

without Causing Congenital Malformations 
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Preamble 

 

The main impact of SBV on livestock consists in reproductive disorders, with teratogenic 

effects, abortions and stillbirths. Several experimental infections were performed to date, involving 

target species or laboratory animal models, but by the time we implemented this study none of those 

were carried out on pregnant animals. The outcome of teratogenic viral infections of the fetus depends 

on the susceptibility of the fetus to the infecting virus, which, in turn, is dependent on the gestational 

age of the fetus. Congenital abnormalities following infection with the closely related Akabane virus 

were thoroughly described, stressing out the tight relationship between the stage of gestation and the 

effects of the infection on the fetus. For SBV the characteristics of placental crossing remain currently 

poorly understood but as well are critical to establish the limits of the infectivity window that lead to 

congenital malformation in ruminant offspring. To set these boundaries is especially important in 

sheep since SBV had a greater impact on sheep flock than in cattle herds in several European 

countries. As a matter of fact, dairy cattle give birth basically all year round while lambing is mostly 

seasonal. Sheep breeding seasons are widely overlapping with some of the highest vector activity 

periods in Europe. Thus considering the breeding season as a risk factor in correlation with the vector 

activity, the management of the breeding season could be a key element to avoid congenital 

malformations and to get ewes infected before or after the critical period of susceptibility for the fetus.  

Therefore we decided to implement an experimental infection of pregnant ewes, inoculated 

with SBV during the first third of pregnancy, at 45 or 60 days of gestation. Ewes were separated in 

three groups: eight and nine ewes were subcutaneously inoculated with 1 ml of SBV infectious serum 

at 45 and 60 dg, respectively (G45 and G60). Six other ewes were inoculated with PBS as control 

group. 
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Martinelle L, Dal Pozzo F, Sarradin P, Van Campe W, De Leeuw I, De Clercq K, Thys C, 

Thiry E, Saegerman C. 

Veterinary Research 47(2016) (1) :73 
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Preamble 

 

The 2008 BTV8 epizootic in Northern Europe is believed to have caused greater economic 

damage than any previous single serotype BT outbreak. At the same time, BTV1 was circulating in 

Spain, Portugal and South-West of France. Moreover, herds simultaneously BTV1 and BTV8 positive 

were detected at the overlapping fringes of the BTV1 and BTV8 affected areas. As a consequence, 

cattle could be infected by both serotypes at the same time or sequentially. The current study 

investigates the impact of a BTV1 superinfection on cattle previously immunized against BTV8 

following experimental challenges on BTV8 vaccinated and non-vaccinated cattle, with particular 

emphasis in cross-reactivity between serotypes. The inoculum happened to be contaminated with 

BTV15, so far exotic to Europe mainland. As a consequence we further characterized the BTV1-

BTV15 co-infection. In addition we compared BTV1 and BTV15 in single serotype challenges.  

This study provides new insights in heterologous protection between BTV1, BTV8 and 

BTV15. The impact of the different challenges on clinical signs and viraemia is also discussed.
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Supplemental material 

 

Additional file 1. BTV group specific anti-VP7 antibodies, after vaccination against BTV8 and 

BTV8 challenges, for non-vaccinated, control and vaccinated calves. BTV group specific anti-VP7 

antibodies as the % of negativity. Dashed line represents the cut off value. A % of negativity under the 

cut off (35%) is considered positive. NV: non vaccinated; V: vaccinated. The two vaccine injections 

are represented as arrows labelled Vac1 and Vac2 respectively, and first and second BTV8 challenges 

are represented as green arrows. Standard deviations are represented as error bars. 
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animal group D0 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 D21 

group 

mean 

group 

sd 

3272 NV_BTV8 0 0 0 0 2 2 2 4 6 8 10 12 16 18 19 21 23 25 27 29 29 29 30,5 17,2 

3643 NV_BTV8 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 2 3 6 7 8 9 9 

  
8059 NV_BTV8 0 0 0 0 1 1 1 2 3 5 7 9 11 13 15 17 19 21 23 25 29 33 

  
9026 NV_BTV8 0 0 0 0 1 2 4 6 8 10 12 15 19 23 27 31 35 39 42 45 48 51 

  
3272 NV_BTV1/BTV15 0 1 2 3 5 9 12 15 18 21 24 27 30 33 35 37 40 42 42 43 43 44 43,3 19,7 

3643 NV_BTV1/BTV15 0 0 0 2 3 4 9 16 20 24 28 32 36 40 43 48 54 58 62 64 66 68 

  
8059 NV_BTV1/BTV15 1 1 1 1 1 1 1 1 1 1 2 4 7 10 14 20 22 27 31 35 38 41 

  
9026 NV_BTV1/BTV15 0 0 0 0 0 0 0 0 1 3 6 9 11 13 14 15 16 16 17 18 19 20 

  
2137 V_BTV1/BTV15 0 0 0 0 2 2 3 6 9 13 16 19 22 24 26 28 29 30 31 31 31 31 33 11,7 

3217 V_BTV1/BTV15 0 0 0 2 3 5 8 11 13 15 16 17 19 21 23 25 25 27 28 30 31 31 

  
9077 V_BTV1/BTV15 0 0 1 4 5 10 14 16 18 20 22 25 29 33 35 37 39 41 43 46 48 49 

  
9108 V_BTV1/BTV15 0 0 1 1 1 4 7 9 10 11 13 14 14 14 15 16 18 20 21 21 21 21 

  
169 BTV1  2 2 2 2 2 2 2 4 4 4 4 4 4 6 7 7 7 7 8 9 10 10 8,3 3,8 

6712 BTV1  0 0 0 0 0 0 1 2 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

  
1004 BTV1  0 0 2 4 4 4 5 7 8 8 8 8 8 8 8 9 10 11 11 11 11 11 

  
3598 BTV15 2 2 2 2 2 2 3 3 3 3 3 3 3 3 5 7 7 7 7 7 7 7 6,7 5,5 

4401 BTV15 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 

  
6336 BTV15 0 2 4 4 4 4 4 4 4 4 4 4 4 4 5 6 7 8 9 10 11 12 

  
2137 V_BTV8 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 8,3 3,8 

3217 V_BTV8 0 0 0 0 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 

  
9077 V_BTV8 0 0 0 0 0 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 

  
9108 V_BTV8 0 0 0 0 0 1 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 

  
1317 ctrl 0 0 0 0 0 0 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2,2 1,1 

3884 ctrl 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 

  
1894 ctrl 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 

  
2004 ctrl 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 

  
7494 ctrl 0 0 0 1 1 1 1 1 2 2 2 2 2 2 2 3 4 4 4 4 4 4 

  
                          

Additional file 2. Cumulative clinical scores. Cumulative clinical scores after the first BTV8 challenge in NV and V animals, BTV1/BTV15 superinfection and BTV1 and BTV15 single 

infections. Sd: Standard deviation. 
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Study 6: Assessment of cross-protection induced by a bluetongue virus (BTV) serotype 8 vaccine towards other BTV serotypes in 

experimental conditions 
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Preamble 

 

From 1998 to 2007, in addition to BTV8, Europe had to face the emergence of BTV1, 2, 4, 9, 

and 16, spreading in countries where the virus has never been detected before. These unprecedented 

outbreaks trigger the need to evaluate and compare the clinical, virological and serological features of 

the European BTV serotypes in the local epidemiological context. In addition, current established 

serological cross-reactivity between different BTV serotypes is mostly based on experimental 

infections and field data prior to the XX
th
 century BTV circulation in Europe mainland. These 

serological relationships could benefit from an update in the light of the European epidemiological 

context.  

The current study describes the clinical, serological and virological parameters after calf 

experimental infections with these 5 European serotypes of BTV (1, 2, 4, 9, and 16). Moreover, cross-

protection resulting from prior vaccination with commercial inactivated BTV8 vaccine was assessed.  
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Starting in 2006, BTV serotype 8 was responsible in Western and Northern Europe for a major 

epizootic. One must go back to the last major outbreaks of foot-and-mouth disease in the 1980s to 

encounter such a plague. The magnitude and diffusion of the disease were surprisingly high, leaving 

the different affected countries with no other options than to reduce the movement of herds, trying to 

use insecticides to prevent contamination of healthy animals or to house them within the barns at dusk. 

All these measures only had a limited impact on the disease transmission. The fight against BTV only 

took a new turn with the marketing of BTV8 inactivated vaccines in 2008 and the subsequent 

implementation of national vaccination campaigns in most of the affected countries.  

During the late summer of 2011 a first cluster of reduced milk yield, fever and sometimes diarrhea was 

reported in the Netherlands. In December of the same year first congenital malformations occurred and 

Schmallenberg virus was identified and named in March 2012, becoming one of the very few 

orthobunyaviruses distributed in Europe with Batai virus (Jost et al., 2011; Hofmann et al., 2015a). 

By the time of their emergence, both viruses were lacking pathogenesis and epidemiology data in the 

European context (naïve ruminants, Palearctic vectors, European climate) and most assumptions were 

extrapolated based on scientific knowledge on other related viruses and/or other regions of the World.  

To study and determine the pathogenesis, the dynamic of these viruses, to clarify their ability to cross 

the placental barrier, standardized, repeatable models potentially displaying field-like outcome are 

required.   

A proper experimental infection needs a proper inoculum 

An adequate inoculum to use in infectious challenges to study viral pathogenesis should be: 

1) Safe, meaning it should have been screened for contaminations, adventitial agents or other 

pathogens (Speder, 2014); 

2) Easily available, practical and standardised; 

3) Contain a virus the closest from wild-type virus found in the field displaying similar 

replication and virulence properties;  

Infectious blood versus cell passaged inoculum 

An infectious inoculum can be used for several purposes, from the investigation of in vivo 

characteristics of recently discovered viruses (Breard et al., 2018) to vaccine efficacy requirements or 

to investigate certain specific aspects of the pathogenesis (MacLachlan et al., 1994). In the context of 

an emerging pathogen with an epizootic potential it is quite obvious that time is of the essence and 

since standardization is not critical in the very first steps of in vivo characterization using an infectious 

animal product such as blood or serum could be both faster and more secure to reproduce expected 
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clinical signs and viraemia. Nevertheless it appears that in most of the most recent experimental 

infections involving BTV or SBV, culture grown inocula were used in a majority of challenges (table 

4). The main reasons to use cell-passaged virus can be summarized as follow: 

1) The original isolate or any strain of particular interest can be distributed throughout the world, 

leading to great improvement of standardization; 

2) Viral amplification by cell-passages allows a high increase in viral titre, subsequently allowing 

to inoculate lower volumes; 

3) Screening for contamination or other pathogens is easier in cell culture and eliminate some 

veterinary public health concerns about using ruminant blood to infect other ruminants; 

4) Virulence in cell culture can be easily standardized.    

Virus 

Type of 

inoculum Host Species Cell type 

Nb of 

passages 

Inoculation 

route 

Volume 

(ml) 
Titre 
(TCID50/ml) Ref 

BTV 

Cell-passaged; 

blood (goat) 

Cattle, sheep, 

goats 

BSR; 

ECE+BSR 

3; 1+3 or 

1+2 

SC; IV 

(blood) 

2, 3 or 

4; 1 

(blood) 

10^3-

10^4.67 
Bréard et al., 

2017 

BTV Cell-passaged 

Cattle, sheep, 

goats KC+BHK-21 1+1 SC 2-4 10^6 
Schultz et al., 
2018 

BTV Reverse genetic Sheep, goats / / SC+IV 1 10^5 
van Rijn et al., 

2016 

BTV Cell-passaged Cattle BHK-21 2 SC+IV 1-4 

10^4-

10^6.15 
Martinelle et 

al., 2016 

BTV Cell-passaged Cattle, sheep KC 2 SC, ID 1 10^7 
Darpel et al., 
2016 

SBV Cell-passaged ECE 

KC+BHK-

21+HmLu-1 1+5+2 Yolk sac 0.2 

5x10^2-

5x10^6.4 
Collins et al., 

2018 

SBV Serum (cattle) Goats / / SC 1 / 
Laloy et al., 

2017 

SBV Cell-passaged IFNAR mice KC+BHK-21 1+1 SC 0.1 10^3 
Tauscher et al., 

2017 

SBV Cell-passaged IFNAR mice KC+BHK-22 1+2 SC 0.1 10^8 
Boshra et al., 

2017 

SBV Cell-passaged Sheep KC+BHK-21 1+1 SC 1 2x10^3 
Poskin et al., 

2015 

Table 4. Inocula characteristics used in the 5 most recent experimental infection studies on BTV and 

SBV (as searched on PubMed with keywords “experimental infection bluetongue” and “experimental 

infection Schmallenberg). 

In most of the studies presented in the current manuscript, the clinical signs reported in the 

BTV infected animals were of a lesser extent than those reported from the field (Martinelle et al., 

2011; Martinelle et al., 2013; Martinelle et al., 2015; Martinelle et al., 2016; Martinelle et al., 2017). 

Since we used mostly cell-passaged inocula and as modified live vaccines gain their attenuation 

through serial cell passages the first and most obvious hypothesis to explain the mild severity of 

bluetongue disease in our experiment was the use of culture grown virus. Moreover, passage history of 

the inocula we used involved mostly ECE, BHK-21 and VERO cells. It was reported that BTV grown 

on KC cells (derived from Culicoides sonorensis) could induce a greater severity of the clinical signs 
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(Moulin et al., 2012). One hypothesis is that KC cells may better mimic natural vector-borne infection 

compared to virus passaged in other cell lines (Anderson et al., 2014). 

 As a matter of fact, it was also reported that the inoculation of infectious material from field 

isolates rarely produce a clinical picture as severe as in natural infection (Drolet et al., 2015). An 

additional hypothesis would be that the Culicoides saliva might act as a catalyzer to enhance the 

ability of BTV to produce severe clinical signs. Indeed Culicoides saliva was demonstrated to contain 

a trypsin-like protease able to cleave VP2, leading to the formation of infectious subviral particles with 

enhanced infectivity (Darpel et al., 2011). Moreover, in the field and no matter the care and experience 

of the farmers there are always some animals that would be more sensitive to viral diseases within the 

herd due to individual poor immune defences, genetic variability or metabolic status. By contrast in an 

experimental context the health and sanitary status of every single animal is very strictly controlled 

and monitored, inducing a bias toward the selection of very healthy and vigorous animals most likely 

able to face and recover from BTV infection.    

We demonstrated nonetheless the suitability of BTV passaged a few times on cell culture to both 

reproduce clinical signs and RNA detection (Martinelle et al., 2011). Other authors concluded to the 

benefits of culture grown virus to be used in experimental challenges in ruminants (Eschbaumer et al., 

2010) as well. Despite converging result the policy of the OIE remains unchanged regarding 

recommended vaccine efficacy requirements, i.e. challenging vaccinated and unvaccinated sheep with 

a virus “passaged only in ruminant animals and with no or limited ECE or cell culture passages” (OIE, 

2014). 

Results regarding SBV do not show that much consistency. Indeed, in cattle Wernike et al. reported a 

reduced viral replication of culture-grown SBV when compared to natural host-passaged inoculum 

(Wernike et al., 2012). By contrast, one year later the same team concluded to the suitability of both 

infectious serum and low passage cell culture material for SBV experimental challenges in sheep 

(Wernike et al., 2013a). Besides the passage history the origin of the isolated virus seems to be of 

importance as CNS originating virus failed to reproduce RNAemia in inoculated animals (Wernike et 

al., 2013a). Successive serial passages in cell-culture indeed are well known to usually result in 

decreased virulence. However regarding SBV Varela et al. reported an increased pathogenicity in a 

SBV strain passaged 32 times in INF-incompetent sheep CPT-Tert cells, associated with a faster 

spread of the virus in the brain of suckling mice (Varela et al., 2013). SBV was demonstrated to grow 

efficiently in several cell lines including sheep CPT-Tert, bovine BFAE, human 293T, dog MDCK,  

hamster BHK-21,  BSR, KC and VERO cells (Varela et al., 2013; Kraatz et al., 2015). Whereas serial 

passages in CPT-Tert led to the accumulation of a variety of mutations mostly in the M and S 

segments, the porcine cell line SK-6 proved to be highly susceptible and to allow the genetic stability 

of SBV throughout successive passages (Hofmann et al., 2015b). Therefore, depending on the cell line 
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used to grow SBV, serial passages can lead to attenuation, increased virulence, or efficient propagation 

with a low frequency of nucleotide exchanges.    

A matter of doses and routes 

When it comes to arboviruses the choice of the route of inoculation can be driven by two main 

considerations: 

1) The need for a route that will mimicry the most the behavior of the vector in the wild. Usually 

haematophagous arthropods are either telmophagous or solenophagous; depending on the 

vector species the route might be intradermal (ID), subcutaneous (SC) or intravenous (IV). In 

experimental infections given the size of the arthropods and the size of their mouthparts the 

inoculated viral load and volume are usually way higher than the ones inoculated through 

naturally occurring feeding (Venter et al., 2007). Another drawback is the lack of vector saliva 

components, which can modify the structure and infectivity of Reoviridae and Bunyaviridae 

viral particles (Darpel et al., 2011; Horne and Vanlandingham, 2014). We used SC route in 

study 4 and 6. 

2) The need for a route that will ensure the virus to reach blood stream. Quite obviously this is 

the intravenous route. We used the intravenous route in studies 1 and 3. Since vector saliva 

components can enhance the infectivity of arboviruses there is a risk that the inoculation of the 

virus alone or at a distal site from the vector feeding site would result in a failed infection (Le 

Coupanec et al., 2013). Therefore the option to by-pass the skin to readily reach the 

bloodstream may be relevant. 

Several authors including us (study 5) used mixed routes to overcome the respective disadvantages of 

each approach (Table 4; (Dal Pozzo et al., 2009a; Dal Pozzo et al., 2013)). In study 2 we compared 

intranasal, intradermal and subcutaneous routes for experimental infections with SBV. Intradermal is 

an interesting yet underused route: indeed most haematophagous arthropods do not make it through 

the skin and their mouthparts only allow them to feed intradermally. Most of the cellular and fluid 

exchanges between the skin and the blood do occur in the dermis (Nicolas and Guy, 2008). In 

addition, there are some evidences suggesting that intradermal inoculation can be more appropriate to 

reproduces many aspects of natural infection, including clinical disease, viral and immune responses 

(Umeshappa et al., 2011). However to perform an actual intradermal inoculation the volume to be 

injected has to be limited, the dermis being mostly composed of a network of collagen fibres. 

Therefore it is required to multiply the inoculation sites to reach the desire total inoculum volume and 

infectious titre. To realize the inoculation itself the most practical tools are the Dermojet® (Akra 

Dermojet) or a special syringes for intradermal injections (used to perform bovine tuberculosis skin 

tests as an example). These devices allow usually volumes between 0.1 to 0.4 ml, thus the need of 
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multiple injections to reach the common 1-4 ml inoculation volume used in ruminant infectious 

challenges experiments (Table 4). Moreover, with both systems the inoculum has to be transferred 

from its original vial to a small tank part of the body of the dermojet or to a special cartridge to be 

used with the intradermal syringue. This extra step increases the number of handlings, which should 

be limited especially in the case of BSL3 pathogens. In the present thesis the intranasal route was 

mostly investigated to test whether or not a potential direct contamination between sheep could be 

achieved. Indeed regarding BTV several authors reported unexpected and inconclusive direct 

horizontal transmission with different serotypes (BTV8, BTV1 and BTV26 at least) (van der Sluijs et 

al., 2011; van der Sluijs et al., 2013; Batten et al., 2013b; Batten et al., 2014). 

Broadly speaking, several authors reported a direct link between the inoculated viral doses and the 

onset of clinical signs and viraemia, i.e. the higher the dose the sooner the clinical signs and viral RNA 

detection (Alexandersen et al., 2003; Quan et al., 2004; Howey et al., 2009). In another study we 

evaluated four 10-fold dilutions of a SBV infectious serum inoculum on ewes (See Annex 1, (Poskin 

et al., 2014a)). The undiluted original inoculum had a titre of 2 X 10
3
 TCID50/mL. It appears there is a 

critical dose to be inoculated to successfully reproduce field-like virological and immunological 

parameters, and once this threshold is over there no dose-dependent effect anymore. Indeed, in the 

productively infected animals no statistical differences between the different inoculation doses were 

found in the duration or quantity of viral RNA circulating in blood, nor in the amount of viral RNA 

present in virus positive lymphoid organs. Likewise Di Gialleonardo et al. compared three groups of 

cattle inoculated with 100 fold dilutions of BTV8; no significant differences in viraemia kinetics could 

be found (Di Gialleonardo et al., 2011).  

Inoculation by the bite of Culicoides was reported to be more efficient than intradermal inoculation, 

especially by delaying the early immune response of the host despite a generally lower inoculated viral 

dose when compared to needle inoculation (Pages et al., 2014). Several mechanisms were 

hypothesized to explain this apparently enhanced infectivity in Culicoides transmitted BTV: 

1) The Culicoides saliva contains proteases able to cleave VP2, leading to the formation of 

infectious subviral particles (ISVP) displaying higher infectivity in KC cells and culicoides 

(Darpel et al., 2011); 

2) The ratio of infectious BTV particles versus defective virions produced within culicoides 

might be higher when compared with cell culture grown BTV (Pages et al., 2014); 

3) Pharmacological agents contained in Culicoides saliva might affect the host’s immune 

response by anti-proliferative effects on leucocytes (Bishop et al., 2006) or a reduced INF 

alpha/beta expression, as demonstrated with vesicular stomatitis virus and mosquito saliva 

(Limesand et al., 2003). 

Nonetheless, the use of Culicoides to perform experimental challenges remains highly limited by 

practical constraints: to date besides C.nubeculosus, C. riethi and C.sonorensis no other 
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Culicoides species were successfully establish as lab-adapted colonies (Boorman, 1974; Veronesi 

et al., 2013), the alternative being insects caught in the wild. In addition, prior to the infectious 

challenge on the ruminant host the infection of culicoides is particularly tricky given the size of 

the insect and the exact amount of virus delivered to each ruminant cannot be known. 

Altogether the subcutaneous route seems to represent the best compromise for BTV and SBV. The 

dose itself has to be sufficient but there is no gain in using massive viral load. 

Beware of contaminations! 

Bluetongue disease history is scarred with incidents of contamination of biological samples. In 

1992, modified live vaccines against canine distemper, adenovirus type 2, Parainfluenza, and 

parvovirus, reconstituted with a killed canine coronavirus vaccine, led to abortions in several bitches. 

A virus could be isolated and was eventually identified as bluetongue serotype 11 (Evermann et al., 

1994; Wilbur et al., 1994). More recently, a case of BTV11 contamination was reported by ANSES 

(Agence nationale de sécurité sanitaire de l’alimentation, de l’environnement et du travail, Maison-

Alfort, France), in the context an experimental infection of goats with BTV8, and appeared to be very 

closely related to the BTV11 isolated in Belgium (Breard et al., 2011). The BTV15 contamination that 

we discussed in study 5 (Martinelle et al., 2016) has been previously involved in two other 

experimental infections. Eschbaumer et al. used BTV1 culture supernatant, issued from ANSES, that 

was then passaged once on VERO cells before being injected to calves and sheep (Eschbaumer et al., 

2011b). That inoculum has been subsequently used by Dal Pozzo et al. (Dal Pozzo et al., 2013), with 

the exact same outcome, namely discovery of the BTV15 contamination. Thus, ANSES received a 

BTV11 tainted BTV8 challenge virus from FLI, and involuntarily sent a BTV15 contaminated BTV1 

strain to FLI. BTV inoculums were not only contaminated with BTV heterologous serotypes: 

Rasmussen et al. reported the use of a BTV2 inoculum contaminated with Border Disease Virus in 

sheep (Rasmussen et al., 2013).  

So far literature does not report experimental infections with a SBV inoculum that was 

contaminated by another virus belonging to the same or a different family. Broadly speaking 

contamination routes are most likely related to i) laboratory contamination during sample preparation 

or ii) natural multiple infection of the original donor animal (Vandenbussche et al., 2015). Given the 

potential dramatic consequences of such contamination incidents, inocula should indeed be tested for 

major pathogens affecting the host species used in challenge experiments but also for a set of BTV 

serotypes considered to be the most at risk. Despite the transient circulation of BTV6 (van Rijn et al., 

2012), BTV11 (Vandenbussche et al., 2015) and BTV14 (Orlowska et al., 2016) of vaccine origin in 

Europe the BTV11 contamination here above mentioned happened to be similar to BTV11 reference 

strain. Hence the contamination of the inoculum is far from being necessarily related to an ongoing 

viral circulation even though it might remain silent because of the lack of clinical consequences. Thus 
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to rule out any potential BTV contamination all known BTV serotypes should be tested for. Such a 

recommendation would inevitably increase the constrains and costs of quality control of inocula prior 

to their use in experimental infections. Extensive screening could however be considered on a case-by-

case basis.  

Placental crossing and teratogenesis 

Both Reoviridae and Peribunyaviridae are families of viruses able to cross the placental barrier, infect 

the foetus and potentially cause teratogenic effects in the central nervous system or muskuloskeltetal 

defects (arthrogryposis) (Doceul et al., 2013; Maclachlan and Osburn, 2017). It is generally considered 

that the age of the foetus (in gestational age) is a key criterion to determine the extent of the congenital 

defects as differentiating nervous tissues are important targets for both BTV and SBV : usually the 

younger the foetus, the more severe the lesions (Doceul et al., 2013; Maclachlan and Osburn, 2017).  

However, to colonize the foetus viruses need a way in; therefore it is considered that SBV in utero 

infection can only occur once the first placentomes are established, around day 30 of pregnancy in 

cattle and slightly earlier in sheep(Parsonson et al., 1988; Charles, 1994; Garigliany et al., 2012a).  

Small ruminants and cow have slightly different definitive placental structure. In 1909 Grosser 

classified the mammalian placentas according to the number of tissue layers between foetal and 

maternal blood after implantation. The ruminants were considered to have a syndesmochorial placenta, 

i.e. where the uterine epithelium is removed and the chorion is in contact with the maternal connective 

tissue (Amoroso, 1961). Other authors reclassified it as epitheliochorial since the uterine epithelium 

subsisted [498]. From these historical and oversimplified categories the ruminant placenta was later 

considered to be characterized by the migration of the foetal chorionic binucleate cells and their fusion 

with the uterine epithelial cells. The ruminant placenta is a mix between the syndesmochorial and 

epitheliochorial placentation and the uterine epithelium subsists as a fetomaternal syncytium 

(Wooding, 1992). In small ruminants more than 95 % of the placenta forms a fetomaternal syncytium. 

In cows multinucleate cells appear only transiently once the uterine epithelium has regrown after 

implantation. This type of placenta is called synepitheliochorial (Wooding and Burton, 2008).  

At implantation several changes occur: the papillae in the uterine glands immobilize the conceptus and 

it starts to elongate (cow: 15 days post coitum (dpc); sheep: 13-16 dpc). Subsequently the cells of the 

trophectoderm and the uterine epithelium get interdigitated, binucleate cells start to be seen. Then 

binucleate cells start to differentiate and to migrate (cow: 20-22 dpc; sheep: 16-18 dpc). Foetal villi 

develop in the caruncular areas starting at 24-26 dpc in small ruminants and 28-30 dpc in cow, thus 

defining the end of the implantation and the start of the placental development (King et al., 1979). 

Table 5 summarizes some of the essential events in the course of the prenatal development in cattle 

and sheep. 
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Event Timing in cow (dpc) Timing in sheep (dpc) 

Blastocyst hatching from zona pellucida 9 9 

Elongation of the blastocyst, establishment of the 
primitive streak, emergence of the notochord 17-18 13-14 

Appearance of neural folds, closure of the neural 
groove 17-19 15-16 

Implantation begins 16-19 15-18 

Neurula 20-21 17 

Neural tube complete; optic and otic vesicles present 21-23 19-20 

Placentation begins 22-23 17-22 

Three brain vesicles visible 24-25 17 

Placentoma are detectable 32-36 21 

Lymphoid development of the thymus 42 36 

Spleen development 55 43-44 

Peripheral lymph nodes 60 45 

IgM containing cells 59 65 

Myelin sheath acquisition (starting) 60 54-63 

IgG containing cells 145 87 

   
Table 5. Key events in sheep and cow embryos/foetuses with particular emphasis on nervous and 

immune systems. Compiled from (Bryden et al., 1972; Evans and Sack, 1973; Jordan, 1976; Maddox 

et al., 1987; Spencer et al., 2004; Assis Neto et al., 2010; Khaksary-Mahabady et al., 2018) 

In the current work we decided to infect with BTV8 vaccinated and non-vaccinated pregnant heifers at 

120 days of pregnancy (study 3, (Martinelle et al., 2013)). We also challenged pregnant ewes with 

SBV at 45 and 60 days of pregnancy (study 4, (Martinelle et al., 2015)). Thus for both viruses the 

experimental infection took place within the critical timeframe, between 30 and 150 days for cattle and 

between 30 and 70 days of pregnancy for sheep (Figure 9, (Charles, 1994)). Moreover, in 

experimental conditions the highest BTV transplacental infection was found at mid-term gestation, 

around 70 days of pregnancy in sheep (van der Sluijs et al., 2011; van der Sluijs et al., 2013). The 

prenatal period can be divided into four main periods: i) fertilization; ii) blastogenesis; iii) 

embryogenesis and iv) fetogenesis (Szabo, 1989). The embryo sprouts and develops tissues and organ 

structures from the three original germ layers (ecto-, meso-, and endoderm). By the end of the 

embryogenesis the conceptus became a “miniature” version of the adult animal, displaying all its 

specific features. Once the organs are differentiated the embryo becomes a fetus (Coppock and 

Dziwenka, 2017). The fetal phase is characterized by a fast growth of the conceptus. In cattle and 

sheep the fetogenesis starts around 45 and 38 dpc, respectively (Evans and Sack, 1973).Thus the 

critical timeframe for BTV and SBV infection overlaps the end of the embryo stage and the beginning 

of the fetal stage. Moreover, although in ruminants ɣ-globulins are unable to go through the placental 

barrier from the mother to the foetus it is admitted that cow and sheep fetuses become sequentially and 
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increasingly immunocompetent to a larger variety of antigens throughout the pregnancy (Silverstein et 

al., 1963; Schultz et al., 1973). The critical timeframe for BTV and SBV infection spans over the 

course of several important events in immune system development (Table 5). Although the sequence 

of antigens to be successively and progressively recognized by the fetal ruminant through pregnancy 

seems to be quite conserved between individuals, these antigens can be recognized starting with a 

difference of a few days between individuals (Fahey and Morris, 1978). This individual variability 

could explain the findings by De Clercq et al.,(2008), who reported all possible combinations of 

serological status/RTqPCR results in dam/calf pairs in a context of high BTV8 suspicion along with 

results which were interpreted as apparent immunotolerance (De Clercq et al., 2008). Likewise, 

malformed calves and lambs were found SBV viropositive or vironegative with or without SBV 

antibodies, suggesting the possibility of an in utero clearance of the virus. Moreover, most of the 

malformed calves that were negative in both SBV antibodies and RTqPCR were born from 

seropositive mothers (De Regge et al., 2013). 

The range of teratogenic lesions, congenital defects and other reproductive disorders caused by BTV 

and SBV was quite extensively described in the introduction of the present thesis. Table 6 summarizes 

the most common malformations and nervous lesions induced by some of the most common viruses 

inducing such lesions in ruminants. 

As a matter of fact, none of these respective lesions were reported either in the BTV experimental 

infection of heifers (study 3) or in the SBV infection of ewes (study 4). 

In study 3 we reported reddening of the muzzle and haemorrhages in the wall of the pulmonary artery 

in calves born from non-vaccinated mothers. These findings were associated with the absence of any 

anti-BTV antibodies prior to the colostrum intake.   
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Lesion Definition BVDV SBV BTV AKAV/AV 

Hydranencephaly 
Extensive loss of cerebral tissue 
with replacement by clear fluid 

 +   +   +   +  

Porencephaly 
Cystic fluid filled cavities in the 
brain tissue 

 +   +   +   +  

Hydrocephalus 
Dilation of the lateral ventricles 
by cerebrospinal fluid 

 +   +   +   -  

Microencephaly Reduced size of the cerebrum  +   +   +   +  

Cerebellar hypoplasia Reduced size of the cerebellum  +   +   +  
 

Kyphosis 
Dorsal vertebral column 
curvature 

 -   +   -   -  

Lordosis 
Ventral vertebral column 
curvature 

 -   +   -   -  

Scoliosis 
Lateral vertebral column 
curvature 

 -   +   -   -  

Torticollis 
Twisted cervical vertebral column 
curvature 

 -   +   -   -  

Arthrogryposis Joint contraction of the limbs  -   +   +/-  +  

    

Table 6. Summary of some of the most common central nervous and musculoskeletal lesions 

following in utero infection with bovine virus diarrhea virus (BVDV), SBV, BTV, Akabane virus 

(AKAV), or Aino virus (AV). Adapted from (Agerholm et al., 2015). 

In study 4, out of the 22 born-alive lambs none had any anti-SBV neutralizing antibodies prior to 

colostrum intake. 

In both these experiments timing of inoculation was optimal to achieve transplacental infection of the 

foetus with regard to data available from the literature yet no malformations could be seen. No 

antibodies against the virus used to infect the mothers could be detected as well. These striking results 

might even question the success of the infection, notwithstanding the positive RNA detection in the 

mothers. In study 3, the report of similar lesions and serology results in another experiment on goats 

(Coetzee et al., 2013), and in study 4 the detection of SBV nucleic acids in organs of several lambs 

and many extraembryonic structures provide support to an actual transplacental infection. In addition, 

in another study (see Annex 2 (Poskin et al., 2017)) we managed to isolate SBV from foetal envelopes 

in the animals from study 4 at birth, thus 90 and 105 days post infection. The very low ratio of 

precolostral seroconversion in immunocompetent fetuses was also confirmed following the infection 

of pregnant cattle with SBV (consortium, 2014).  

Transplacental transmission of BTV8 based on field data was reported to range from 16 % (van 

Wuijckhuise et al., 2008; Santman-Berends et al., 2010b) to 35 % (Desmecht et al., 2008; Darpel et 

al., 2009). In experimental infections passage of BTV8 from the mother to the foetus could be 

demonstrated in 43 % of infected ewes whereas BTV1 could be detected in up to 67 % of the foetus 
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(van der Sluijs et al., 2013). Other authors cited a BTV placental crossing in ewes of about 40 %. The 

observed BTV8 vertical transmission rate in goats infected at 61 days of pregnancy was also 33 % 

(Belbis et al., 2013). 

SBV vertical transmission seems to be lower when compared to BTV, especially in cattle (Wernike et 

al., 2015). As indicated in the introduction, the rate of malformations caused by SBV was reported to 

be about 0.5 % in cattle (Veldhuis et al., 2014a) although the rate of intrauterine infection – based on 

serological results of the calves prior to colostrum intake – was reported to be about 28 % (Garigliany 

et al., 2012a). Other authors documented field data about congenital malformations affecting 3 % of 

the calves but 8-10 % of the lambs in farms at the beginning of the SBV epizootic (Dominguez et al., 

2012; Dominguez et al., 2014). In Belgium based on a survey targeting farmers we also found an 

estimated 10 % of malformed sheep in SBV positive flocks (see Annexes 3 (Saegerman et al., 2014)).   
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Figure 9. Suggested timeframe for BTV and SBV in utero infection causing defects in cattle and small ruminants offspring (Charles, 1994; Martinelle 

et al., 2012; Martinelle et al., 2013; Afonso et al., 2014; consortium, 2014; Martinelle et al., 2015; Maclachlan and Osburn, 2017). See also Annex 4. 

In utero potential BTV (green shades) and SBV induced defects (blue shades) following infection of the pregnant dams along the whole gestation time for 

cattle (A) and small ruminants (B).  
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Embryonic losses represent a key factor affecting ruminant production systems. In cattle as well as in 

sheep most of the spontaneous embryo mortalities occur in the early embryonic life, namely before 16-

18 dpc (Dixon et al., 2007; Diskin and Morris, 2008). In cattle early embryonic losses were reported to 

range from 20 to 44 % whereas in sheep in ranges from 12 to 30 %, with a clear increase of embryo 

deaths with the ovulation rate (Geary, 2005; Dixon et al., 2007). The impact of both BTV and SBV on 

reproductive parameters other than teratogenesis is well documented. BTV8 was reported to increase 

the 56-days-return to service rate and the number of AI required to achieve a pregnancy (Santman-

Berends et al., 2010a; Nusinovici et al., 2012). During the SBV epizooty the number of AI to get cattle 

pregnant was slightly yet significantly increased regardless of whether or not they were part of a herd 

reporting malformations indicative of an actual infection (Lechner et al., 2017). Although SBV and 

especially BTV had a tremendous economic impact on livestock industry, it is remarkable to highlight 

the relative poor efficiency of the placental crossing and more specifically the low rate of congenital 

deformities induced by those viruses. It also seems clear that congenital malformations underestimate 

the actual rates of BTV and SBV transplacental infections (Afonso et al., 2014).   

BTV variability and vaccine induced cross-protection 

The interrelationships between at least the 24
th
 first discovered serotypes were established 

more than 25 years ago by plaque reduction tests, cross protection tests and heterotypic antibody 

responses (Erasmus, 1990). Homologous protection relies mostly on neutralizing antibodies and T 

cells targeting VP2 and VP5; serological response is however not exclusively protective against 

homologous serotypes (Jeggo et al., 1983; Schwartz-Cornil et al., 2008). Cytotoxic T cells were also 

demonstrated to support heterologous protection by targeting NS1 and inner core proteins.  

Several recent experiments actually provided interesting results not exactly in line with the 

diagram of serological relationships suggested by Erasmus in 1990. Indeed, heterologous protection 

involving serotypes not necessarily seen as close from each other was reported following the use of 

inactivated vaccine (Umeshappa et al., 2010b) or virus-like particle vaccines (Perez de Diego et al., 

2011). An attempt of cross protection using BTV4 – considered as an ancestor serotype – Modified 

Live Vaccine resulted of the protection of the vaccinated sheep against BTV9 and 11, and to a limited 

extend against BTV10 but not BTV1 (Zulu and Venter, 2014). 

Besides, the serological relationships were built, when based on results from experiments 

using an animal model, solely on sheep. In study 5 and 6 we demonstrated that the tested serotypes 

displayed various levels of adaptation to cattle. A host-dependent virulence was also reported 

previously (Eschbaumer et al., 2011b). Moreover, since BTV immunogenicity not only is based on 

serotypes but also on topotypes it is fully justified to renew and update serotype relationships within 

new epidemiological systems (Dahiya et al., 2004).  
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The serial passages of BTV in mammalian cells were reported to lead to a decrease in the 

genetic diversity of the viral population which was linked to a decrease of the virulence of that 

population. Therefore, apart from screening for contaminants and other pathogens, standardizing titres 

and volumes, checking for passages history, it might be interesting to screen for viral variability prior 

to launch infectious challenges with different BTV serotypes (Caporale et al., 2014).  

Surveillance, prevention and control 

The emergence of exotic or newly discovered vector-borne viruses follows common 

sequential steps: arrival, establishment and spread (Randolph and Rogers, 2010). Traditional 

surveillance systems involves disease reporting (by veterinarians, laboratories, farmers) followed by 

epidemiological and laboratory investigation. The objective is to allow an early detection and 

subsequent early decision making process to manage the emerging syndrome.  

In the case of Bluetongue disease, the minimum requirements for monitoring programs to be 

implemented by Member States are defined in the EC No 1266/2007. They consist in i) passive 

clinical surveillance; ii) serological surveillance; and iii) entomological surveillance (Kyprianou, 

2007). 

By contrast with Bluetongue disease, the disease caused by SBV is not classified as notifiable 

to the OIE. In Belgium both diseases are part of the Abortion Protocol, a mandatory reporting system 

implemented in the context of Brucellosis surveillance: any fetuses displaying evocative lesions are 

tested for BTV and SBV.  

Vaccination of susceptible livestock has been shown to be an efficient way to prevent clinical 

disease and transmission of BTV and SBV (for details please see the Chapter I.9) and complies with 

OIE recommendations. Highly sensitive molecular methods are now available to detect both viruses in 

many matrixes (please see Chapter I.8).  

When it comes to emerging and/or rare disease, the actors involved at the different levels of 

the surveillance network might lack the awareness to properly report unusual syndromes or clinical 

picture. The limits between normality and abnormality could be missed by veterinary practitioners 

since they cannot rely efficiently on a previous experience, especially when clinical disease is overall 

rare. In another study we suggested the use of a method called “classification and regression tree” 

(CART), which is based on the analysis of field clinical observations (Saegerman et al., 2012) (Annex 

5). Such approaches could improve the detection of emerging arboviruses in livestock by ranking 

clinical signs based on their importance with respect of the dynamics of the emergence. 
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In another paper we discussed the use of sentinel animals, in particular in the case of BTV 

surveillance (Saegerman et al., 2009) (Annex 6). Sentinel animals are animals chosen within their 

usual environment or kept in a specific one, and closely followed up through time in order to detect as 

soon as possible, in a quantitative or qualitative manner, the exposition to a given pathogen. It is part 

of a specific prospective surveillance. BTV and SBV being both vectorised by the same arthropods 

showing a seasonal activity pattern, sentinel animals could be used especially to detect the re-

emergence of these pathogens. With respect to economic concerns and the short RNAemia in SBV 

infected ruminants, ELISA tests appear to be the most cost-effective option.  

The critical time frame for in utero infection with BTV and SBV causing typical congenital 

malformations ranges from 30-150 and 30-75 days of pregnancy for cattle and small ruminants, 

respectively (Figure 9).  

In Belgium, two major lamb production systems coexist: 

 The production of “pasture lamb” represents about ¾ of the Walloon production. Lambs 

are often kept inside the barn during the first month. Around the age of one month, when in 

addition to suckling they start to eat solid feed, they go out in meadows with their mother. 

They are weaned around the age of 3 months and slaughtered at the age of 6 months, when 

they reach a weigh of 40 to 45 kg. Mating season usually starts in September to end in 

November.   

 The production of “barn lambs”, about ¼ of Walloon production. The lambs are raised 

exclusively in barns or sheepfold and are slaughtered at the age of 3 months at a weight of 

35 to 38 kg. Mating season takes place in April-May through summer.  

Birth rate of cattle is also seasonal, especially regarding meat cattle (Figure 10). Vector species 

are mostly active from April to November (De Regge et al., 2015). 

Given these data, critical time of the year for in utero infection would be October-November 

and May to October for pasture and barn lambs, respectively. For meat cattle the high risk 

period would span from June to October.  

Unless a very strict oestrus synchronization and insemination management, expecting to protect 

pregnant animals from the most deleterious teratogen lesions of BTV and SBV based on the use 

of insect repellent and housing practices is delusional. Vaccination remains the most efficient 

measure to avoid vertical transmission of BTV and SBV.   
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Figure 10. Daily calving distribution in the Walloon Region in 2015 (Martinelle et 

al., 2018)  
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Conclusion and recommendations 

In conclusion, targeting ruminant host species in experimental infections especially with 

BSL3 pathogens is very expensive, time consuming, subject to stringent animal welfare 

constraints and critical sample size analysis to meet optimal statistical requirements … 

The number of ruminants used in experimental infection is chosen based on welfare and 

statistical concerns but also quite unfortunately on economic and practical grounds (Coetzee et al., 

2014). In the present thesis we worked with BTV in BSL3 facilities and with SBV in BSL2+/BSL3 

facilities depending the phase of the experiment. Indeed, the Belgian Service of Biosafety and 

Biotechnology classes BTV as a class 3 pathogen whereas there is no recommendation for SBV. 

However we based our experimental infection with SBV by analogy with AKAV, also classified as a 

class 3 pathogen (Belgian Biosafety Server, 2018). Domestic ruminants being herd animals, they need 

to be housed in groups or at least not individually. Euthanasia methods have to be the most humane as 

possible and clear end points have to be defined. Given the scarcity of clinical signs caused by BTV 

and SBV in the field and the individual variations in the response to the infection the number of 

animals to be included has to be chosen very carefully to comply with the Reduction objective (3 Rs 

concept) but has to be sufficient to limit the risk of not being able to provide useful data in the context 

on the ongoing scientific investigation. This is particularly striking regarding experimental infection of 

pregnant ruminants with low malformation rates following transplacental transmission.  

…Yet ruminant model remains unavoidable to grasp the impact and assess the 

pathogenesis of emerging vector-borne viruses. 

The most objective parameter to assess a vaccine efficacy against a virus and especially a RNA vector-

borne virus is the evaluation of the viral RNA detection by RTqPCR in the host target (Eschbaumer et 

al., 2010). BTV and SBV virulence were demonstrated to vary depending on the ruminant host 

whether it is cattle, sheep or goat. In addition, pregnancy length differs between cattle and small 

ruminants; the placentation and the development of the foetal envelopes present slight differences 

(Spencer et al., 2016). As a consequence, to study any of the specific aspect related to a ruminant 

species there are no other animal model or any alternative able to mimic the natural situation in a 

proper way (Coetzee et al., 2014). 

The results presented in this thesis provide new insights about viruses that raveled through Europe 

causing severe losses in the livestock industry.  In addition these aspects open new perspectives to 

expand the knowledge on emerging vector-borne virus targeting ruminants. More specifically: 

1) According to our experiments, subcutaneous route with an inoculum passaged a limited 

number of times on cell culture seems to represent the best compromise between a high 
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probability to reproduce an infection similar to what happens in the field and logistics 

surrounding the preparation/storage/management of the inoculum. To prevent the loss of viral 

variability isolation and limit the risks of attenuation isolation of BTV could be done on KC 

cells (Moulin et al., 2012) whereas SBV could benefit regarding the same aspects from an 

isolation on the highly susceptible SK-6 cell line (Hofmann et al., 2015b). Screening for 

concomitant pathogens should be considered on a case by case basis, if required. The dose 

should be chosen based on literature data yet no advantage is provided by inoculating a 

massive viral load. 

o Since some data from other authors suggest a better reproduction of the diseases with 

intradermal inoculation, it could be further investigated, especially if more user-friendly 

devices could hit the market. 

o A major breakthrough would be the successful adaptation of a colony of Palearctic BTV 

and SBV vector Culicoides species (C.obsoletus/scoticus, pulicaris) to laboratory 

conditions and subsequent use in infectious challenges. 

o Vector-borne transmission of BTV implies the puncture of the skin at some point. There 

are growing evidences that under certain circumstances additional routes of transmission 

can be observed: a goat was reported to be infected by BTV2 without direct contact 

(Rasmussen et al., 2013). The recently discovered BTV26 also displayed the ability to 

infect goats through direct contact (Batten et al., 2014). In other experimental infection 

control ewes were found positive with BTV1 and BTV8 (van der Sluijs et al., 2011; van 

der Sluijs et al., 2013). The study of the virus factors affecting this 

modified/underreported transmission feature should allow a better understanding of the 

epidemiology of the disease. 

2) The teratogen potential of BTV and SBV expresses only very rarely and the current work 

contributed to clarify the timeframe and consequences of the infection of pregnant ruminants 

with these viruses. Moreover, depending on the timing of the infection a transplacental 

infection with BTV or SBV is far from necessarily implying congenital malformations; 

actually seroconversion is inconsistent even though the foetus might be immunocompetent by 

the time of infection. SBV can readily infect and remain in foetal envelopes without causing 

any defects in the foetus but a transient viraemia with SBV nucleic acid possibly being 

detected in some offspring’s organs at birth. BTV can cause slight in utero lesions with no 

BTV RNA or anti-BTV antibodies being detected at birth. As expected, the use of BTV8 

inactivated vaccine successfully protected both the dams and foetuses from BTV8 infection. 

o Despite growing evidences of an improved transplacental transmission around mid-

gestation (van der Sluijs et al., 2011) the lower time-limit to successfully reproduce a 

SBV or BTV intrauterine infection by inoculating the mother (30 days of pregnancy; time 

required for the placentomes to develop and become functional) remains mostly based on 
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previous work on Akabane virus or non-European BTV serotypes. In study 4 the earlier 

time we evaluated was 45 days of pregnancy. The Central Veterinary Institute in 

Wageningen infected pregnant ewes at 38 and 45 days of pregnancy; SBV passed the 

placental barrier easily and percentage of SBV viral RNA in umbilical cord was even 

higher in the group infected at 38 days (consortium, 2014). The earliest BTV8 

transplacental transmission was described in ewes infected at 40-45 days of pregnancy 

(van der Sluijs et al., 2011). To the best of our knowledge there are no data about the 

consequences of experimental infections prior to those times.  

o The BTV1 epizootic in Europe had a far lesser extension and consequences than the 

BTV8 one. It was demonstrated that BTV1 was able to induce transplacental transmission 

to a higher incidence compared to BTV8, causing more severe pathology and nervous 

malformations (van der Sluijs et al., 2013). Likewise, BTV2 was found to cross the 

placental barrier quite efficiently (Rasmussen et al., 2013). The transplacental passage 

being overall a rare phenomenon and the onset of malformations even rarer in the field, it 

is not unlikely that other wild type European serotypes – transmitted less readily in adults 

– might also be able to cross the placental barrier. 

3) In study 6 we showed (i) the weak virulence of the selected viral strains for bovines, (ii) a 

partial serological cross-reactivity between BTV8 and BTV4, and BTV1 and BTV8, (iii) a 

potential weak cross-protection induced by BTV8 vaccination. According to in vivo 

virological parameters, we could confirm that BTV serotypes are differently adapted to young 

bovines (BTV1, 16 and 9 more adapted than 2 and 4). We also demonstrated a striking 

dominance of BTV15 over BTV1 in cattle in study 5, whereas BTV1 was shown to prevail 

over BTV15 in sheep (Eschbaumer et al., 2011b).  

o Further studies of the mechanisms of reassortment and the respective contribution of 

insects and mammalian hosts are required to clarify the epidemiological dynamics of 

BTV evolution in Europe; 

o Additional cross-challenges and cross-vaccination in ruminants with selected European 

serotypes in accordance with the epidemiological situation should help to refine the 

relationships between these serotypes and might undercover unexpected cross reactivity. 

o The optimization of reverse genetic protocols would greatly improve the understanding of 

reassortment, virulence factors and host adaptation. The applications of this technique are 

vast and are of the greatest help to further tackle the threat posed by BTV.  
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« La vraie langue d'une science est celle qui en facilite l'étude, en mettant ses 

principes à la portée de tout le monde. Le pédant qui ne cherche qu'à en imposer et non à 

enseigner, surcharge ses leçons de termes inutiles, et sème à chaque pas des difficultés qui 

finissent par dégoûter celui que son inclination portait naturellement à l'étude, et qui y 

aurait pris goût si on lui avait aplani les routes de la science, au lieu de les hérisser 

d'épines : manière que n'ont adopté, au reste, nos petits charlatans scientifiques que pour 

éblouir les sots qui, entendant des mots qu'ils ne comprennent souvent pas, regardent ceux 

qui les débitent comme des êtres doués d'un savoir supérieur. » 

François Levaillant (1753-1824), discoverer of the Bluetongue disease. 
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