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Life is what we make of it.   
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RESUMEN  

 

La lengua azul (LA) es una enfermedad de la lista de la Office International des 

Epizooties (OIE) que afecta a rumiantes domésticos y salvajes y también a camélidos. La 

LA está causada por el virus de la lengua azul (VLA), un virus RNA de doble cadena 

perteneciente al género Orbivirus (familia Reoviridae) y transmitido por varias especies 

de dípteros del género Culicoides (familia Ceratopogonidae). En el ciclo de transmisión 

del VLA pueden participar varias especies de hospedadores y vectores, y la expansión y 

competencia de los vectores se ha visto favorecida en las últimas décadas debido al 

cambio climático y las modificaciones de hábitat. Diversas especies de rumiantes salvajes 

pueden infectarse con el VLA, sea clínicamente o de manera asintomática, como ocurre 

con el ciervo (Cervus elaphus). El ciervo es una especie ampliamente distribuida y 

abundante en Europa susceptible de infectarse con el VLA, y que por lo tanto puede ser 

relevante en la transmisión y el mantenimiento del VLA. En Europa se han implementado 

medidas de control de la LA (vacunación, restricción de movimientos de hospedadores 

susceptibles durante los periodos de riesgo y programas de vigilancia epidemiológica) 

para los rumiantes domésticos, pero no se ha considerado su aplicación en las especies de 

rumiantes salvajes hospedadoras del VLA. 

  

Esta tesis investiga la posible importancia del ciervo en la epidemiología de la LA en 

Europa, intentando proporcionar nuevas perspectivas sobre su potencial capacidad como 

reservorio del VLA. Después de una breve Introducción se presentan los Objetivos de la 

tesis. El Capítulo 1 es una revisión exhaustiva del estado actual de los conocimientos 

sobre la infección por el VLA en rumiantes salvajes, con especial atención al ciervo. El 

Capítulo 2 es un estudio epidemiológico que demuestra que las poblaciones naturales de 

ciervo son capaces de mantener la circulación del VLA en ausencia de hospedadores 

domésticos. Además, se comprueba la utilidad del ciervo como centinela en los programas 

de vigilancia epidemiológica de la LA. Los Capítulos 3 y 4 muestran los resultados de 

una infección experimental de ciervos con VLA. Estos estudios demuestran que el ciervo 

desarrolla una infección asintomática de larga duración tras la inoculación con el VLA 

(Capítulo 3), y que la respuesta genómica del ciervo evita la enfermedad clínica al 

controlar la infección por el VLA (Capítulo 4). Los cuatro estudios de han publicado en 

Veterinary Microbiology, una revista científica internacional con revisión por pares 
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indexada en el primer cuartil del área de Ciencias Veterinarias. Finalmente, los resultados 

de los cuatro estudios se abordan conjuntamente en la Discusión general, seguida por las 

Conclusiones que corresponden a los Objetivos de esta tesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Capítulo 1: Revisión de la infección por el VLA en 

rumiantes salvajes, con énfasis en el ciervo: una 

revisión 

 
La distribución del VLA ha cambiado, posiblemente en relación con el cambio 

climático. En Europa se ha implementado la vacunación de rumiantes domésticos para 

controlar la expansión de la LA. La elevada densidad de ciervo (Cervus elaphus) en 

libertad en algunas regiones europeas ha generado preocupación acerca de la posibilidad 

de que los rumiantes salvajes puedan mantener o diseminar el virus en Europa. La 

mayoría de especies de rumiantes salvajes son susceptibles a la infección con el VLA, 

aunque la mayoría de veces de manera asintomática. La densidad de las poblaciones de 

ciervo en Europa es similar a la del ganado doméstico en algunas áreas, y el ciervo puede 

llegar a constituir un porcentaje significativo de la población de rumiantes susceptibles a 

la infección por el VLA en determinadas regiones. En Europa, se han encontrado 

prevalencias elevadas de anticuerpos frente al VLA en ciervos, y se ha detectado 

repetidamente ARN de los serotipos 1, 4 y 8 del VLA (VLA-1, VLA-4 y VLA-8, 

respectivamente) mediante RT-PCR en ciervos infectados naturalmente. Además, el 

ciervo puede ser portador del VLA sin mostrar síntomas durante largos periodos de 

tiempo. Los estudios epidemiológicos indican que hay más casos de LA en rumiantes 

domésticos en las áreas con presencia de ciervo. La densidad de vectores y hospedadores 

y los factores ambientales determinan la distribución espacial de la LA. Como en los 

rumiantes domésticos, la transmisión del VLA depende casi exclusivamente de vectores 

del género Culicoides, sobre todo C. imicola pero también algunos miembros de los 

complejos C. obsoletus y C. pulicaris. Sn embargo, aún no se ha demostrado 

experimentalmente. También se sospecha de la posibilidad de transmisión 

transplacentaria, oral y mecánica. Por lo tanto, el ciervo puede participar en la 

epidemiología del VLA en Europa, aún por aclarar completamente, y podría complicar el 

control de la LA en rumiantes domésticos. No obstante, para confirmar esta hipótesis es 

necesario continuar investigando la interfase entre hospedador, vector y agente patógeno, 

así como la epidemiología de la LA y los vectores de LA en los hábitats ocupados por la 

fauna salvaje. Además, el ciervo puede utilizarse como centinelas de LA en los planes de 

vigilancia de la enfermedad, utilizando muestras de suero y bazo de gabatos muestreados 

a partir de finales de otoño. 
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Capítulo 2: Evidencias de la circulación de VLA-4 en 

ciervos (Cervus elaphus) en libertad en el Parque 

Nacional de Cabañeros, en España 

 

La LA es una enfermedad infecciosa que afecta a rumiantes domésticos y salvajes, 

causada por el VLA. El VLA-4 afectó al sur de España entre 2004 y 2006, y en 2007 se 

inició un brote del VLA-1, también en el sur de España, que todavía sigue activo. Para 

controlar la LA se ha vacunado y aplicado restricciones de movimiento al ganado 

doméstico, pero hasta el momento no se ha aclarado el posible rol como reservorio de los 

rumiantes salvajes en Europa. El objetivo de este estudio es describir la epidemiología del 

VLA en la población salvaje en libertad de ciervo (Cervus elaphus) en el Parque Nacional 

de Cabañeros (PNC), situado en el centro de España, durante las epizootias de VLA-4 y 

VLA-1, valorando el potencial como reservorio del VLA de esta población salvaje de 

ciervo. Se obtuvieron muestras de sangre de 2885 ciervos salvajes (2542 adultos, 208 

gabatos y 135 en los que no se pudo determinar la edad) desde 2005 a 2010 en el PNC y 

las fincas cinegéticas adyacentes. Se analizaron todos los sueros mediante ELISA para 

detectar anticuerpos frente a la proteína VP7 del VLA. Noventa y cuatro de las muestras 

positivas a ELISA se analizaron mediante seroneutralización para detectar anticuerpos 

específicos frente al VLA-4 y el VLA-1, y 142 muestras de sangre se analizaron mediante 

RT-PCR para detectar ARN del VLA. Se encontraron anticuerpos contra el VLA en 371 

(12.9%) de los 2885 ciervos analizados (35/208 gabatos, 307/2542 adultos y 29/135 

indeterminados). La prevalencia aumentó en los ciervos adultos desde el periodo 2005–

2006 al periodo 2008–2009, para disminuir posteriormente. No se encontraron muestras 

positivas al VLA-1 mediante seroneutralización, mientras que en 43 ciervos (38 adultos, 

cuatro gabatos y un indeterminado) se encontraron anticuerpos específicos frente al VLA-

4. No se encontró ARN del VLA en ningún ciervo. La detección de anticuerpos a lo largo 

de todo el periodo de estudio, especialmente en gabatos, sugiere el mantenimiento de la 

circulación del VLA en la población de ciervo del PNC. Sin embargo, la falta de 

detección de ARN del VLA sugiere que el riesgo de transmisión al ganado doméstico no 

es elevado. 
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Capítulo 3: Infección experimental de ciervo (Cervus 

elaphus) con VLA-1 y VLA-8 

 

La LA es una enfermedad infecciosa emergente en Europa, relacionada con el 

cambio climático. Desde 1998 se han producido brotes de los serotipos 1, 2, 4, 6, 8, 9, 11 

y 16 del VLA en Europa Central y Occidental. Se han implementado medidas para 

controlar o erradicar el VLA en Europa, que incluyen la restricción de movimientos y la 

vacunación de los rumiantes domésticos susceptibles a la infección por el VLA. Sin 

embargo, estas medidas son difíciles de aplicar en los hospedadores salvajes en libertad 

del VLA, como el ciervo (Cervus elaphus), que pueden participar en la epidemiología aún 

por aclarar de la LA en Europa. Este estudio demuestra por primera vez que se puede 

detectar ARN del VLA en la sangre de ciervo durante largos periodos, comparables a los 

de los rumiantes domésticos, después de la infección experimental con VLA-1 y VLA-8. 

Se detectó ARN del VLA en ciervos infectados experimentalmente hasta el final del 

estudio (98–112 días después de la infección experimental -dpi-). Se encontraron 

anticuerpos específicos frente al VLA en el suero tanto mediante ELISA como mediante 

seroneutralización a partir de los días 8 a 12 dpi hasta el final del estudio, con un pico a 

los 17-28 dpi. También se registró la transmisión del VLA en ausencia de vectores en 

condiciones de estabulación. Estos resultados indican que el ciervo puede infectarse con el 

VLA y mantener ARN de VLA durante periodos largos, permaneciendo asintomático. 

Así, las poblaciones de ciervo sin vacunar tiene en potencial para actuar como reservorio 

de la LA en Europa, y podrían poner en riesgo el éxito de la estrategia europea de control 

del VLA. Por lo tanto, hay que tener en cuenta las poblaciones de ciervo (tanto en libertad 

como en granja) en los programas de vigilancia del VLA, y adaptar los esquemas de 

vacunación y restricción de movimientos aplicados al ganado doméstico para incluir a los 

ciervos estabulados o transportados. 
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Capítulo 4: Análisis de la expresión génica global en 

biopsias cutáneas de ciervas infectadas 

experimentalmente con VLA-1 y VLA-8 

 

El VLA es un virus ARN de doble cadena transmitidos por dípteros hematófagos del 

género Culicoides a rumiantes domésticos y salvajes, y causa una alta morbilidad con 

mortalidad variable. El objetivo de este estudio es caracterizar la expresión génica 

diferencial en biopsias cutáneas de hembras de ciervo (Cervus elaphus) infectadas 

experimentalmente con VLA-1 y VLA-8. Se obtuvieron biopsias cutáneas de hembras de 

ciervo infectadas experimentalmente y control 14 y 98 días después de la infección 

experimental (dpi). El perfil de la expresión génica global en respuesta a la infección por 

el VLA se caracterizó a los 14 dpi utilizando microarrays bovinos junto con un análisis 

mediante RT-PCR a tiempo real de los genes expresados diferencialmente a los 14 y 98 

dpi. La expresión de dieciocho genes aumentó y la de tres disminuyó como respuesta a la 

infección con el VLA, sin que hubiera diferencias significativas entre las hembras de 

ciervo infectadas con el VLA-1 y las infectadas con el VLA-8. Siete genes, seis cuya 

expresión aumentó (ISG15, PSMB8, PSMB9, BOLA, C1qA, C4) y uno cuya expresión 

disminuyó (FOS) estaban representados en exceso después de las pruebas condicionales 

para la ontología génica de procesos biológicos, afectando a cinco vías moleculares 

implicadas en la respuesta inmune del hospedador (RIG-1, proteasoma, MHC-1, 

complemento, TLR). La infección por el VLA tuvo un efecto menor y transitorio en la 

expresión génica en las hembras de ciervo, como demuestran los pocos genes que se 

expresaron de manera diferente en respuesta a la infección por el VLA a los 14 dpi, y la 

mayoría tuvieron niveles de expresión similares entre animales infectados y no infectados 

a los 98 dpi. Estos resultados sugieren que el ciervo podría controlas la infección por el 

VLA con poco efecto sobre las vías moleculares del hospedador. 
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SUMMARY  

 

Bluetongue (BT) is an Office International des Epizooties (OIE)-listed disease 

affecting domestic and wild ruminants and also camelids. BT is caused by bluetongue 

virus (BTV), a double strand RNA-virus belonging to the genus Orbivirus (family 

Reoviridae) transmitted by Ceratopogonidae biting midges of the genus Culicoides. 

Several host and vector species are implicated in its transmission cycle, and climate 

change and habitat modification have favoured vector expansion and competence in the 

last decades. A number of wild ruminant species can be infected by BTV, either clinically 

or asymptomatically, the latter being the case of red deer (Cervus elaphus), a susceptible, 

widely distributed and abundant European BT host species, which could therefore have a 

potential role in the transmission and maintenance of BTV. BT control measures (namely 

vaccination, movement restriction of susceptible hosts during risk periods, and 

epidemiologic surveillance programs) have been implemented throughout Europe for 

domestic ruminants, but they have not been considered in wild BTV host species. 

  

This thesis addresses the role of European red deer in BT epidemiology, trying to 

provide a new insight in its potential role as a BTV reservoir. After a brief Introduction, 

the Objectives of the thesis are presented. Chapter 1 is an exhaustive revision on the 

current knowledge on BTV infection in wild ruminants, and particularly in red deer. 

Chapter 2 is an epidemiological study showing that natural red deer populations are able 

to maintain BTV circulation in absence of domestic hosts, as well as the usefulness of this 

species as a sentinel in BT epidemiological surveillance programs. Chapters 3 and 4 

report the results of an experimental BTV infection of red deer. These studies demonstrate 

that red deer develop an asymptomatic long lasting infection after BTV inoculation 

(Chapter 3), and that red deer genomic response prevents clinical disease by controlling 

BTV infection (Chapter 4). All four studies have been published in Veterinary 

Microbiology, an international peer-reviewed scientific journal indexed in the first 

quartile of the Veterinary Sciences area. Finally, the results of the four studies are 

discussed altogether in the General Discussion section, followed by the Conclusions 

which answer the Objectives of this thesis. 
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Chapter 1: BTV infection in wild ruminants, with 

emphasis on red deer: A review 

 
The distribution of BTV has changed, possibly related to climate change. Vaccination 

of domestic ruminants is taking place throughout Europe to control BT expansion. The 

high density of wild red deer (Cervus elaphus) in some European regions has raised 

concerns about the potential role that unvaccinated European wild ruminants might play 

in maintaining or spreading the virus. Most species of wild ruminants are susceptible to 

BTV infection, although frequently asymptomatically. The red deer population density in 

Europe is similar to that of domestic livestock in some areas, and red deer could account 

for a significant percentage of the BTV-infection susceptible ruminant population in 

certain regions. High serum antibody prevalence has been found in red deer, and BTV 

RNA (BTV-1, BTV-4 and BTV-8) has been repeatedly detected in naturally infected 

European red deer by means of RT-PCR. Moreover, red deer may carry the virus 

asymptomatically for long periods. Epidemiological studies suggest that there are more 

BT cases in domestic ruminants in those areas where red deer are present. Vector and host 

density and environmental factors are implicated in the spatial distribution of BT. As in 

domestic ruminants, BTV transmission among wild ruminants depends almost exclusively 

on Culicoides vectors, mainly C. imicola but also members of the C. obsoletus and C. 

pulicaris complex. However, BTV transmission from red deer to the vector remains to be 

experimentally demonstrated. Transplacental, oral, and mechanical transmissions are also 

suspected. Thus, wild red deer contribute to the still unclear epidemiology of BTV in 

Europe, and could complicate BT control in domestic ruminants. However, further 

research at the wildlife host-vector-pathogen interface and regarding the epidemiology of 

BT and BT vectors in wildlife habitats is needed to confirm this hypothesis. Moreover, 

red deer could be used as BT sentinels. Serum and spleen tissue of calves sampled from 

late autumn onwards should be the target samples when establishing a BTV surveillance 

program. 
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Chapter 2: Evidence for BTV-4 circulation in free-ranging 

red deer (Cervus elaphus) in Cabañeros National Park, 

Spain 

 

Bluetongue (BT) is an infectious disease of wild and domestic ruminants caused by 

bluetongue virus (BTV). BTV-4 spread through southern Spain from 2004 to 2006, 

whereas a BTV-1 outbreak that started in southern Spain in 2007 is still ongoing. 

Vaccination and movement restriction regulations are applied to domestic ruminants to 

control BT, but the potential reservoir role of wild European ungulates has not been 

clarified so far. The aim of this study was to describe the epidemiology of BTV in the 

wild free-ranging red deer (Cervus elaphus) population of Cabañeros National Park 

(CNP) in central Spain during the BTV-4 and BTV-1 epizootics, assessing the potential 

role of this deer population as a BTV reservoir. Blood samples from 2,885 (2,542 adults, 

208 calves and 135 undetermined) wild red deer were collected from 2005 to 2010 in 

CNP and surrounding hunting estates. All sera were tested for antibodies against the BTV 

VP7 protein by ELISA. Ninety-four of the ELISA-positive samples were analysed by 

serum neutralization to detect BTV-4 and BTV-1 specific antibodies, and 142 blood 

samples were analysed by RT-PCR for BTV RNA. A total of 371 (12.9%) out of the 

2,885 deer (35/208 calves, 307/2,542 adults, and 29/135 undetermined) were positive for 

antibodies against BTV. Prevalence increased in adult deer from 2005–2006 to 2008–

2009, declining thereafter. No positive samples for BTV-1 were found by serum 

neutralization, whereas 43 deer (38 adults, four calves and one undetermined) were 

positive for BTV-4 specific antibodies. No BTV RNA positive deer were found by RT-

PCR. Antibody detection throughout the study period, particularly in calves, suggests a 

maintained circulation of BTV in the CNP red deer population. However, the lack of BTV 

RNA detection suggests a minor transmission risk to livestock. 
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Chapter 3: Experimental infection of European red deer 

(Cervus elaphus) with BTV-1 and BTV-8 

 

Bluetongue (BT) is a climate change-related emerging infectious disease in Europe. 

Outbreaks of serotypes 1, 2, 4, 6, 8, 9, 11, and 16 are challenging Central and Western 

Europe since 1998. Measures to control or eradicate bluetongue virus (BTV) from Europe 

have been implemented, including movement restrictions and vaccination of domestic 

BTV-susceptible ruminants. However, these measures are difficult to apply in wild free-

ranging hosts of the virus, like red deer (Cervus elaphus), which could play a role in the 

still unclear epidemiology of BT in Europe. This study shows for the first time that BTV 

RNA can be detected in European red deer blood for long periods, comparable to those of 

domestic ruminants, after experimental infection with BTV-1 and BTV-8. BTV RNA was 

detected in experimentally infected red deer blood up to the end of the study (98–112 dpi). 

BTV specific antibodies were found in serum both by enzyme-linked immunosorbent 

assay (ELISA) and virus neutralization (VNT) from 8 to 12 dpi to the end of the study, 

peaking at 17–28 dpi. VLA transmission in absence of vectors in close contact conditions 

was registered. The results indicate that red deer can be infected with BTV and maintain 

BTV RNA for long periods, remaining essentially asymptomatic. Thus, unvaccinated red 

deer populations have the potential to be a BT reservoir in Europe, and could threaten the 

success of the European BTV control strategy. Therefore, wild and farmed red deer 

should be taken into account for BTV surveillance, and movement restrictions and 

vaccination schemes applied to domestic animals should be adapted to include farmed or 

translocated red deer. 
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Chapter 4: Global gene expression analysis in skin 

biopsies of European red deer experimentally infected 

with BTV-1 and BTV-8 

 

Bluetongue virus (BTV) is a double-stranded RNA virus transmitted by blood-feeding 

biting midges of the genus Culicoides to wild and domestic ruminants, causing high 

morbidity and variable mortality. The aim of this study was to characterize differential 

gene expression in skin biopsies of red deer (Cervus elaphus) hinds experimentally 

infected with BTV serotypes 1 and 8. Skin biopsies were collected from BTV-1 and BTV-

8 experimentally infected and control hinds at 14 and 98 days post-infection (dpi). Global 

gene expression profile in response to BTV infection was characterized at 14 dpi using a 

bovine microarray together with real-time RT-PCR analysis of differentially expressed 

genes at 14 and 98 dpi. Eighteen genes were upregulated and three were downregulated in 

response to virus infection, with no significant differences between BTV-1 and BTV-8 

infected hinds. Seven unique genes, six upregulated (ISG15, PSMB8, PSMB9, BOLA, 

C1qA, C4) and one downregulated (FOS) were over-represented after conditional test for 

biological process gene ontology, which affected five molecular pathways (RIG-1, 

proteasome, MHC-1, complement, TLR) implicated in host immune response. BTV 

infection had a minor and transient effect on gene expression in hinds, as shown by the 

very few genes that were differentially expressed in response to infection at 14 dpi, most 

of which had similar expression levels between infected and uninfected animals at 98 dpi. 

These results suggested that red deer could control BTV infection with little effect on host 

molecular pathways. 
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We are like dwarfs on the shoulders of giants, so that we can see more than they, and things at a greater distance, not by 

virtue of any sharpness of sight on our part, or any physical distinction, but because we are carried high and raised up by 

their giant size. Bernardo di Chartres 
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INTRODUCTION  

 

Bluetongue (BT) is an Office International des Epizooties (OIE)-listed disease 

affecting domestic and wild ruminants, camelids, and sporadically carnivores, caused by 

bluetongue virus (BTV) (MacLachlan, 1994). BTV is a double strand RNA-virus 

belonging to the genus Orbivirus (family Reoviridae), with 26 distinct BTV serotypes 

identified (Hofmann et al., 2008; Chaignat et al., 2009; Maan et al., 2012; Batten et al., 

2013). It is transmitted by Ceratopogonidae biting midges of the genus Culicoides 

(Mertens et al., 2005). In Europe, it was considered an exotic disease until recently, but 

several outbreaks of BTV serotypes 1, 2, 4, 6, 8, 9, 11, and 16 have challenged Europe 

since 1998 (Purse et al., 2005; Enserink, 2008). 

 

BT causes important economic losses in the animal industry, directly through 

reductions in productivity and death, and indirectly through trade losses due to animal 

movement and semen export restrictions, as well as the costs of implementing control 

measures (Schwartz-Cornil et al., 2008; Jiménez-Clavero, 2012). 

 

BT control is difficult, since several hosts and vectors are implicated in its 

transmission cycle (Eschbaumer et al., 2010), which is influenced by external factors. 

Climate change and habitat modification have favoured vector expansion and an increased 

vector competence in the last decades (Purse et al., 2005; Rogers and Randolph, 2006). It 

is estimated that average global temperatures will have risen 1.0 - 3.5°C by 2100 (Watson 

et al., 1996), increasing the likelihood of many vector-borne diseases such as BT. 

 

Several wild ruminant species can be infected by BTV. BTV has been reported to 

cause clinical disease in wild sheep, such as bighorn (Ovis canadensis) and European 

mouflon (Ovis aries musimon) (Robinson et al., 1967; Fernández-Pacheco et al., 2008), 

and also in pronghorn (Antilocapra americana), American bison (Bison bison), and 

African buffalo (Syncerus caffer) (Howerth et al., 2001; Tessaro and Clavijo, 2001), 

whereas blesbock (Damaliscus pygargus) (Bender et al., 2003), mountain gazelle (Gazella 

gazelle) (Barzilai and Tadmor, 1972) and European red deer (Cervus elaphus) (García et 

al., 2009; Rossi et al., 2009; Ruiz-Fons et al., 2008) get infected but do not show clinical 

signs after natural or experimental infection. 
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Nevertheless, while in domestic ruminants BT control measures (namely vaccination, 

movement restriction movement of susceptible hosts during risk periods, and 

epidemiologic surveillance programs) have been implemented throughout Europe, they 

have not been considered in wild BT host species. Red deer is a susceptible, widely 

distributed and abundant European BT host, and could therefore have a potential role in 

the transmission and maintenance of BTV (García-Bocanegra et al., 2011), which could 

affect the success of the European BT control strategy. It is therefore of paramount 

importance understanding the role of red deer in BT epidemiology in Europe, in order to 

determine if it must be included in BT surveillance programs.  
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OBJECTIVES 

 

GENERAL OBJECTIVE  

 

The general objective of the present thesis is to evaluate the implication of red deer in 

the epidemiology of BT in the Iberian Peninsula and to assess the potential role of natural 

red deer populations as a BTV reservoir. 

 

SPECIFIC OBJECTIVES 

 

1. To review the scientific literature about BT in wildlife and particularly in red deer 

[Chapter 1] 

 

2. To describe the epidemiology of BTV in a wild free-ranging red deer population in 

south-central Spain during the BTV-4 and BTV-1 outbreaks in central Spain (2005–

2010), assessing the potential role of this deer population as a BTV reservoir [Chapter 

2] 

 

3. To evaluate the susceptibility, clinical sings and immune response of red deer to 

experimental infection with BTV-1 and BTV-8 [Chapter 3] 

 

4. To study the gene expression profile in BTV-infected red deer skin cells, to 

understand BTV strategies to infect host cells and the host response to infection in a 

potential wildlife reservoir species [Chapter 4]  
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CHAPTER 1: BTV infection in wild ruminants, with 

emphasis on red deer: A review 

1.1. Introduction 

 

Formerly considered an exotic viral disease of wild and domestic ruminants, several 

outbreaks of bluetongue (BT) virus serotypes 1, 2, 4, 6, 8, 9, 11, and 16 have challenged 

Europe since 1998. Nowadays, BT is a vector borne infectious disease with significant 

changes in its geographical range (Purse et al., 2005; Enserink, 2008; Rodrıguez-Sanchez 

et al., 2008; European Commission, 2009; Eschbaumer et al., 2010). Recently, BTV 

serotype 8 (BTV-8) infection has become widespread in livestock in Central Europe since 

an initial outbreak in the Netherlands in 2006. In addition, BTV-1 has also expanded 

northand eastwards since its initial entry through southern Spain in 2007 (Rodríguez-

Sánchez et al., 2008) (Figure 1.1). 

 

Vaccination of domestic ruminants is taking place throughout Europe to control BT 

expansion. The target of the vaccination campaign is to achieve at least 80% coverage of 

susceptible ruminants using killed vaccines (Enserink, 2008). The high density of wild red 

deer (Cervus elaphus) in some European regions has raised concerns about the potential 

role European wild ungulate populations, and red deer in particular, might play in 

maintaining or spreading BT. 

 

Herein, we review the current knowledge on BT epidemiology in wild ruminants with 

an emphasis on red deer, discussing on the role of red deer in BTV epidemiology. Finally, 

areas open to future research are identified, and management implications stated. 

 

1.2. General characteristics of bluetongue 

 

Bluetongue virus (BTV) belongs to the Orbivirus genus in the Reoviridae family, 

closely related to the epizootic haemorrhagic disease virus (EHDV), the causative agent of 

epizootic haemorrhagic disease (EHD) (Mertens et al., 2005). Twenty-four serotypes of 

BTV have been described. Bluetongue (BT) affects both domestic and wild ruminants, 
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and its origin is probably African. It was first identified in South Africa in Merino sheep 

in the late 18th century, and it is thought that cattle has now replaced antelope as a 

maintenance host of the virus (Gerdes, 2004). Both BT and EHD are vector-borne 

pathogens, transmitted by several species of biting midges belonging to the Culicoides 

genus (Diptera: Ceratopogonidae) (Mellor and Wittmann, 2002). The potential for 

economic losses makes BT a disease reportable to the World Organisation for Animal 

Health.  

 

 

Figure 1.1. BTV circulation in Europe from 2000 to 2010 (A) since 1st of August 2000 to 
30th of April 2008; (B) since 1st of May 2008; (C) since 1st of May 2009), including 
detection of BTV or antibodies against BTV in European red deer. Adapted and modified 
from Linden et al. (2008), Ruiz-Fons et al. (2008), Conraths et al. (2009), Garcıa et al. 
(2009), Rossi et al. (2009), Linden et al. (2010), Rodríguez-Sánchez et al. (2008), Falconi 
et al. (2011), and the Epidemiological report of the European surveillance network for 
bluetongue (http://eubtnet.izs.it.btnet.reports/EpidemiologicalSituation.html). 

 

BTV pathogenesis is very similar in sheep and cattle (MacLachlan, 1994), and 

probably also in wild ruminants. After inoculation of the virus through the skin by the bite 

of a competent and infected vector, BTV travels to the draining regional lymph node, 
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where the immunological response of the host is initiated. Peripheral mononuclear blood 

cells carry the virus to secondary sites of replication, including lymphoid organs and the 

lungs (Stallknecht et al., 1997; Dal Pozzo et al., 2009). 

 

Because of their number and susceptibility to BTV infection, domestic ruminants are 

key in BT epidemiology. Sheep are the most common host for BTV, often showing 

clinical consequences of the disease. The severity of the clinical expression in sheep can 

be influenced by the breed and the immunological conditions, as well as by the virulence 

of the BTV strain involved and other external factors. Goats are also infected but rarely 

show clinical signs (MacLachlan, 2004). However, a 25% case fatality rate in BTV-8 

infected goats was recently reported from Germany (Conraths et al., 2009). Infection in 

cattle is commonly asymptomatic and characterized by a long viraemia, but after the 

emergence of BTV-8 in Northern and Central Europe, clinical illness and reproductive 

disorders have also been reported in cattle (Dal Pozzo et al., 2009). 

 

Most if not all of the species of wild ruminants are susceptible to BTV infection. 

However, infected animals usually do not show clinical disease, particularly indigenous 

animals in regions where BTV is endemic (Quist et al., 1997; Johnson et al., 2006). While 

European Union compulsory control measures have been put in place to control the spread 

of the disease in livestock, the role of wildlife as susceptible hosts should be considered, 

too, in any strategy to control BT (Fernández-Pacheco et al., 2008).In Europe, only 

numerically relevant wild ruminant species, and therefore potentially able to play a 

significant role in BT epidemiology and its control in livestock, may be a cause of real 

concern. One of these species is red deer.  

 

1.3. Red deer abundance and distribution  

 

The red deer is a native wild ruminant of the northern hemisphere. It is present in most 

European countries, generally with a clustered distribution pattern (Figure 1.2).  
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Figure 1.2. Red deer (Cervus elaphus) distribution in Europe. Adapted and modified from 
http://www.european-mammals.org. 
 

1.4.  Bluetongue virus infection in wild ruminants 

 

In the research aimed at understanding the role of wild ungulates in the epidemiology 

of BT, several species of wild ruminants have been investigated to elucidate their 

potential influence on BTV control, as well as the occurrence of clinical disease. Wild 

sheep such as bighorn (Ovis canadensis) and mouflon (Ovis aries musimon) are 

susceptible to BTV infection and can develop fatal clinical disease, as do closely related 

domestic sheep (Robinson et al., 1967; Fernández-Pacheco et al., 2008). Experimental 

infection of pronghorn antelope (Antilocapra americana), American bison (Bison bison), 

and African buffalo (Syncerus caffer) also produced clinical disease (Howerth et al., 2001; 

Tessaro and Clavijo, 2001), whereas blesbock (Damaliscus pygargus) (Bender et al., 

2003) and mountain gazelle (Gazella gazelle) (Barzilai and Tadmor, 1972) did not show 

clinical signs after natural or experimental infection. Table 1.1 presents data on viraemia 

and antibody kinetics in experimentally infected wild cervids. BTV infection and antibody 

response kinetics as well as clinical disease after experimental infection have been 

reported in several North American deer species belonging to the subfamily Odocoileinae, 

namely white-tailed deer (Odocoileus virginianus) (Thomas and Trainer, 1970a; Hoff and 

Trainer, 1974) and mule deer (Odocoileus hemionus) (Work et al., 1992) (Table 1.2). 

Maternal antibodies against BTV conferred partial immunity in white-tailed deer fawns, 

although they disappeared by 17-18 weeks of age (Gaydos et al., 2002). It has been 

suggested that white-tailed deer may be an important BTV host in nature (Thomas and 

Trainer, 1970a). Overall, Odocoileinae deer BT pathogenesis is probably similar to that in 
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cattle (Howerth et al., 2001). Regarding cervids of the subfamily Cervinae, data on 

experimental BTV infection are available for North American elk and European red deer 

(both C. elaphus). The results obtained indicate that both elk and red deer have a potential 

role in BTV epidemiology, meriting further investigation (Murray and Trainer, 1970; 

López-Olvera et al., 2010). 

 

Table 1.1. Viraemia and serum BTV-specific antibody detection in BTV experimentally 
infected North American and European wild ruminants. 

 

 

Table 1.2. Published results on prevalence of BTV specific serum antibodies in free-
ranging European wild ruminants. 

 
 

Camelids have also been reported to be susceptible to BTV infection. Experimental 

BTV infection induced antibodies against BTV but coursed asymptomatically in two 



16 
 

llamas (Llama glama) (Afshar et al., 1995), whereas a severe clinical form with lethal 

disease was reported in naturally infected llamas (Meyer et al., 2008). Although ruminants 

are the natural hosts of BTV, antibody and virus have been reported in carnivores 

(Alexander et al., 1994). Infection, disease and death of two Eurasian lynx (Lynx lynx) fed 

with lambs from BTV-8 affected farms have been reported in a zoo in Belgium (Jauniaux 

et al., 2008) 

. 

1.5. Bluetongue clinical signs and lesions in wild ruminants 

 

BTV infection of the more susceptible wild ungulates can result in a wide variety of 

lesions and clinical signs, ranging from sudden death to asymptomatic infection 

(Vosdingh et al., 1968; Murray and Trainer, 1970; Hoff and Trainer, 1974; Prestwood et 

al., 1974; Howerth and Tyler, 1988; Howerth et al., 2001). Only serotypes 1, 8 and 17 

have been associated with clinical signs in either experimental or natural infections in 

wild white-tailed deer (Vosdingh et al., 1968; Howerth and Tyler, 1988; Johnson et al., 

2006). Clinical signs and lesions have been reported both in experimental and natural 

BTV-infections of white-tailed deer, and three forms of BTV-infection have been reported 

in this species peracute, acute and persistent (Table 1.3).  

 

Clinical signs reported in white-tailed deer include severe depression, weakness, fever, 

loss of fear, anorexia, hyperemic oral mucosa, muco-purulent nasal discharge, crusts in 

the nares, severe respiratory distress, submandibular oedema, reddening of the muzzle and 

ears, oedema around the eyes, swollen and cyanotic tongue, excessive salivation, oral 

ulceration, multifocal haemorrhage in the skin and mucosa, severe bloody diarrhoea and 

laminitis. The only appreciable haematological change is leucopenia and neutropenia 

(Vosdingh et al., 1968; Hoff and Trainer, 1974; Prestwood et al., 1974). Oedema of the 

head and neck was reported in white-tailed deer with peracute BT, whereas haemorrhages 

throughout the body were the main clinical sign in the classic acute form of BT 

(Prestwood et al., 1974). In European mouflon, taxonomically considered as a subspecies 

of domestic sheep, the main domestic BTV hosts and clinical signs reported include 

inflammation of mucous membranes, congestion, swelling and haemorrhages (Fernández-

Pacheco et al., 2008). 
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Table 1.3. Clinical signs and lesions reported for both experimentally and naturally BTV-
infected North American white tailed-deer (Odocoileus virginianus). 

 

 

Conversely, BTV-infection of less susceptible wild ruminants is asymptomatic or 

causes only mild clinical signs. In experimentally infected black-tailed deer (Odocoileus 

hemionus columbianus), the only clinical sign was hyperthermia, body temperature 

ranging from 40ºC to 41.2ºC (Work et al., 1992). In European red deer no clinical signs 

have been reported, both after natural and experimental BTV-infection (Ruiz-Fons et al., 

2008; Garcıa et al., 2009; Rossi et al., 2009; López-Olvera et al., 2010; Rodríguez-

Sánchez et al., 2010). Most of the clinical sings reported for BTV-infected wild ruminants 

originate from experimental infections, but in domestic sheep the clinical response to 

BTV-infection is more severe in sheep infected via vector bites than in those inoculated 
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with infective blood (Luedke et al., 1976), which could mean that naturally infected wild 

ruminants could show some more clinical signs than experimentally infected ones. 

Nevertheless, BTV clinical signs are very difficult to appreciate in field conditions, 

particularly in those species where the disease is silent or asymptomatic, including the red 

deer. Lesions due to BTV-infection have also been thoroughly reported in white-tailed 

deer (Table 1.3). Organs most frequently affected include tongue, heart, spleen, lymph 

nodes and kidneys (Hoff and Trainer, 1974; Howerth and Tyler, 1988; Howerth et al., 

2001). In the acute classical form, haemorrhagic lesions are due to endothelial damage 

and disseminated intravascular coagulation (Howerth and Tyler, 1988). Cardiovascular 

lesions occur within 12 days of infection only and consist in pericardial, subpericardial 

and subendocardial haemorrhages, as well as small haemorrhages in the papillary muscles 

of the left ventricle, at the base of the aorta and at the base of the pulmonary artery 

(Howerth et al., 2001). Typical findings in the persistent form of BT in whitetailed deer 

include erosion and ulceration of dental pad, hard palate, tongue, gingiva, forestomachs 

and abomasum; gastritis and enteritis; and foot lesions, ranging from coronitis and 

laminitis to complete sloughing of the hooves (Prestwood et al., 1974; Howerth et al., 

2001). Among North American Odocoileinae, both clinical signs and lesion patterns are 

different in endemic or epidemic disease: cases from endemic areas are characterized by 

hoof and rumen lesions, whereas in epidemic areas BT is characterized by high levels of 

mortality, with a predominance of acute and peracute forms (Stallknecht and Howerth, 

2004). However, differences in clinical response could also be related to the combined 

effects of maternal antibody transfer (Gaydos et al., 2002), acquired immunity through 

previous challenge (Quist et al., 1997), and innate resistance within specific host 

populations (Stallknecht et al., 1991). 

 

1.6. Bluetongue in European wild ruminants  

 

BT is considered endemic in wild ruminants in large parts of Africa and North 

America (Stallknecht et al., 1996; Gerdes, 2004). However, the role of European wild 

ruminants is still under debate (Durand et al., 2010; Rodríguez-Sánchez et al., 2010). BTV 

specific antibodies have been detected both in free-ranging and farmed wild ruminants in 

several European countries (De Curtis et al., 2007; Fernández-Pacheco et al., 2008; Gür, 

2008; Linden et al., 2008, 2010; Ruiz-Fons et al., 2008; Conraths et al., 2009; García et 



19 
 

al., 2009; Rossi et al., 2009; Rodríguez-Sánchez et al., 2010; Lorca-Oró et al., 2011) 

(Table 1.2). The highest serum antibody prevalence has been reported for red and fallow 

deer (Dama dama), both belonging to the Cervinae subfamily (Table 1.2; García et al., 

2009; Linden et al., 2008, 2010; Rossi et al., 2009; Ruiz-Fons et al., 2008). Moreover, 

BTV RNA has been repeatedly detected in naturally infected European red deer by means 

of RT-PCR, including BTV-8 in free-ranging red deer from Belgium (Linden et al., 2010), 

BTV-1 and BTV-8 in free-ranging red deer in France (Rossi et al., 2009), BTV-1 in free-

ranging red deer in Spain (Arenas-Montes et al., 2010), and BTV-4 and BTV-1 in farmed 

red deer in Spain (Rodriguez-Sanchez et al., 2010). Red deer infection with BTV does not 

cause clinical disease or high mortality, and therefore it does not have a significant effect 

on the dynamics of the affected population (Linden et al., 2008; Rossi et al., 2009; López-

Olvera et al., 2010). It has been suggested that the utilisation of wildlife in BT 

surveillance may be unique to the USA where this disease is endemic and affects both 

wildlife and livestock interests (Stallknecht and Howerth, 2004). However, the recent 

arrival of BTV to Europe has raised the issue of the potential use of deer (and probably 

other wild ruminants) as BT sentinels in Europe (Simpson, 2009). Recent findings 

pointing in this direction include: clinical fatal disease caused by BTV-1 in mouflons 

(Fernández-Pacheco et al., 2008); widespread and elevated antibody prevalence in wild 

ungulates (Ruiz-Fons et al., 2008); the occasional detection of antibodies against BTV in 

wild ungulates in regions with no reports from livestock (García et al., 2009); detection of 

BTV RNA in naturally infected red deer (Rossi et al., 2009); a high susceptibility of red 

deer to BTV infection, albeit asymptomatically (López-Olvera et al., 2010; Rodríguez-

Sánchez et al., 2010); and a higher incidence of BT in domestic ungulates in areas with 

presence of red deer (Allepuz et al., 2010). In addition to blood and serum, target organs 

for BT surveillance in wild red deer should include the spleen, since this is the organ with 

more consistent BTV isolation in white-tailed deer (Vosdingh et al., 1968) and cattle 

(MacLachlan et al., 1990). 

 

1.7. Bluetongue virus transmission in wild ruminants 

 

As for domestic ruminants, BTV transmission among wild ruminants depends almost 

exclusively on Culicoides vectors. BTV prevalence and outbreaks follow a seasonal 

pattern in Europe, infection generally occurring in late summer and early fall. This 
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seasonal variation is probably related to changes in vector abundance, which depends on 

climate factors, namely precipitation and temperature (Sleeman et al., 2009). In Europe, 

different species of the Culicoides genus have been identified as competent vectors of 

BTV (Rodríguez-Sánchez et al., 2008). Culicoides imicola, the most important BTV 

vector in Africa and in the Mediterranean basin (Mellor and Wittmann, 2002), has 

extended its geographical range of activity northwards under the influence of a warming 

global climate (Purse et al., 2005), and climate change has been proposed as an 

explanation for the emergence of BT in Europe (Enserink, 2008). Nevertheless, the 

occurrence of BT in Northern and Central Europe has been associated with the 

involvement of other species of the Culicoides genus, such as the C. obsoletus and C. 

pulicaris complex, which have proven to be competent vectors of BTV once the virus has 

entered their distribution areas (Mehlhorn et al., 2007). Modelling predicts higher 

abundances but limited range expansion for C. imicola in the coming decades, presumably 

affecting the intensity of spread of BTV (Acevedo et al., 2010). 

 

Apart from the annual seasonality, there are interannual cycles in the occurrence of 

BT outbreaks. In endemic areas of North America, deer populations are infected on one to 

three year cycles, whereas in epidemic areas disease occurs in an eight to ten-year cycle 

(Stallknecht and Howerth, 2004). These cycles can be related to combined effects of herd 

immunity and fluctuations in vector populations, and could be further complicated by the 

possibility that these short and longterm cycles may occur concurrently (Stallknecht and 

Howerth, 2004). Moreover it has been reported that vector, host and environmental factors 

are implicated in the spatial distribution of BTV (Acevedo et al., 2010). Hence, wild 

ruminants may influence the epidemiology of BT through different mechanisms, 

interacting both with the virus and with the vectors (Acevedo et al., 2010; Durand et al., 

2010). However, studies on vector populations in wildlife habitats with few or no 

domestic ruminants, and studies on host/vector interaction in wild ruminants are scarce 

(Smith et al., 1996). Moreover, BTV can exceptionally be transmitted by alternative 

vectors, either mechanically, as reported for Melophagus ovinus (Luedke et al., 1965), or 

through vector infection, as reported for ticks and BTV-8 (Bouwknegt et al., 2010). 

Exceptionally, BTV can be transmitted directly from ruminant to ruminant in absence of 

the vector. Transplacental, oral (including colostrum), semen and mechanical (wound) 

contacts have been suggested as possible mechanisms for BTV transmission, either in 

domestic or wild ungulates (Vosdingh et al., 1968; Thomas and Trainer, 1970b; Stott et 
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al., 1982; Menzies et al., 2008; Backx et al., 2009; López-Olvera et al., 2010; Mayo et al., 

2010; Santiago-Moreno et al., 2011). Further research is needed regarding these newly 

reported transmission routes to determine their importance for BTV maintenance. 

 

1.8. Bluetongue virus infection in red deer 

 

Both the European red deer and its close relative the North American elk (Cervus 

elaphus canadensis) have been experimentally infected with BTV (Murray and Trainer, 

1970; Ellis et al., 1993; López-Olvera et al., 2010). In all cases, the deer became 

asymptomatically infected or showed only mild signs, such as a transient increase of body 

temperature, conjunctivitis and diarrhoea containing small amounts of blood and mucus. 

Both subspecies had BTV in blood with a significant magnitude and duration, comparable 

to that of experimentally infected domestic cattle (Puentes et al., 2008). The 

epidemiological importance of a species in BTV transmission is directly correlated to 

viraemia duration (Koumbati et al., 1999). BTV RNA has been found in blood up to 112 

days post-infection in red deer (López-Olvera et al., 2010), and 180 days post-infection in 

cattle, the known key maintenance species in BTV epidemiology (Katz et al., 1994). 

Moreover, red deer develop antibodies by the second or third week after exposure until up 

to seven months (Murray and Trainer, 1970; López-Olvera et al., 2010). Overall, BTV 

RNA and antibody kinetics were very similar to those of domestic cattle. Interestingly, 

BTV could be isolated again from elk blood at 106 dpi after an experimental cortisone 

treatment. These elk had rendered negative results to BTV isolation from 10 to 105 dpi, 

when cortisone was injected. The cortisone treatment apparently re-stimulated BTV 

viraemia (Murray and Trainer, 1970), suggesting that latently infected red deer could 

eventually return to viraemic under certain circumstances, such as stress. However, the 

Murray and Trainer (1970) study had no control animal, so the findings remain 

questionable. A long viraemia may contribute to BTV maintenance, and it is likely that in 

deer, like in cattle, the virus adheres in the red blood cell surface until the red blood cell is 

removed from circulation, resulting in rather long term circulation of virus in the blood 

(Stallknecht et al., 1997). Altogether, literature indicates that both elk and red deer have 

the potential to contribute to BTV maintenance, meriting further investigation (Murray 

and Trainer, 1970). However, to ensure that red deer can be a maintenance host for BTV, 
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it remains to be determined whether they are capable of infecting Culicoides sp. vectors, 

thus allowing virus transmission from deer. 

 

1.9. Red deer as a bluetongue virus sentinel 

 

Although the role of European red deer in BT epidemiology is still unclear, several 

studies have shown its potential as a sentinel for bluetongue virus. Antibodies against 

BTV have been reported in European red deer shortly after being detected in domestic 

livestock (Linden et al., 2008; Ruiz-Fons et al., 2008; Rossi et al., 2009; Rodríguez-

Sánchez et al., 2010). Occasionally, contact of wild ruminants with BTV has been 

reported in geographic regions where BTV had not been found in domestic livestock 

(García et al., 2009). In other cases, BTV specific antibodies or RNA was detected in wild 

ruminants long after its successful control in domestic ruminants (Rodríguez-Sánchez et 

al., 2010). Seroprevalence among yearlings should more accurately reflect the level of 

exposure to infected insect vectors in a season. Seropositive subadults and adults 2008 

could have been infected in previous vector seasons (Linden et al., 2010). Nevertheless, 

care must be taken when interpreting the presence of antibody in serum samples from 

calves, since they can be due to transmission of maternal immunity via colostrum. Since 

maternal antibodies have been reported to last up to 17-18 weeks of age in white-tailed 

deer (Gaydos et al., 2002), European red deer calves should not be sampled before late 

autumn for data to be reliable. BTV RNA has also been directly detected in the spleen of 

naturally infected European red deer by means of RT-PCR (Rossi et al., 2009; Arenas-

Montes et al., 2010; Linden et al., 2010; Rodríguez-Sánchez et al., 2010). Both antibodies 

against BTV and positive RT-PCR results have been reported to last up to 112 days after 

experimental infection of European red deer for BTV-1 and BTV-8 (López-Olvera et al., 

2010). 

 

Altogether, the susceptibility to BTV, the detection of antibodies and of BTV RNA in 

spleen, and the wide European distribution of red deer, make this species a good sentinel 

for surveillance of BTV (Ruiz-Fons et al., 2008; Rodríguez-Sánchez et al., 2010). Serum, 

for antibody detection, as well as spleen tissue for PCR in fawns sampled from late 

autumn onwards, should be the target samples when establishing a BTV surveillance 

program in this species. 
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1.10. Red deer as a maintenance host for bluetongue virus 

 

Wild ruminants are maintenance hosts for BTV in South Africa, with up to 30% 

antibody prevalence, although cattle appear to have largely replaced antelope in this role 

(Gerdes, 2004). In parts of North America, both BTV and EHDV are endemic among wild 

white-tailed deer (Stallknecht et al., 1996). In Europe, if BTV circulates in red deer and in 

other wild ruminants independently of its situation in sheep, goat and cattle livestock, a 

wildlife maintenance host will exist. Information contained in this review suggests that 

red deer do have the potential to interfere with current BT control schemes in Europe, but 

evidence are still not sufficient to establish the role of European red deer in BT 

epidemiology. Current knowledge is as follows: 

 

1. BTV RNA was consistently detected in experimentally BTV-1 and BTV-8 infected 

red deer for up to 112 days after inoculation (dpi), although isolation was only successful 

during the viraemia peak at 12 dpi (López-Olvera et al., 2010). In North American elk, 

cortisone treatment possibly re-stimulated viraemia at 105 dpi (Murray and Trainer, 

1970). Viraemia duration is directly related to the significance of a species in BT 

epidemiology (Koumbati et al., 1999). Moreover, in naturally infected red deer, BTV 

RNA has been detected in spleen up to eighteen months after the last detection in 

sympatric domestic ruminants (Rossi et al., 2009; Arenas-Montes et al., 2010; Linden et 

al., 2010; Rodríguez-Sánchez et al., 2010). Overall, data on red deer suggest that this 

species has the potential to contribute to BTV infection maintenance in the wild, 

especially where deer occur at high densities.  

 

2. Detection of antibodies against several serotypes of BTV in red deer concurrently 

with domestic livestock outbreaks has been repeatedly reported (Ruiz-Fons et al., 2008; 

Linden et al., 2008; García et al., 2009; Rossi et al., 2009; Rodríguez-Sánchez et al., 

2010). However, seroprevalence against BTV declines both in red and whitetailed deer 

after an epidemic event or domestic livestock vaccination, time required for this decline 

ranging from one to five years (Stallknecht et al., 1991; Linden et al., 2010). This would 

suggest that even high densities of unvaccinated red deer are not capable of maintaining 

circulating BTV for longer periods. 
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3. Finally, BTV can be transmitted from infected vectors to deer, and potential 

mechanisms of transmission independent of the presence of the vector have been reported 

in deer: transplacental transmission (Stott et al., 1982) and direct transmission (Vosdingh 

et al., 1968; Thomas and Trainer, 1970b; Menzies et al., 2008; Backx et al., 2009; López-

Olvera et al., 2010). But BTV transmission from red deer to a competent vector remains 

to be demonstrated, as well as the time after infection when Culicoides vectors can get 

infected from red deer. This point needs to be elucidated in order to more accurately 

establish the potential epidemiological risk of European red deer in BTV dynamics. 

 

These facts, along with the locally high densities of wild red deer in some European 

regions, support the need to consider red deer and possibly also other wild ruminants 

when dealing with BT epidemiology and control. Based on current knowledge, we 

hypothesize that wild red deer have the potential to maintain BTV circulation in certain 

regions in Europe, at least for a few years after the initial outbreak. A natural experiment 

to test this hypothesis is currently running: livestock has largely been vaccinated 

(European Commission, 2009), but annual re-vaccination of strains that are no longer 

detected in livestock is unlikely to be maintained for long due to logistic and budget 

constraints. Vaccine induced immunity against a given BTV strain can last for over one 

year (e.g. Hamers et al., 2009). However, immunity acquired by vaccination or after 

natural infection is lost after a certain time if no annual boost occurs. Hence, if repeated 

BTV outbreaks occur in regions with high wild ruminant densities and no clear link with 

livestock movements or vaccination failures, the deer reservoir hypothesis will be 

confirmed. If, in contrast, no BTV circulation takes place and livestock vaccination alone 

is successful in eradicating bluetongue, the hypothesis will be rejected (López-Olvera et 

al., 2010). 

 

1.11. Management implications 

 

1. Results reviewed in this document contribute to the opinion that wild red deer could 

potentially play a role in the still unclear epidemiology of BTV in Europe, and should be 

taken into account in BT control. Movement restrictions and vaccination schemes applied 

to domestic animals should be adapted to include farmed or translocated red deer and 

other wild ruminants. 
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2. Deer are good BTV sentinels. Monitoring of red deer contact with BTV should 

combine serology (ELISA, eventually followed by serum neutralization) and PCR testing 

of blood and/or lymphoid organs such as the spleen. Samples can be obtained either from 

hunterharvested deer or from farmed deer. Calves sampled in late autumn and winter, 

after losing any maternal antibodies, should be the preferred target, since they would be 

good indicators of the current status of BTV, rather than adult deer, whose antibodies and 

viral RNA could have an older origin. Regions with high deer densities should set up 

appropriate surveillance schemes. 

 

3. Based on current knowledge, no impacts of BTV on farmed or wild red deer 

populations are expected. However, sporadic cases and possible sporadic reproductive 

disorders cannot be excluded, depending on BTV-serotype, as well as effects on other 

wild ruminant species, in particular wild sheep species such as the mouflon. 

 

4. Vector, host density and environmental factors are possibly implicated in the spatial 

distribution of BTV. Wild ruminants may influence the epidemiology of BT by different 

mechanisms, because while different types of habitat influence the spread of BTV 

(Durand et al., 2010), the populations of hosts, including wildlife, influence the abundance 

of vectors. Moreover, changes in the abundance of vectors will continue in the coming 

decades, affecting the intensity of spread of BTV Acevedo et al., 2010). Further research 

is needed at the wildlife host-vector-pathogen interface and regarding the epidemiology of 

BT and BT vectors in wildlife habitats. 
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CHAPTER 2: Evidence for BTV-4 circulation in free-

ranging red deer (Cervus elaphus) in Cabañeros National 

Park, Spain 

 

2.1. Introduction 

 

Bluetongue (BT) is an infectious disease of wild and domestic ruminants caused by 

bluetongue virus (BTV), a RNA virus belonging to the Orbivirus genus in the Reoviridae 

family. It is transmitted by biting midges of the genus Culicoides (Diptera: 

Ceratopogonidae). Up-to-date 24 distinct serotypes of the virus have been described 

(Mertens et al., 2005; Mellor et al., 2008). 

 

Formerly considered an exotic disease in Europe, with occasional incursions into 

Spain and Portugal from 1956 through 1960 (López and Sánchez-Botija, 1958), since 

1998 several BTV serotypes have been persistently present in the Mediterranean Basin 

(Mellor et al., 2008). In 2006 BTV was first identified in northern Europe (Enserink, 

2006), with widespread recrudescence and extension of infection in 2007 (Saegerman et 

al., 2008).  

 

Table 2.1 shows the chronological sequence of BTV epidemiology in Spain. BTV-2 

was detected in Balearic Islands in 2000 (Mellor and Wittmann, 2002) and BTV-4 

reported in Menorca in 2003 (Mellor et al., 2008).  

 

In 2004 BTV-4 entered southern Spain from Morocco, spreading to central Spain 

during 2005–2006. A new outbreak caused by BTV-1 in 2007 in the southern regions of 

the country is still ongoing. Finally, BTV-8 entered northern Spain in 2008. Currently, 

vaccination and movement restriction regulations are applied to domestic ruminants in 

Spain in order to control BTV-1 and BTV-8, and a single BTV-4 outbreak was reported in 

September of 2010 in southern Spain (OIE). BTV causes infection and clinical disease in 

wild sheep, such as bighorn (Ovis canadensis) and mouflon (Ovis aries musimon) 

(Robinson et al., 1967; Fernández-Pacheco et al., 2008), whereas other wild ruminant 

species susceptible to BTV infection do not develop clinical disease, particularly 
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indigenous animals in regions where BTV is endemic (Quist et al., 1997; Johnson et al., 

2006). In Africa, wild ruminants are maintenance hosts for BTV, although cattle appear to 

have largely replaced antelope in this role (Gerdes, 2004). However, the reservoir role has 

not been demonstrated in wild ungulates in Europe so far. 

 

 
Table 2.1. BTV epidemiology in livestock in Spain during the period 2004-2010 (OIE 
web site [http://web.oie.int/wahis/public.php?page=country]; European Commission 
Surveillance network for bluetongue [http://eubtnet.izs.it/btnet/progetti/bt_site_map.htm]; 
Agriculture and Environment Council of Castilla–La Mancha, and Ministry of 
Agriculture, Rural and Marine Affaires-MARM). 

 

 

The red deer (Cervus elaphus) is a wild ungulate belonging to the Cervidae family. 

European deer populations stabilized and remarkably increased during the 20th century 

(Gill, 1990), density ranging normally from two to ten individuals per square km (Lovari 

et al., 2008). However, in Mediterranean woodland habitats of southern Spain, far higher 

densities are recorded (Acevedo et al., 2008). Antibodies against BTV and BTV RNA 

have been identified in several free-ranging naturally infected ungulates in Europe, 

including red deer. Deer have been proposed as sentinels for BTV surveillance due to 

their sensitivity and wide distribution in Europe (Linden et al., 2008; Ruiz-Fons et al., 

2008; García et al., 2009; Rossi et al., 2009; Rodríguez-Sánchez et al., 2010). BTV RNA 

and antibodies against BTV have been found in red deer up to 112 days after experimental 

infection (López-Olvera et al., 2010). In consequence, more information on the role of 

susceptible wild ruminant species is needed to clarify the complexity of BTV 

epidemiology. 
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The aim of this study was to describe the epidemiology of BTV in the wild free-

ranging red deer population of Cabañeros National Park (CNP) in central Spain during the 

BTV-4 and BTV-1 outbreaks in central Spain (2005–2010), assessing the potential role of 

this deer population as a BTV reservoir. 

 

 

2.2 Materials and methods 

 

2.2.1  Study area 

 

Cabañeros National Park (CNP) (Figure 4.1) is a 408 square km protected area shared 

by Toledo and Ciudad Real provinces, in south-central Spain (48290 1400W; 398230 

4700N, Figure 4.1). Only wild ruminants are found inside CNP, whereas domestic 

ruminants are kept only in the surrounding estates. Red deer density inside CNP ranges 

from <20 deer per square km in the northern scrub and woodlands to the 20–40 deer per 

square km in the southeastern lowland dehesas (open, savannah-like grasslands) (Acevedo 

et al., 2008 and CNP data). According to official data, approximately 170,000 domestic 

ruminants (147,112 sheep and goats and 22,692 cattle) can be found in 755 farms (491 for 

sheep and goat and 264 for cattle) in the 297,212 Ha surrounding CNP, accounting for a 

mean density of 57 domestic ruminants (49.5 sheep and goat and 7.6 cattle) per square 

km. 

 

2.2.2 Samples 

 

Blood samples were collected from 2,885 apparently healthy wild red deer (2553 

adults, 213 calves and 119 undetermined) from 2005 to 2010. Yearly sample distribution 

is shown in Figure 2.2. Samples were obtained either by jugular venipuncture from live 

deer captured in corral-traps in CNP from July to September (2396 red deer, 2239 adults 

and 157 calves), or from the heart or thoracic cavity of deer legally harvested deer during 

the hunting season (from September to February) in the surrounding hunting estates (489 

red deer, 314 adults, 56 calves and 119 undetermined). All blood samples were collected 

into sterile tubes with and without anticoagulant (EDTA). 
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Figure 2.1. Map of Cabañeros National Park (CNP) with the first detection by the official 
BTV control in farmed red deer (October 2005) and in domestic livestock (November 
2005). 
 

 

 

Figure 2.2. BTV serum antibody prevalence in calves and adult deer in different vector 

seasons in Cabañeros National Park during vector season 2005/2006 to 2009/2010. 
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Serum was obtained from the tubes without anticoagulant after centrifugation at 400xg 

for 15 min. EDTA blood and serum samples were stored at -20 ºC until analysis. The deer 

were classified in two age groups: calves (<1 year of age) and adults (>1 years of age). 

 

2.2.3  ELISA 

 

Three different commercial competitive enzyme-linked immunosorbent assays 

(ELISA) (INGEZIM BTV Compact 12.BTV.K.3, INGENASA, Madrid, Spain; ID Screen 

Bluetongue Competition ELISA Kit, ID Vet, Montpellier, France; Pourquier ELISA 

Bluetongue Serum, Institut Pourquier, Montpellier, France) were used, due to the 

changing commercial availability throughout the five-year study period All three ELISA 

detected antibodies against the VP7 protein of BTV and have been previously used in BT 

surveys in wild ruminants (Ruiz-Fons et al., 2008; García et al., 2009; Rodríguez-Sánchez 

et al., 2010; Linden et al., 2008) 

 

2.2.4  Serum neutralization 

 

Ninety four (seventy nine adults, eleven calves and four undetermined; Table 2.2) out 

of the 371 ELISA positive samples were analysed by serum neutralization to detect BTV-

4 and BTV-1 specific antibodies, as previously reported (OIE, 2009). The BTV strains 

and methodology used have previously detected neutralizing antibodies against BTV-1 

and BTV-4 in wild ruminants in Spain, including red deer and Spanish ibex (García-

Bocanegra et al., 2011; Lorca-Oró et al., 2011a). Heat inactivated (56ºC, 30 min) sera 

were tested in duplicate in two-fold dilutions starting at 1/2 in microtitre plates. 

 

Table 2.2. Neutralizing antibody titres against BTV-4 determined in red deer from 
Cabañeros National Park, from 2005 to 2010, according to year and age. 
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The diluted sera were incubated for 1 h at 37 8C with a BTV-1 or BTV-4 viral 

suspension adjusted to 100 tissue culture infectious doses (TCID50) per well, before 

adding Vero cells to the mixture. The plates were incubated at 37ºC for 6–7 days. 

Neutralizing antibody titres were expressed as the reciprocal of the highest dilution that 

neutralized 100 tissue culture infective doses (100 TCID50) in all cultures. A titre of 1:4 or 

higher was considered positive. 

 

2.2.5  Bluetongue virus RNA detection 

 

One-hundred and forty two blood samples (17 calves and 125 adults) were analysed 

by RT-PCR, including the 94 deer positive to the serum neutralization test (Table 2.2). 

The remaining 48 samples were randomly chosen from the ELISA-positive deer during 

the period of highest serum prevalence (January 2008 to February 2010).  

 

2.2.6  RNA extraction, denaturation and reverse-transcription 

polymerase chain reaction (RT-PCR) 

 

RNA extraction was performed from EDTA blood samples using the commercially 

available NucleoSpin1 RNA virus extraction columns according to manufacturer’s 

instructions (Macherey-Nagel, Düren, Germany). RNA denaturation and RT-PCR were 

performed using an already described technique (Agüero et al., 2002). Briefly, 2 ml of the 

extraction product were mixed in ice with 8 ml of denaturation mix, obtained by mixing 

6.5 ml of RNAfree water, 0.75 ml of Primer A 20 mm and 0.75 ml of Primer D 20 mm 

per reaction (Katz et al., 1993; OIE, 2009). 

 

RNA-denaturation reactions were carried out at 95 8C for 5 min, and then held at 4 

8C. For RT-PCR, 2 ml of RNA extraction product were mixed with 15 ml of RT premix, 

consisting of 5 ml of 5-buffer (Qiagen One step RT-PCR Buffer), 0.9 ml of dNTP mix 

(Quiagen), 3 ml of Mili-Q water, 0.85 ml Qiagen Enzime Mix, 5 ml Qiagen 5_ Solution Q 

and 0.25 ml RNase Inhibitor (Applied Biosystems 2000n Units, 20 U/ml Roche) for each 

reaction. The PCR mixtures were prepared on ice and the reactions were initiated by 

heating for 30 min at 50ºC and 15 min at 95ºC, followed by 40 cycles of 15 s at 94ºC, 30 s 

at 60 ºC and 30 s at 72ºC. The mixtures were then brought to 72ºC for 7 min and then held 
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at 4ºC. Following the amplification, 35 ml of each RT-PCR product were analyzed by 

electrophoresis on a 2% agarose gel and stained with ethidium bromide (0.2 mg/ml). 

 

2.2.7 Statistical analysis 

 

Pearson’s chi-square tests were performed to assess the effect of age (categorical: 

calves and adults), year (categorical: 2005 to 2010), and sampling season (categorical: 

summer and autumn) of sampling on the serum antibody prevalence. Fisher’s exact test 

was performed when there were less than six observations per category. Differences were 

considered statistically significant when p<0.05 (Rozsa et al., 2000). 

 

2.3 Results 

 

A total of 371 out of the 2,885 deer (35/208 calves, 307/ 2542 adults, and 29/135 

undetermined) were positive for antibodies against BTV. The first ELISA positive wild 

deer was an adult stag sampled on 20 May 2005 in the eastern end of the study area. The 

peak of antibody prevalence occurred in wild deer between June 2008 and May 2009 

(15% for adult deer and 24% for calves, Figure 2.2). Prevalence was not statistically 

different among sampling periods for calves (Chi2 = 7.83, 4 d.f., p > 0.05), whereas it 

increased in adult deer from 2005–2006 to 2008–2009, declining thereafter (Chi2 = 48.26, 

4 d.f., p < 0.001). BTV antibody prevalence declined significantly from summer to 

autumn in 2008 in calves (Chi2 = 4.72, 1 d.f., p < 0.05), but not in adult deer (Chi2 = 

1.82, 1 d.f., p > 0.05). However, in 2009 BTV antibody prevalence did not vary from 

summer to autumn in calves (Fisher’s test, p > 0.05) and in adults (Chi2 = 0.01, 1 d.f., p > 

0.05; Figure 2.3). No BTV-1 positive sera were found by serum neutralization.  

 

Serum neutralization titres against BTV-4 ranged from 1:4 to 1:480. High titres 

suggesting recent infection were found in 2008, 2009 and 2010. However, no BTV RNA 

positive deer were found by RT-PCR. 

 

2.4 Discussion 

 

This is the first detailed long term survey on BT epidemiology in wild red deer in 

Europe. Antibody detection throughout the study period and the occasionally high serum 
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neutralization titres observed in CNP deer long after the last PCR detection in livestock, 

suggest a maintained circulation of BTV in red deer. However, this apparent circulation 

was not confirmed by BTV RNA detection, and had no consequences on the BTV status 

of livestock. 

 

 

Figure 2.3. BTV antibody seroprevalence in adult deer and calves in summer and autumn 
2008 and 2009 in Cabañeros National Park. 
 

According to our results, BTV-4 circulation started in wild CNP red deer in May 

2005, five months before the first detection by the official BTV control in farmed red deer 

(October 2005) and domestic livestock (November 2005; Table 2.1). This further 

highlights the usefulness of red deer as sentinels for BT surveillance (Ruiz-Fons et al., 

2008; Rodríguez-Sánchez et al., 2010), at least for BTV-4. In CNP, the antibodies 

detected in calves younger than five months are most likely due to maternal immunity 

transmitted through the colostrum. Red deer calves are born in late May-early June, and 

maternal antibodies against BTV disappear around 17-18 weeks of age in white-tailed 

deer (Odocoileus virginianus) (Gaydos et al., 2002). This could explain the decrease 

between summer and autumn seroprevalence observed in the calves in 2008 (Figure 2.3). 

 

However, the lack of such decrease in 2009 could indicate infection after maternal 

immunity finished. Hence, calf sampling during the hunting season (e.g. from October to 

January) would allow detecting BTV circulation with independence of the 

epidemiological situation in previous years. Using wild ruminants as BTV sentinels would 

possibly allow confirming absence of BTV circulation with a higher confidence than 

using only limited numbers of unvaccinated domestic ruminants. 

 



37 
 

Both BTV-1 and BTV-4 RNA have been detected in blood samples from farmed red 

deer in Spain (Rodríguez-Sánchez et al., 2010), and cross-immunization between BTV-1 

and BTV-4 has not been demonstrated. Moreover, red deer are efficient in controlling 

BTV infection, and no differences in red deer response to different BTV strains have been 

found (Galindo et al. 2012).  

 

However, serum neutralization detected only antibodies against BTV-4 in CNP deer. 

Three alternative explanations do exist: first, BTV-1 did not contact the CNP deer 

population; second, serum neutralization failed to detect BTV-1 specific neutralizing 

antibodies; and third, strainrelated differences in host susceptibility, vector competence or 

vector availability might modulate BTV epidemiology (Acevedo et al., 2010). Regarding 

the first explanation, the closest site with BTV-1 affected domestic livestock in autumn 

2007 was 30 km away from the CNP (Table 2.1 and Figure 2.4), so it is plausible that 

BTV-1 failed to enter the study area and its red deer population. Regarding the second 

possibility, serum neutralization relies on serum samples of good quality. However, 

samples collected in autumn came from hunter-harvested deer and had often a poor 

quality as compared to sera obtained after venipuncture from live-captured deer in 

summer. Although this might have interfered with serum neutralization, this effect was 

not seen for BTV-4, therefore further supporting the first option. 

 

 

Figure 2.4. Regional veterinary units in which BTV-1 outbreaks were declared in 
livestock on 2007 (outbreak data were taken from: http://rasve.mapa.es). The shape of 
Cabañeros National Park is contoured in bold and striped 
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Another challenging result is that BTV RNA could not be identified by RT-PCR in the 

CNP red deer. In experimentally infected Iberian red deer, BTV RNA has been detected 

in blood up to 112 dpi using a gel-based RT-PCR with a comparable sensitivity to the 

technique used in this study (López-Olvera et al., 2010). In Southern Spain, BTV RNA 

was also not found in 380 blood samples from wild ruminants populations with a BTV-

seroprevalence of 4% (Lorca-Oró et al., 2011b), and BTV-RNA was identified only in 

2.1% of the samples analyzed in wild ruminant populations with a BTV-seroprevalence of 

35.3% (García-Bocanegra et al., 2011), further indicating the difficulty to identify BTV in 

wild ruminant populations, even when BTV circulates actively within the population.  

 

Finally, it is interesting noting that BTV seroprevalence among adult CNP red deer 

was highest between June 2008 and May 2009 (Figure 2.2), when vaccination had stopped 

and BTV was not detected by PCR in domestic animals (Table 2.1), but this peak was of 

only 15% prevalence, although BTV antibody prevalences up to over 60% are often 

reported in red deer (Falconi et al., 2011). The low declining seroprevalence found in 

CNP, altogether with the lack of BTV RNA identification in wild free-ranging deer in the 

area, suggest that, although BTV circulated among red deer in CNP both before and after 

its detection in domestic animals, this supposed a minor (if any) risk of transmission to 

domestic livestock. The absence of adverse consequences to livestock (no BTV detection 

in sentinel cattle since 2008) would further confirm this statement. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 



 
 

 
 
 
 
 
 
 
 

 
Transport and handling  reed deer into the BSL3 laboratory ® Photograph Jorge Ramon Lopez Olvera  
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CHAPTER 3: Experimental infection of European red 

deer (Cervus elaphus) with bluetongue virus serotypes 1 

and 8 

 

3.1 Introduction 

 

Formerly considered an exotic viral disease of wild and domestic ruminants, several 

outbreaks of bluetongue (BT) virus serotypes 1, 2, 4, 6, 8, 9, 11, and 16 have challenged 

Europe since 1998. BT is an emerging infectious disease related to climate change (Purse 

et al., 2005; Breard et al., 2007; Enserink, 2008; Rodríguez-Sánchez et al., 2008; 

European Commission, 2009; Eschbaumer et al., 2010).  

 

Measures to control bluetongue virus (BTV) in Europe include movement restrictions 

and vaccination (European Commission, 2009), and surveillance systems for BT are being 

established (Hadorn et al., 2009). As of May 2009, the largest restriction zones in Europe 

correspond to BTV serotypes 1 (BTV-1), which is expanding northwards since its first 

introduction in Southern Spain in 2007, and 8 (BTV- 8), spreading throughout Europe 

since it appeared in The Netherlands in 2006 (Purse et al., 2005; Rodríguez-Sánchez et al., 

2008). The target of the vaccination campaign is to achieve at least 80% coverage of 

domestic ruminants using killed vaccines, although doubts have arisen about its 

effectiveness (Enserink, 2008; Rodríguez-Sánchez et al., 2008). 

 

Red deer (Cervus elaphus) population density in Europe ranges from 2 to 30 

individuals per square kilometre (up to 70 for food supplemented populations) (Acevedo 

et al., 2008; Lovari et al., 2009), which could account for a significant percentage of the 

BTV-infection susceptible ruminant population in certain regions. 

 

Wild ruminants are included in the European Council Directive 2000/75/EC of 20 

November 2000, laying down specific provisions for the control and eradication of 

bluetongue, but vaccination and movement restrictions can only be applied in farmed or 

managed ruminants, being almost impossible in wild free-ranging hosts of the virus.  
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High prevalence of serum antibodies against BTV has been reported in several species 

of wild ungulates, including red deer (Linden et al., 2008; Ruiz-Fons et al., 2008; García 

et al., 2009), suggesting widespread contact of wild ruminants with BTV. Moreover, BTV 

RNA has been recently detected in farmed red deer in Spain (serotypes 1 and 4) 

(Rodríguez- Sánchez et al., 2010) but BTV-infection seems not to result in a significant 

mortality in red deer (Linden et al., 2008), although sporadic fatal disease with BTV 

isolation has been reported in mouflon (Ovis aries) (Fernández-Pacheco et al., 2008). BT 

is considered endemic in wild ruminants in parts of Africa and North America 

(Stallknecht et al., 1996; Gerdes, 2004),butuptonowlittle is knownabout the roledeer could 

play in the epidemiology of BT in Europe. The aim of this study is to determine the 

dynamics of BTV serotypes 1 and 8 infection in red deer, thus assessing the potential of 

this species as a wild reservoir for BT. 

 

3.2 Materials and methods 

 

Eleven 7-month-old red deer females were transported into the insect-proof 

biosecurity level 3 (BSL3) facilities of the Centro de Investigación en Sanidad Animal 

(CISA) in Valdeolmos (Madrid) on January 19th 2009. The deer were kept in three 

different boxes (four in boxes A and B and three in box C). According to the routine 

BSL3 procedures, each box was isolated from the others, sampling material was 

exclusively used in the same box and the operators changed clothes before and after 

working in a box, having a shower to exit from each box. One week after arriving to the 

CISA, four of the deer (deer 1–3 in box A and deer 4 in box C) were inoculated 

intravenously (iv) with 2.5 X 106 TCID50 of BTV-1 strain Algeria/2006. This strain was 

received from the Institute for Animal Health in Pirbright, and underwent five cell culture 

passages prior to inoculation. Other four deer (deer 5–7 in box B and deer 8 in box C) 

were inoculated iv with 2.5 X 106 TCID50 BTV-8 isolate 202326 (Belgium/2006). This 

strain was received from the Istituto Zooprofilattico Sperimentale Della Lombardia e 

dell’Emilia Romagna (IZSLER), and was inoculated after four culture passages. Finally, 

the three remaining deer (deer 9 in box A, deer 10 in box B, and deer 11 in box C) 

received iv an equivalent volume of cell culture medium, acting as controls. The deer 

were monitored daily from 0 days post-infection (dpi) to 12 dpi and on 14, 17, 21, 24, 28, 

31, 38, 50, 60, 66, 71, and 78 dpi. 
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Monitoring included exploration for clinical signs of bluetongue (rectal temperature, 

facial oedema, erythema, coronitis, stomatitis, conjunctivitis), as well as collection of 

blood samples with anticoagulant for real-time RT-PCR analysis andwithout 

anticoagulant for serum. Skin biopsies were taken at 14 dpi from the eight deer at boxes A 

and B (three BTV-1 inoculated, three BTV-8 inoculated and two controls). The deer were 

euthanized on 98 dpi (four deer at box B), 105 dpi (four deer at box A), and 112 dpi (three 

deer at box C). 

 

Viral BTV RNA in blood was assessed using amodification of an already described 

semi-quantitative real-time RT-PCR (Toussaint et al., 2007). Serumantibodies were 

analyzed by commercial ELISA (Pourquier Bluetongue competitive ELISA, Institute 

Pourquier, Montpellier, France), and by standard virus neutralization test (VNT) using the 

inoculation virus as antigen, similarly to the methodology previously reported (Hamers et 

al., 2009). Virus isolation was attempted in Vero and BHK cells only at peak genome 

detection (12 dpi) and at late stages of the infection (78 dpi) one BTV-1 (deer 4) and one 

BTV-8 (deer 7) inoculated deer. 

 

This study was approved by the INIA Ethics Committees on Animal Experimentation 

and Biosafety. Handling procedures and sampling frequency were designed to reduce 

stress and health risks for subjects, according to European (86/609) and Spanish laws 

(R.D. 223/1988, R.D. 1021/2005), and current guidelines for ethical use of animals in 

research (ASAB, 2006). 

 

3.3 Results 

 

BTV RNA was detected in all deer inoculated with BTV-1 (deer 1–4) and three out of 

the four deer inoculated with BTV-8 (deer 5–7) from 1 dpi to the end of the study, with a 

peak around 12 dpi for both serotypes, and a slow decline thereafter. Figure 5.1 shows 

dynamics of BTV RNA detected in blood of the infected red deer, as assessed by real-

time RT-PCR. 

  

Detection of BTV RNA was low and transient for BTV-8 infected deer 8 (box C), 

disappearing after 14 dpi. No virus RNA was detected in none of the control deer until 38 

dpi. However, on 38 dpi BTV RNA was detected in control deer 11 (box C), followed by 
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seroconversion between 38 and 50 dpi. The virus infecting this deer was characterized as 

BTV-1 both by VNT and BTV-1/BTV-8 multiplex real-time RT-PCR (Fernández-Pinero 

et al., in prep.). From all the four samples where BTV isolation was tried, only BTV-1 

was recovered at 12 dpi from deer 4 (inoculated with BTV-1) in Vero cells. Only mild 

transient unspecific clinical signs, which could be compatible with BT, were observed in 

the infected deer, and no statistically significant difference, peak or trend in rectal 

temperature was evidenced. 

 

Figure 3.1. BTV (Ct = cycle at which specific amplification starts to be detectable in the 
real-time RT-PCR technique) determined by generic BTV reverse RT-PCR on whole 
blood samples from 0 98-112 dpi in the experimentally BTV-infected red deer. Serotype 
was confirmed by serotype-specific reverse RT-PCRs of the serotype inoculated in 
randomly selected samples for each deer. Upper panel: BTV-1; central panel: BTV-8; 
lower panel: control. 
 

Serum antibodies against BTV were detected in all inoculated deer both by VNT and 

ELISA tests. ELISA revealed BTV-specific antibodies by 10 dpi in the BTV-1 group, and 

between 9 and 12 dpi in the BTV-8 group, antibodies being present throughout the whole 

study period for both serotypes. In deer inoculated with BTV-1, the neutralizing antibody 
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response was first detected at 8–11 dpi, with peak titres of 1/1280 around 17–21 dpi. In 

deer inoculated with BTV-8 neutralizing antibodies appeared at 8 dpi, with peak titres of 

1/640–1/1280 between 17 and 28 dpi. Controls 9 and 10 showed no specific antibodies 

throughout the whole experiment. 

 

However, control deer 11, the one where BTV RNA was first detected at 38 dpi, 

seroconverted by 45 dpi, showing antibodies against BTV-1 until the end of the study 

(Figure 3.2). BTV RNA was detected in the skin biopsies obtained at 14 dpi in five out of 

the six BTV-inoculated deer (three inoculated with BTV-1 and two with BTV-8) 

analyzed. The result was doubtful for the remaining BTV-8 inoculated deer, and negative 

for the two control deer sampled. 

Figure 3.2. Kinetics of the BTV-neutralizing antibody response measured by VNT in 
BTV-inoculated and control red deer. Upper panel: sera from BTV-1 inoculated deer 1–4 
and control deer 9 and 11 tested against BTV-1. Lower panel: sera from BTV-8 
inoculated deer 5–8 and control deer 10 and 11, tested against BTV-8. 
 

3.4 Discussion 

 

Our results confirm that Iberian red deer get asymptomatically infectedwith BTV 

serotypes 1 and 8, BTV RNA being reliably detected for long periods, comparable in 

intensity and duration to that of domestic ungulates (Luedke, 1969; MacLachlan et al., 

1990; Puentes et al., 2008). RT-PCR has been validated as a detection technique for BTV, 

at least as sensitive as viral titration on Vero cells (Hamers et al., 2009).  
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BTV viraemia with mild or no clinical signs following experimental infectionhas been 

reported in North American elk (Cervus elaphus canadensis and Cervus elaphus nelsoni) 

(Murray and Trainer, 1970; Ellis et al., 1993). BTV was isolated as long as 105 dpi from 

the blood of experimentally infected elk after 95 days of negative results followed by 

cortisone injection (Murray and Trainer, 1970). However, duration and intensity of both 

the virus dynamics and the immune response remains to be fully described. To the best of 

our knowledge, this is the first report to address this issue in European red deer. The 

kinetics of the antibody response of our experimentally infected red deer during the study 

period was similar to those of experimentally infected domestic ruminants and North 

American elk (Murray and Trainer, 1970), showing the validity of ELISA and serum VNT 

to monitor contactwith BTV in red deer. The clinical picture observed among BTV-1 and 

BTV-8 infected deer was similar to the mild subclinical effects of BTV observed in cattle 

(MacLachlan et al., 1990) and elk (Murray and Trainer, 1970; Ellis et al., 1993), rather 

than to the more severe clinical pictures often described in sheep (MacLachlan et al., 

2008) and white-tailed deer (Vosdingh et al., 1968). 

 

Transplacental, oral, and wound contact have been suggested as mechanisms for BTV 

transmission in absence of the Culicoides vector, both in domestic and wild ungulates 

(Vosdingh et al., 1968; Thomas and Trainer, 1970b; Menzies et al., 2008; Backx et al., 

2009). Iatrogenic transmission can be discarded for the spontaneouslyinfected control deer 

11 of our study, since material for each deer was prepared individually before entering the 

enclosure, so oral (the deer bit each other due to hierarchic fights in the small area of the 

enclosure) or wound transmission would be the most likely explanation. 

 

Transmission in absence of the vector is therefore possible in close contact conditions, 

and although its epidemiological importance is unknown, it could be a concern regarding 

the overwintering of BTV (Wilson et al., 2008). 

 

Which is the role of red deer in the epidemiology of BTV in Europe? Red deer is an 

abundant wild ruminant in many parts of the northern hemisphere, occurring in BTV 

affected regions of central and southern Europe (Lovari et al., 2009). Other wild ruminant 

species are considered maintenance hosts for BTV in Africa and North America, the virus 

being endemic in their populations (Stallknecht et al., 1996; Gerdes, 2004). Antibodies 

against BTV and BTV RNA have been identified in free-ranging naturally infected red 
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deer in Europe (Linden et al., 2008; Ruiz-Fons et al., 2008; García et al., 2009). 

Moreover, RNA of BTV-4 was found in red deer blood samples in summer 2007, eight 

months after the last detection in sympatric domestic ruminants (Rodríguez-Sánchez et al., 

2010). Finally, our results indicate that red deer can maintain BTV RNA in blood for long 

periods, and therefore red deer have the potential to play a role in BT epidemiology. 

However, the lack of BTV isolation at 78 dpi suggests that only BTV RNA but no viable 

virus stays detectable long after the peak viraemia. Moreover, it remains unanswered 

whether the Culicoides vector can get infected from red deer. Nevertheless, the detection 

of BTV in skin samples of our experimentally infected red deer at 14 dpi seems to point 

that it could be infectious to midges, at least during the peak of BTV RNA detection. 

 

3.5 Conclusions 

 

Red deer have the potential to be a reservoir for BT. A natural experiment to test this 

hypothesis is currently running: livestock has largely been vaccinated (European 

Commission, 2009), but annual re-vaccination is unlikely to be maintained for long. 

Vaccine induced immunity against BTV can last for over 1 year, but it may be lost after a 

certain time if no annual boost occurs (Hamers et al., 2009). Also, positive results of the 

vaccination campaigns rely on a minimum coverage of 80% of the susceptible population 

(Ferrari et al., 2005), and susceptible unvaccinated red deer could affect this minimum 

required goal.  

 

Hence, if repeated BTV outbreaks occur in regions with high wild ruminant densities 

and no clear link with livestock movements or vaccination failures, the deer reservoir 

hypothesis will be confirmed. If, in contrast, no BTV circulation takes place and livestock 

vaccination alone is successful in eradicating bluetongue, the hypothesis will be rejected. 

 



 

 
 
 
 
 
 
 
 

 
Iceland ® Photographs Madelisa Meloni and Roberto Cogoni  
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CHAPTER 4: Global gene expression analysis in skin 

biopsies of European red deer experimentally infected 

with bluetongue virus serotypes 1 and 8 

 

4.1 Introduction  

 

Bluetongue (BT) is a disease of ruminants caused by bluetongue virus (BTV), which 

has 24 known serotypes (Taylor, 1986). BTV is an Orbivirus in the family Reoviridae, 

and consists of a double-stranded RNA (dsRNA) genome of ten segments contained 

within three concentric shells of structural proteins that form the subcore, outer core and 

outer capsid (Anonymous, 2005). BTV can infect most ruminant species, although some 

breeds of sheep are considered more vulnerable (Falconi et al., 2011). Vaccination of 

domestic ruminants is used to control BT throughout Europe (European Commission, 

2009). However, the high density of European red deer (Cervus elaphus) in some 

European regions has raised concerns about the potential role that unvaccinated European 

wild ungulates might play as BTV reservoir (Rodríguez-Sánchez et al., 2010; Falconi et 

al., 2011), although vaccination has proved to induced a protective immune response 

against BTV replication in red deer (Lorca-Oró et al., 2012). 

 

The cellular tropism of BTV in ruminants includes endothelial cells, dendritic cells 

and macrophages (Drew et al., 2010). Infection with BTV can result in a wide range of 

clinical signs or can be entirely subclinical. Bluetongue-related symptoms may range from 

subclinical infection without clinical signs in most of the domestic and wild host ruminant 

species, to fever, depression, lameness, oedema of the lips, tongue and head, 

conjunctivitis, coronitis, excessive salivation, nasal discharge, hyperemia, pain at 

mucocutaneous junctions, and even death in the most susceptible domestic and wild sheep 

and deer species (Robinson et al., 1967; Thomas and Trainer, 1970a; Hoff and Trainer, 

1974; Work et al., 1992; Darpel et al., 2007; Fernández-Pacheco et al., 2008; López-

Olvera et al., 2010; Lorca-Oró et al., 2012). Both BTV vaccination and infection have 

been demonstrated to induce a significant cell-mediated immunity in domestic sheep, with 

increased response of inflammatory mediators (Stewart and Roy, 2010; Umeshappa et al., 

2011a). 
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Recently, both antibodies against BTV and/or BTV RNA have been detected in 

several species of European wild ruminants, including red deer (Ruiz-Fons et al., 2008; 

Linden et al., 2008; Fernández-Pacheco et al., 2008; García et al., 2009; Rodríguez-

Sánchez et al., 2010; Falconi et al., 2011). In experimentally BTV-infected deer, the 

results suggest that both elk and red deer have a potential role in BTV epidemiology 

(Murray and Trainer, 1970; López-Olvera et al., 2010; Falconi et al., 2011; Lorca-Oró et 

al., 2012). BTV is transmitted by certain species of biting midges of the genus Culicoides 

that inject the virus into the ruminant’s skin during blood feeding (Wilson and Mellor, 

2009), although transplacental, oral, and mechanical transmissions are also recorded 

(Falconi et al., 2011). Recently, it was demonstrated in sheep that dendritic cells are the 

primary targets of BTV, contributing to virus dissemination from the skin to draining 

lymph nodes (Hemati et al., 2009). BTV-host interactions have been extensively 

characterized in vitro (Roy, 2008). However, little is known about host gene expression 

changes in response to BTV infection in vivo (Contreras et al., 2010; Umeshappa et al., 

2010). 

 

The aim of this study was to characterize differential gene expression in skin biopsies 

of red deer hinds experimentally infected with BTV serotypes 1 and 8. Our hypothesis is 

that gene expression profile in the skin cells of BTV-infected hinds should reveal 

molecular signatures at the host–virus interface, essential to understand BTV 

pathogenicity and infection outcome. Understanding BTV strategies to infect host cells 

and the host response to infection in wildlife reservoir species will allow expanding our 

knowledge about BTV epidemiology and virus–host interactions.  

 

4.2 Materials and methods  

 

4.2.1 Animals and sample preparation 

 

This study was approved by the Instituto Nacional de Investigación y Tecnología 

Agraria y Alimentaria (INIA) Ethics Committees on Animal Experimentation and 

Biosafety. Handling procedures and sampling frequency were designed to reduce stress 

and health risks for subjects, according to European (86/609) and Spanish (R. D. 
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223/1988, R. D. 118 1021/2005) laws and current guidelines for ethical use of animals in 

research (ASAB, 2006). 

 

Material used in this study derived from an experimental infection carried out in 

2009 (López-Olvera et al., 2010), where infection was monitored daily from 0 days post-

infection (dpi) to 12 dpi and on 14, 17, 21, 24, 28, 31, 38, 50, 60, 66, 71, 78, 98, 105 and 

112 dpi by clinical examination, semiquantitative real-time RT-PCR (Toussaint et al., 

2007), a commercial ELISA (Pourquier Bluetongue competitive ELISA, Institute 

Pourquier, Montpellier, France), and by standard virus neutralization test (VNT) (Hamers 

et al., 2009). Gene expression was determined in one square centimeter skin samples 

obtained from four hinds inoculated intravenously (iv) in the jugular vein, two with 

2.5x106 median tissue culture infective dose (TCID50) of BTV serotype 1 (BTV-1, isolate 

Algeria/2006) after five cell culture passages, and two with 2.5x106 TCID50 of BTV 

serotype 8 (BTV-8; isolate 202326 Belgium/2006) after four culture passages. Skin 

samples from four uninfected controls were also analyzed. Skin biopsies were collected 

from the inner proximal aspect of the right hindlimb at two time points: (1) 14 days post 

infection (dpi), when the infected deer showed the higher real time RT-PCR Ct-values, 

therefore indicating active BTV infection, and (2) during necropsy (98 dpi), when real 

time RT-PCR Ct-values were lower, indicating that active infection had long been ceased 

(López-Olvera et al., 2010), with BTV associated to erythrocytes in a non-replicating state 

(MacLachlan et al., 1994). BTV-neutralizing antibodies of the corresponding serotype 

indicating immune response had risen immediately after infection, reaching its peak 

around 14 dpi and remaining stable throughout the study period until 98 dpi (López-

Olvera et al., 2010). Skin was chosen as target tissue since it is implicated in BTV 

transmission at viremia peak, and therefore BTV replication is expected at the time of 

biopsy. Biopsies were rapidly stored at -80ºC for RNA extraction.  

 

4.2.2 Microarray hybridization and analysis 

 

To study the global transcriptional response after BTV infection, a cDNA 

microarray analysis was performed to determine the relative abundance of specific 

mRNAs induced in BTV-infected hinds compared to that induced in the control deer at 14 

dpi. Total RNA was resin purified (Qiagen Inc., Valencia, CA, USA) and analyzed using 

the ExperionTM Automated Electrophoresis System (Bio-Rad, Hercules, CA, USA) to 
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evaluate the quality and integrity of RNA preparations. To obtain a comprehensive gene 

expression profile in response to BTV infection, the GeneChip1 Bovine Genome Array 

Bovine Genome Array which contains 24,072 Bos taurus probe sets that inter-rogate 

approximately 23,000 transcripts (Affymetrix, Santa Clara, CA, USA; 

http://www.affymetrix.com/products_services/arrays/specific/bovine.affx) was used. One 

mg total RNA was labeled using the GeneChip® HT IVT Labelling Kit (Affymetrix). The 

images were processed with Microarray Analysis Suite 5.0 (Affymetrix). All samples 

demonstrated characteristics of high-quality cRNA (30/50 ratio of probe sets for 

glyceraldehyde-3-phosphate dehydrogenase and beta-actin of 1.5) and were subjected to 

subsequent analysis. Raw expression values obtained directly from CEL files were 

preprocessed using the RMA method (Gentleman et al., 2005). Standard quality controls 

based on Affymetrix original methods including average background, scale factor, 

number of genes called present, 30–50 ratios computed from the MAS 5.0 algorithm and 

probe-level models (PLM) based on fitting a model for probe values and analyzing its 

residuals (relative log expression and normal unscaled standard error) were performed. 

The mean expression of each probe set in controls was compared with that of the infected 

samples. The microarray data were analyzed using the free statistical language R and the 

libraries included in Bioconductor Project (www.bioconductor.org). The gene ontology 

(GO) enrichment analysis was performed with GOstats package (Falcon and Gentleman, 

2007). Gene interactions were analyzed with the Integrated Pathway Analysis software 

(www.ingenuity.com). Metabolic pathway analysis was conducted using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009). All 

the microarray data were deposited at the NCBI Gene Expression Omnibus (GEO) under 

the platform accession number GPL3533 and the series number GSE29737.  

 

4.2.3 Real-time RT-PCR analysis  

 

The seven unique genes that were differentially expressed in the microarray (fold 

change > 2; P < 0.05) and over-represented after conditional test for biological process 

GO were selected for further analysis and to corroborate the results of the microarray 

analysis by real-time RT-PCR. The real-time RT-PCR was performed on the RNA 

samples from skin biopsies of all infected and uninfected hinds at 14 and 98 dpi with gene 

specific primers (Table 6.1) using the iScript One-Step RT-PCR Kit with SYBR Green 

and the iQ5 thermal cycler (Bio-Rad, Hercules, CA, USA) following manufacturer’s 
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recommendations. The mRNA levels were normalized against bovine cyclophlilyn, beta-

actin and GAPDH transcripts using the ddCT method (Livak and Schmittgen, 2001). In all 

cases, the mean of the duplicate values was used and data from infected and uninfected 

animals were compared using the Student’s t-test (P < 0.05). 

 

Table 4.1. Primer sets used for real-time RT-PCR analysis of differentially expressed 
genes.  

 

 

4.3 Results  

 

4.3.1  Analysis of differential gene expression in BTV-infected hinds 

at 14 dpi 

 

Of the 23,000 transcripts analyzed in the microarray, 1539 hybridized to deer 

RNA. Of them, seventeen known genes showed significant variation in expression with 

three downregulated and fourteen upregulated genes in response to virus infection (Figure 

4.1). Other four transcripts with unknown gene assignment were also upregulated in 

infected animals (Figure 4.1). No significant differences in differential gene expression 

between BTV-1 and BTV-8 infected hinds were observed (Figure 4.1). Of the seventeen 

genes that showed significant variation in expression, seven unique genes were over-

represented after conditional test for biological process GO (Tables 4.2 and 4.3). The 

association among these seven genes showed a network connection through several 

molecular pathways implicated in immune response function (Figure 4.2) (see Annex).  
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Figure 4.1. Red deer transcriptional responses induced by BTV infection. Clustering and 
heat map analysis of BTV regulated genes. The expression pattern of genes significantly 
differentially expressed in response to BTV infection is represented as a hierarchical 
clustering, using UPGMA (unweighted pair-group method with arithmetic mean) with 
euclidean distance measure. The heat map is an intensity plot that represents the clusters 
within the dataset. The row dendrogram represents the genes clusters with similar patterns 
within and across different samples. Color corresponds to the expression level of the 
transcript with low, intermediate and high expression represented by green, black, and 
red, respectively.  
 

4.3.2 Confirmation of microarray data for selected genes by real-time 

RT-PCR 

 

The results of the microarray at 14 dpi were confirmed by real-time RT-PCR 

analysis for all seven unique differentially expressed genes that were over-represented 

after conditional test for biological process GO (Table 4.3). However, minor differences 

were observed in the mRNA levels determined by microarray and real-time RT-PCR, 

probably due to differences in the susceptibility and data analysis platforms of these 

methods. 3.3. Time course of differential gene expression response in BTV-infected hinds 

To characterize how the expression of the differentially expressed genes over-represented 

after conditional test for biological process GO varied as infection progressed, mRNA 
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levels were determined by real-time RT-PCR in BTV-infected and control hinds at 14 and 

98 dpi. The results showed differences between 14 and 98 dpi for all genes except BOLA, 

which remained upregulated at both time points. For the rest of the genes, mRNA levels at 

necropsy were not significantly different between infected and uninfected hinds (PSMB9, 

ISG15, C4, C1qA, FOS) or decreased in infected animals (PSMB8) (Figure 4.3).  

 

Table 4.2. Over represented terms after conditional test for biological process gene 
ontology. 

 

 

4.4 Discussion 

 

To our knowledge, this is the first analysis of differential gene expression in BTV-

infected ruminants, either wild or domestic. Viruses modify host molecular pathways to 

establish infection (Mogensen and Paludan, 2001), inducing the differential expression of 

genes, including some of the genes described herein (Chiang et al., 2006; Zhang et al., 
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2007; Shmulevitz et al., 2010). Red deer RNA hybridized to bovine microarray, as in 

previous experiments (Galindo et al., 2010). Nevertheless, BTV infection had a minor and 

transient effect on gene expression in hinds, as shown by the very few genes that were 

differentially expressed in response to infection at 14 dpi, most of them having similar 

expression levels between infected and uninfected deer at necropsy. BTV infection in 

hinds at 14 dpi resulted in the activation of host molecular pathways involved in the 

immune response to control virus infection (Figure 4.2). One of the pathways affected by 

BTV infection in deer was the retinoic-acid-inducible protein 1 (RIG-I) like receptor 

signaling pathway, which is involved in the recognition of dsRNA by RIG-I/melanoma-

differentiation-associated gene 5 (MDA-5) and toll like receptor 3 (TLR3). RIG-I is a 

member of the DExD/H box-containing RNA helicase family of proteins that unwind 

RNA in an ATPase dependent manner, and participates in the recognition of 

Paramyxoviruses, Sendal virus, Rhabdoviruses, Flaviviruses and Orthomyxoviruses, 

binding preferentially to short dsRNA (Kato et al., 2008).  

 

Table 4.3. Characterization of the genes differentially expressed and included in terms 
over represented after conditional test for biological process gene ontology. 

 

 

The activation of the RIG-I pathway results in the activation of several transcription 

factors such as interferon regulatory factors (IRF3, IRF7) and NFkB, which activate the 

expression of type I interferon (IFN) genes mediating host antiviral response (Kawai et 

al., 2005; Saha et al., 2006; Sasai et al., 2006; Yoneyama et al., 2004). One of the RIG-I 
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pathway genes upregulated in infected hinds was the IFN stimulated gene 15 (ISG15) 

(Nielsch et al., 1992; Yuan and Krug, 2001). ISG15 is an ubiquitin-like protein that acts 

within cells to posttranslationally modify cellular proteins. Virus, IFN and TLR agonists 

induce comparable levels of ISG15 (Andersen and Hassel, 2006). Upon viral infection, 

type I IFNs produced in infected cells induce the synthesis of ISG15, which in turn 

activates the production of IFNγ in T cells, augments NK cell proliferation, and activates 

non-major histocompatibility complex-restricted cytolytic CD6-lymphocytes, monocytes 

and macrophages via the induced IFNγ (Lenschow et al., 2007). Thus, the upregulation of 

ISG15 in BTV-infected hinds is one of the antiviral mechanisms used by these animals to 

control virus infection. IFN response to BTV infection has been reported to be fast and 

transient in cattle (MacLachlan and Thompson, 1985), but in domestic sheep BTV-1 

experimental infection induced higher levels of IFNγ around 15 dpi, coinciding with 

reduction of clinical signs, than at 8 dpi (Channappanavar et al., 2012). The absence of 

IFN upregulation found in this study at 14 dpi is therefore coherent with the immune 

response in red deer, a species which shows no or mild clinical signs after BTV infection 

(López-Olvera et al., 2010; Lorca-Oró et al., 2012).Li and Hassel (2001) demonstrated 

that the induction of ISG15, ISG43 and Signal Transducers and Activators of 

Transcription protein (STAT) by IFN and dsRNA requires a functional proteasome for 

optimal induction. The results reported here showed that BTV infection resulted in the 

upregulation of proteasome subunits PSMB8 and PSMB9, which are involved in the 

ubiquitin-immuno proteasome system and represent the major pathway for degradation of 

intracellular proteins (Powell and Divald, 2010). Altogether, this results suggested that the 

overexpression of proteasome subunits PSMB8 and PSMB9 and ISG15 genes together in 

the BTV-infected hinds contributed to inhibit BTV viral replication, as it has been shown 

in hepatocytes of transgenic mice infected with hepatitis B virus (Wieland et al., 2003). 

Another pathway affected by BTV infection was that mediated by the upregulation of 

major histocompatibility complex (MHC-I/BOLA) genes. This pathway plays an 

important role in alerting the host immune system to detect and eliminate virus-infected 

cells. Similar results were reported before in endothelial cells infected with BTV in vitro 

(Coen et al., 1991). In addition, since the proteasome plays an important role in the 

intrinsic pathway of antigen presentation, mediated by class I MHC molecules, up-

regulation of the expression of proteasome proteins, complementarily and synergically 

with an increase in MHC-I expression, will likely lead to an enhancement of the 

presentation of BTV-derived antigens to CD8+ cytotoxic T cells. Several viruses have 
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evolved strategies to evade or exploit the host complement pathway to establish infection 

(Bernet et al., 2003; Banki et al., 2005; Cummings et al., 2007; Favoreel et al., 2003; 

Lambris et al., 2008). Beyond the role of complement pathway in direct recognition and 

clearance of pathogens, complement activation is critical for generating an efficient 

adaptive immune response to virus infection (Sissons et al., 1980; Bjornson et al., 1991; 

Zhang et al., 2006; Kishore and Reid, 2000). In our study, the components of the classical 

pathway of complement activation, C4 and C1q (C1qA), were overexpressed. The 

expression of these complement components in skin tissues is not unexpected. While C1q 

genes are mainly expressed in epithelial cells; fibroblasts and monocytes can synthesize 

C4 (Law and Reid, 1988). The complement classical pathway is activated by immune 

complexes (IC), and constitutes the main effector mechanism of the humoral immune 

system (Kinoshita, 1991). Therefore, and not surprisingly, as the presence of antibodies to 

BTV are correlated with protection, our results provide the first evidence of the 

involvement of the classical complement pathway in BTV infection and suggest an 

important role for antibodies in the clearance of BTV from the host. The only gene 

downregulated in BTV-infected hinds was the gene encoding for cellular proto-oncogene 

protein c-Fos (FOS). FOS downregulation affects several biological pathways such as the 

TLR and mitogen-activated protein kinase (MAPK) pathways involved in the host 

immune response and the control of cell apoptosis (Pearson et al., 2001).  

 

Induction of apoptosis has been implicated in BTV pathogenesis in microvascular 

ovine and bovine endothelial cells, monocytes and T cells (Barratt-Boyes et al., 1992; 

DeMaula et al., 2001; Mortola et al., 2004; Takamatsu et al., 2003; Mortola and Larsen, 

2009; Umeshappa et al., 2010). pathogenesis in microvascular ovine and bovine 

endothelial cells, monocytes and T cells (Barratt-Boyes et al., 1992; DeMaula et al., 2001; 

Mortola et al., 2004; Takamatsu et al., 2003; Mortola and Larsen, 2009; Umeshappa et al., 

2010). Therefore, FOS expression in infected hinds could be dowregulated by BTV to 

inhibit apoptosis and replicate inside host epithelial cells during early phases of infection. 

However, later during infection, FOS mRNA levels were similar in infected and 

uninfected hinds, suggesting either that after initial replication inside skin cells from the 

host, BTV does no longer require inhibiting apoptosis through FOS related pathways to 

maintain infection in this tissue or that the host controlled BTV infection over time, 

recovering its FOS expression levels. To our knowledge, this is the first time differential 

gene expression in response to BTV-infection has been studied in ruminants, either wild 
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or domestic. The results obtained suggest that red deer immune response efficiently 

controls BTV infection, with little effect on host molecular pathways, at least in the 

tissues examined, and probably in other tissues also. This could explain the asymptomatic 

course of BTV infection in red deer. Recently, differences in BTV infection dynamics 

depending on inoculation type (intradermal versus intravenous) have been reported 

(Umeshappa et al., 2011a,b).  

 

 

Figure 4.2. Association of genes differentially expressed in BTV-infected deer through 
several pathways implicated in immune response function. Metabolic pathway analysis 
was conducted using the Database for annotation, visualization and integrated discovery 
(DAVID). Pathways are shown in green squares, genes differentially expressed in BTV-
infected deer in red octagons and selected intermediate transcription factors and genes in 
blue pentagons and yellow diamonds, respectively.  
 

Therefore, gene expression could also be different in natural Culicoides-induced 

infection than in experimental intravenous inoculation. Further studies should be carried 

out in order to clarify the immune, clinical, pathological, and viral mechanisms involved 

in BTV infection in different species, completing gene expression analysis with other 

inflammatory indicators. Comparison of the data presented in this study with differential 

gene expression in experimentally infected BTV clinically susceptible species, such as 
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mouflon or domestic sheep, would help to understand the mechanisms on BTV infection 

establishment and pathogenesis. 

 

 

 

Figure 4.3. Time course differential gene expression response in BTV-infected hinds. The 
normalized mRNA levels (in arbitrary units) are shown as average ± standard deviation of 
the infected/uninfected ratios at 14 and 98 dpi. Data from infected and uninfected animals 
were compared using the Student’s t-test (*P < 0.05). 
 

 

 
 



 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 
 
 
 
 
 
 

 
Red deer ® Photograph Jorge Ramon Lopez Olvera  
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GENERAL DISCUSSION 

 

The arrival of several BTV serotypes to Europe during the last fifteen years raised a 

number of questions on BT epidemiology in this continent, challenging the European 

sanitary policy. The role of wild ungulates in the spread and maintenance of BT was one 

of the knowledge gaps to fill. This thesis has addressed the issue of red deer implication in 

BT epidemiology in Europe, identifying some of the key factors determining the potential 

of this species as host and reservoir for BT. 

 

Chapter 1 of this thesis summarizes previous findings on the relationship between BTV 

and wild ungulates, focusing on red deer. Previous research indicates that many species of 

wild ruminants can get infected with BTV, but whereas some of them develop clinical 

disease, others are infected asymptomatically, the latter being the case of red deer. The 

species that are asymptomatically infected are as relevant as the clinically infected ones 

from an epidemiological perspective, or even more, since they can maintain BTV for 

longer periods and BTV infection goes unnoticed in these species, making it therefore 

more difficult detecting BTV by passive surveillance. Control measures implemented for 

livestock (vaccination, movement restriction and surveillance) include both clinically 

(e.g., sheep) and asymptomatically (e.g., cattle) infected domestic species, since the latter 

are relevant for BT transmission. Wild ruminants seem to be implicated in the 

dissemination and persistence of BTV, and probably play a significant role as reservoirs 

for BTV (Rodríguez-Sánchez et al., 2010; García-Bocanegra et al., 2011). According to 

the prevalence of antibodies against BTV detected in several European countries, its 

abundance and wide distribution, red deer seem to be the wild ruminant species 

potentially most relevant for BT epidemiology. 

 

Chapter 2 is an epidemiological observational study of BT in a wild red deer 

population where no domestic ruminants are present, providing new information on the 

capability of this species to maintain BTV circulation in absence of other host species. 

The results indicate that BTV is maintained in red deer populations without need for other 

hosts, therefore demonstrating the role of this species as a maintenance host. New 

outbreaks of BT in domestic ruminants should be carefully investigated to determine if 

they are caused by a new arrival of BTV, either through domestic or wild ruminant 

movement or by infected vectors arriving from southern areas, or if they are due to 
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transmission to livestock back from red deer BTV infected populations. Moreover, BTV 

was detected in red deer in administrative units where it had not been previously detected 

in domestic ruminants. This underlines the potential of this species as sentinel for BTV. 

Current BTV surveillance programs rely on unvaccinated domestic ruminant sentinel 

farms, but the monitoring of the much more abundant wild red deer populations, for 

example by sampling hunted red deer, would increase the efficiency in detecting the 

arrival or spread of BTV. 

 

Chapter 3 reports the result of an experimental infection of red deer trying to 

understand the pathogenicity of BTV in this species. Overall, BTV infection dynamics 

measured by RT-PCR and antibody response measured by ELISA in red deer were similar 

to that of asymptomatic domestic hosts of BTV, like domestic cattle. BTV RNA and 

antibodies against BTV could be detected for a long period after inoculation in peripheral 

blood of the challenged red deer, but no BT-compatible clinical signs could be detected 

throughout the study. According to this study, red deer has at least the same potential to 

maintain BTV that domestic cattle. The spleen was the organ that more consistently 

harboured BTV RNA at the time of necropsy. This finding is relevant for active BTV 

surveillance in hunter-harvested deer. Finally, Chapter 4 investigates into the gene 

response mechanisms which allow red deer to control BTV infection and remain 

asymptomatically infected. BTV does not considerably trigger molecular pathways 

involved in immune response in red deer, thus explaining why this species maintains BTV 

RNA for long periods. 

 

Overall, this thesis demonstrates that red deer populations have the potential to 

maintain BTV as an asymptomatic infection, supposing a threat for the success of the 

European BT control strategy. The risk of spill-back to domestic livestock from this 

species depends on red deer density, as well as other vector-related factors and 

environmental factors determining contact (or distance allowing BTV transmission by 

vectors) between red deer and susceptible domestic host species. Nevertheless, this thesis 

also raises several questions which remain still unanswered, as the capability of vectors to 

get infected from BTV-infected red deer and transmit BTV to domestic livestock, or the 

factors determining the dynamics of BTV epidemiology in red deer populations, either as 

the only predominant susceptible species or in a multihost system involving several 

susceptible domestic and wild species. 



 

     



 

 
 
 
 
 
 
 
 

 
Red deer ® Photograph Luca Carrel 
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CONCLUSIONS  

 
 

1. According to the reported BTV prevalence in several European countries and its 

abundance and distribution, red deer is the most relevant wild ruminant species for 

BTV epidemiology and control in Europe. 

 

2. Natural high density red deer populations are able to maintain BTV circulation in 

absence of other host species. 

 
 

3.  The use of red deer populations as BTV sentinels would increase the efficacy of 

the European surveillance for bluetongue. 

 

4. Red deer develop an asymptomatic long-lasting infection after experimental 

inoculation with BTV-1 and BTV-8. BTV RNA and antibodies against BTV are 

detected until at least 98 days after inoculation. 

 

5. BTV transmission in absence of vectors is possible among red deer maintained in 

close contact. 

 

6. The genomic expression profile of BTV-infected red deer skin cells reveals only 

weak responses to BTV infection. This agrees with the asymptomatic course of BT 

in this species, and explains the long lasting viremia. 
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ANNEX  

Gene funcion according to Integrated Pathway Analysis    

Category Functional Annotation p-value Gene symbol No. genes 

 Cell-To-Cell Signaling and Interaction 1.25E-06  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Hematological System Development and Function 1.25E-06  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Immune Cell Trafficking 1.25E-06  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Inflammatory Response 

Activation of leukocytes 

1.25E-06  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Hematological System Development and Function 5.92E-06  PSMB8. PSMB9  2 

 Cell-mediated Immune Response 5.92E-06  PSMB8. PSMB9  2 

 Cellular Development 5.92E-06  PSMB8. PSMB9  2 

 Cellular Function and Maintenance 5.92E-06  PSMB8. PSMB9  2 

 Cellular Growth and Proliferation 5.92E-06  PSMB8. PSMB9  2 

 Hematopoiesis 5.92E-06  PSMB8. PSMB9  2 

 Tissue Development 

Generation of cytotoxic T cells 

5.92E-06  PSMB8. PSMB9  2 

 Connective Tissue Disorders 2.84E-05  C1QA. C4A/C4B. FOS. HLA-E. PSMB8. PSMB9  6 

 Inflammatory Disease 2.84E-05  C1QA. C4A/C4B. FOS. HLA-E. PSMB8. PSMB9  6 

 Skeletal and Muscular Disorders 

Arthritis 

2.84E-05  C1QA. C4A/C4B. FOS. HLA-E. PSMB8. PSMB9  6 

 Connective Tissue Disorders 5.75E-05  C1QA. C4A/C4B  2 

 Inflammatory Disease 5.75E-05  C1QA. C4A/C4B  2 

 Skeletal and Muscular Disorders 5.75E-05  C1QA. C4A/C4B  2 

 Immunological Disease 

Systemic lupus erythematosus of animal 

5.75E-05  C1QA. C4A/C4B  2 

 Inflammatory Response 8.64E-05  C1QA. C4A/C4B  2 

 Antigen Presentation 8.64E-05  C1QA. C4A/C4B  2 

 Humoral Immune Response 

Complement activation 
 

8.64E-05  C1QA. C4A/C4B  2 

 Immunological Disease Autoimmune disease of mice 1.24E-04  C1QA. C4A/C4B. FOS  3 

 Immunological Disease Autoimmune disease 1.40E-04  C1QA. C4A/C4B. FOS. HLA-E. PSMB8. PSMB9  6 

 Skeletal and Muscular Disorders 1.43E-04  C4A/C4B. FOS. PSMB8. PSMB9  4 

 Genetic Disorder 1.43E-04  C4A/C4B. FOS. PSMB8. PSMB9  4 

 Neurological Disease 

Huntington's disease 

1.43E-04  C4A/C4B. FOS. PSMB8. PSMB9  4 

 Inflammatory Disease 2.25E-04  C1QA. C4A/C4B  2 

 Renal and Urological Disease 
Glomerulonephritis of mice 

2.25E-04  C1QA. C4A/C4B  2 

 Renal and Urological Disease 2.42E-04  C1QA. C4A/C4B  2 

 Organismal Injury and Abnormalities 
Damage of kidney 

2.42E-04  C1QA. C4A/C4B  2 

 Connective Tissue Disorders 3.24E-04  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Inflammatory Disease 3.24E-04  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Skeletal and Muscular Disorders 3.24E-04  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Immunological Disease 

Rheumatoid arthritis 

3.24E-04  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 
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 Cell Cycle Arrest in G0/G1 phase transition of hematopoietic progenitor cells 4.38E-04  FOS  1 

 Gene Expression Binding of ATF binding site 4.38E-04  FOS  1 

 Cellular Function and Maintenance 4.38E-04  FOS  1 

 Cell Morphology 
Depolarization of epithelial cells 

4.38E-04  FOS  1 

 Tumor Morphology Induction of osteosarcoma 4.38E-04  FOS  1 

 Neurological Disease Kindling of mice 4.38E-04  FOS  1 

 Cell Cycle Mitosis of Th1 cells 4.38E-04  FOS  1 

 Gene Expression Repression of CarG box 4.38E-04  FOS  1 

 DNA Replication. Recombination. and Repair Single-stranded DNA break repair of DNA 4.38E-04  FOS  1 

 Cancer 4.38E-04  FOS  1 

 Dermatological Diseases and Conditions 
Tumorigenesis of sebaceous adenoma 

4.38E-04  FOS  1 

 Skeletal and Muscular System Development and Function 4.38E-04  FOS  1 

 Tissue Morphology 
Width of zone of proliferation 

4.38E-04  FOS  1 

 Cell-To-Cell Signaling and Interaction 4.74E-04  C1QA. C4A/C4B. FOS  3 

 Hematological System Development and Function 4.74E-04  C1QA. C4A/C4B. FOS  3 

 Immune Cell Trafficking 4.74E-04  C1QA. C4A/C4B. FOS  3 

 Inflammatory Response 

Activation of lymphocytes 

4.74E-04  C1QA. C4A/C4B. FOS  3 

 Organismal Survival Mortality of mice 6.48E-04  C4A/C4B. ISG15  2 

 Dermatological Diseases and Conditions Dermatological disorder of mice 7.99E-04  C4A/C4B. FOS  2 

 Cell-To-Cell Signaling and Interaction 8.15E-04  C1QA. C4A/C4B  2 

 Hematological System Development and Function 8.15E-04  C1QA. C4A/C4B  2 

 Immune Cell Trafficking 8.15E-04  C1QA. C4A/C4B  2 

 Inflammatory Response 8.15E-04  C1QA. C4A/C4B  2 

 Antigen Presentation 8.15E-04  C1QA. C4A/C4B  2 

 Humoral Immune Response 

Activation of B lymphocytes 

8.15E-04  C1QA. C4A/C4B  2 

 Cell Death Apoptosis of retinal rods 8.76E-04  FOS  1 

 Cellular Development 8.76E-04  FOS  1 

 Cell Morphology 8.76E-04  FOS  1 

 Embryonic Development 

Conversion of mesenchymal cells 

8.76E-04  FOS  1 

 Skeletal and Muscular System Development and Function 8.76E-04  FOS  1 

 Tissue Morphology 8.76E-04  FOS  1 

 Connective Tissue Development and Function 

Dry ashed weight of femur 

8.76E-04  FOS  1 

 Cancer Quantity of uterine tumor 8.76E-04  PSMB9  1 

 Hematological System Development and Function 8.76E-04  HLA-E  1 

 Cellular Function and Maintenance 
Regulation of natural killer cells 

8.76E-04  HLA-E  1 

 Gene Expression Repression of dyad symmetry element 8.76E-04  FOS  1 

 Cancer 8.76E-04  FOS  1 

 Dermatological Diseases and Conditions 
Sebaceous adenoma 

8.76E-04  FOS  1 
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 Skeletal and Muscular System Development and Function 8.76E-04  FOS  1 

 Tissue Morphology 8.76E-04  FOS  1 

 Connective Tissue Development and Function 

Thickness of calvaria 

8.76E-04  FOS  1 

 Skeletal and Muscular System Development and Function 8.76E-04  FOS  1 

 Tissue Morphology 
Width of zone of hypertrophy 

8.76E-04  FOS  1 

 Cell Morphology Modification of cells 9.14E-04  FOS. ISG15  2 

 Inflammatory Disease Inflammatory disorder of mice 1.02E-03  C1QA. C4A/C4B. FOS  3 

 Tissue Morphology Quantity of cells 1.03E-03  C1QA. C4A/C4B. FOS. ISG15  4 

 Cell-To-Cell Signaling and Interaction 1.31E-03  FOS  1 

 Nervous System Development and Function 
Activation of NTS neurons 

1.31E-03  FOS  1 

 Nervous System Development and Function Baroreceptor reflex of rats 1.31E-03  FOS  1 

 Cellular Growth and Proliferation 1.31E-03  FOS  1 

 Tumor Morphology 
Colony formation of mammary tumor cells 

1.31E-03  FOS  1 

 Cellular Growth and Proliferation Formation of breast cancer cell lines 1.31E-03  FOS  1 

 Tumor Morphology Formation of osteosarcoma 1.31E-03  FOS  1 

 Gene Expression Induction of response element 1.31E-03  FOS  1 

 Cellular Development 1.75E-03  FOS  1 

 Cellular Growth and Proliferation 1.75E-03  FOS  1 

 Renal and Urological System Development and Function 

Arrest in growth of kidney cell lines 

1.75E-03  FOS  1 

 Cancer 1.75E-03  FOS  1 

 Dermatological Diseases and Conditions 
Hyperplasia of sebaceous glands 

1.75E-03  FOS  1 

 Cell Morphology 1.75E-03  ISG15  1 

 Embryonic Development 
Modification of embryonic cell lines 

1.75E-03  ISG15  1 

 Skeletal and Muscular System Development and Function 1.75E-03  C1QA  1 

 Tissue Morphology 
Quantity of vascular smooth muscle cells 

1.75E-03  C1QA  1 

 Gene Expression Repression of serum response element 1.75E-03  FOS  1 

 Neurological Disease 1.75E-03  C1QA  1 

 Infectious Disease 
Scrapie of mice 

1.75E-03  C1QA  1 

 Renal and Urological Disease 1.75E-03  C1QA  1 

 Cardiovascular Disease 1.75E-03  C1QA  1 

 Hematological Disease 

Thrombosis of renal glomerulus 

1.75E-03  C1QA  1 

 Hematological System Development and Function 1.82E-03  FOS. PSMB8. PSMB9  3 

 Cell-mediated Immune Response 1.82E-03  FOS. PSMB8. PSMB9  3 

 Cellular Development 1.82E-03  FOS. PSMB8. PSMB9  3 

 Cellular Function and Maintenance 1.82E-03  FOS. PSMB8. PSMB9  3 

 Hematopoiesis 

T cell development 

1.82E-03  FOS. PSMB8. PSMB9  3 

 Gene Expression Activation of Fin1 binding site 2.19E-03  FOS  1 

 Gene Expression Activation of Usf1 binding site 2.19E-03  FOS  1 
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 Gene Expression Activation of electrophile response element 2.19E-03  FOS  1 

 Organismal Injury and Abnormalities Area of fatty lesion 2.19E-03  C1QA  1 

 Post-Translational Modification 2.19E-03  ISG15  1 

 Protein Folding 
Conjugation of protein 

2.19E-03  ISG15  1 

 Infectious Disease 2.19E-03  C1QA  1 

 Infection Mechanism 
Infection by Streptococcus pneumoniae 

2.19E-03  C1QA  1 

 Hematological System Development and Function 2.19E-03  HLA-E  1 

 Cellular Growth and Proliferation 
Inhibition of natural killer cells 

2.19E-03  HLA-E  1 

 Gene Expression Transrepression of gene 2.19E-03  FOS  1 

 Gene Expression Activation of DR5 retinoic acid response element 2.63E-03  FOS  1 

 Inflammatory Response 2.63E-03  C4A/C4B  1 

 Cell Signaling 
Complement activation. Alternative pathway 

2.63E-03  C4A/C4B  1 

 Cell Death Cytolysis of leukemia cell lines 2.63E-03  ISG15  1 

 Cell Death Cytolysis of lymphoma cell lines 2.63E-03  ISG15  1 

 Skeletal and Muscular System Development and Function 2.63E-03  FOS  1 

 Connective Tissue Development and Function 2.63E-03  FOS  1 

 Organismal Development 

Endochondral ossification of organism 

2.63E-03  FOS  1 

 Organismal Injury and Abnormalities 2.63E-03  FOS  1 

 Gastrointestinal Disease 
Formation of aberrant crypt foci 

2.63E-03  FOS  1 

 Cellular Function and Maintenance 2.63E-03  FOS  1 

 Visual System Development and Function 
Function of retinal rods 

2.63E-03  FOS  1 

 Cancer 2.63E-03  FOS  1 

 Reproductive System Disease 
Tumorigenesis of cervical cancer cell lines 

2.63E-03  FOS  1 

 Hematological Disease Waldenstrom's macroglobulinemia 2.84E-03  PSMB8. PSMB9  2 

 Cell-To-Cell Signaling and Interaction 2.90E-03  PSMB8. PSMB9  2 

 Hematological System Development and Function 2.90E-03  PSMB8. PSMB9  2 

 Immune Cell Trafficking 2.90E-03  PSMB8. PSMB9  2 

 Inflammatory Response 2.90E-03  PSMB8. PSMB9  2 

 Antigen Presentation 

Activation of antigen presenting cells 

2.90E-03  PSMB8. PSMB9  2 

 Skeletal and Muscular System Development and Function 3.06E-03  FOS  1 

 Tissue Morphology 
Width of growth plate 

3.06E-03  FOS  1 

 Gene Expression Activation of AP1/CRE element 3.50E-03  FOS  1 

 Gene Expression Activation of ATF binding site 3.50E-03  FOS  1 

 Infection Mechanism Release of HIV-1 3.50E-03  ISG15  1 

 Immunological Disease 3.94E-03  C4A/C4B  1 

 Dermatological Diseases and Conditions 
Bullous pemphigoid of mice 

3.94E-03  C4A/C4B  1 

 Cellular Development 3.94E-03  FOS  1 

 Cell Morphology 
Conversion of epithelial cells 

3.94E-03  FOS  1 
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 Gene Expression Expression of antioxidant response element 3.94E-03  FOS  1 

 Drug Metabolism 3.94E-03  FOS  1 

 Molecular Transport 3.94E-03  FOS  1 

 Small Molecule Biochemistry 

Uptake of norepinephrine 

3.94E-03  FOS  1 

 Gene Expression Activation of CarG box 4.38E-03  FOS  1 

 Gene Expression Binding of Ets element 4.38E-03  FOS  1 

 Skeletal and Muscular System Development and Function 4.38E-03  FOS  1 

 Organismal Development 
Osteoclastogenesis of mice 

4.38E-03  FOS  1 

 Infection Mechanism Expression of HIV-1 4.81E-03  FOS  1 

 Small Molecule Biochemistry 4.81E-03  FOS  1 

 Carbohydrate Metabolism 
Loss of proteoglycan 

4.81E-03  FOS  1 

 Hematological System Development and Function 4.81E-03  FOS  1 

 Cellular Development 4.81E-03  FOS  1 

 Hematopoiesis 4.81E-03  FOS  1 

 Skeletal and Muscular System Development and Function 

Osteoclastogenesis of bone marrow-derived macrophages 

4.81E-03  FOS  1 

 Hematological System Development and Function 4.81E-03  FOS  1 

 Cellular Development 4.81E-03  FOS  1 

 Hematopoiesis 4.81E-03  FOS  1 

 Skeletal and Muscular System Development and Function 

Osteoclastogenesis of bone-marrow-derived 
monocyte/macrophage precursor cells 

4.81E-03  FOS  1 

 Gene Expression 4.81E-03  FOS  1 

 RNA Damage and Repair 4.81E-03  FOS  1 

 RNA Post-Transcriptional Modification 

Stabilization of reporter mRNA 

4.81E-03  FOS  1 

 Gene Expression Transcription of AP1 response element 5.25E-03  FOS  1 

 Cancer Tumorigenesis of squamous cell tumor 5.25E-03  FOS  1 

 Gene Expression Activation of antioxidant response element 5.69E-03  FOS  1 

 Tissue Morphology Degradation of cartilage tissue 5.69E-03  FOS  1 

 Gene Expression Induction of DNA 5.69E-03  FOS  1 

 Cellular Assembly and Organization 6.12E-03  HLA-E  1 

 Cellular Compromise 
Disruption of actin cytoskeleton 

6.12E-03  HLA-E  1 

 Hematological System Development and Function 6.12E-03  FOS  1 

 Cellular Development 6.12E-03  FOS  1 

 Hematopoiesis 6.12E-03  FOS  1 

 Humoral Immune Response 

Lymphopoiesis of B lymphocytes 

6.12E-03  FOS  1 

 Inflammatory Disease Peritonitis 6.12E-03  C4A/C4B  1 

 Cell-To-Cell Signaling and Interaction 6.20E-03  C1QA. C4A/C4B  2 

 Tissue Development 
Adhesion of blood cells 

6.20E-03  C1QA. C4A/C4B  2 

 Molecular Transport Quantity of GABA 6.56E-03  FOS  1 
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 Small Molecule Biochemistry 6.56E-03  FOS  1 

 Amino Acid Metabolism 6.56E-03  FOS  1 

 Connective Tissue Disorders 6.56E-03  FOS  1 

 Inflammatory Disease 6.56E-03  FOS  1 

 Skeletal and Muscular Disorders 6.56E-03  FOS  1 

 Immunological Disease 

Rheumatoid arthritis of mice 

6.56E-03  FOS  1 

 Gene Expression Transactivation of cAMP response element 6.56E-03  FOS  1 

 Skeletal and Muscular System Development and Function 6.99E-03  FOS  1 

 Connective Tissue Development and Function 
Bone mineral density of femur 

6.99E-03  FOS  1 

 Cardiovascular Disease Fatty lesion 6.99E-03  C1QA  1 

 Cancer Cancer 7.59E-03  C4A/C4B. FOS. HLA-E. ISG15. PSMB9  5 

 Hematological System Development and Function 7.86E-03  C4A/C4B  1 

 Immune Cell Trafficking 7.86E-03  C4A/C4B  1 

 Inflammatory Response 7.86E-03  C4A/C4B  1 

 Tissue Development 7.86E-03  C4A/C4B  1 

 Humoral Immune Response 

Accumulation of B lymphocytes 

7.86E-03  C4A/C4B  1 

 Cellular Development 7.86E-03  FOS  1 

 Cellular Growth and Proliferation 7.86E-03  FOS  1 

 Hepatic System Development and Function 

Growth of hepatocytes 

7.86E-03  FOS  1 

 Neurological Disease Hyperalgesia of rats 7.86E-03  FOS  1 

 Dermatological Diseases and Conditions Dermatological disorder 8.23E-03  C4A/C4B. FOS. HLA-E  3 

 Cell Death 8.30E-03  FOS  1 

 Connective Tissue Development and Function 
Cell viability of fibroblasts 

8.30E-03  FOS  1 

 Cellular Growth and Proliferation 8.30E-03  FOS  1 

 Tumor Morphology 
Proliferation of mammary tumor cells 

8.30E-03  FOS  1 

 Gene Expression Transactivation of AP1 consensus site 8.30E-03  FOS  1 

 Gene Expression Transactivation of NFkB binding site 8.30E-03  FOS  1 

 Gene Expression Transactivation of estrogen response element 8.30E-03  FOS  1 

 Cancer 8.40E-03  FOS. PSMB9  2 

 Reproductive System Disease 
Uterine tumor 

8.40E-03  FOS. PSMB9  2 

 DNA Replication. Recombination. and Repair 8.74E-03  FOS  1 

 Gene Expression 
Bending of DNA 

8.74E-03  FOS  1 

 Gene Expression Activation of Gal4p binding site 9.17E-03  FOS  1 

 Dermatological Diseases and Conditions Alopecia of mice 9.17E-03  FOS  1 

 Gene Expression Activation of Ets element 9.61E-03  FOS  1 

 Gene Expression Induction of gene 9.61E-03  FOS  1 

 Gene Expression Activation of TGF beta response element 1.00E-02  FOS  1 

 Cell Cycle Entry into S phase of fibroblast cell lines 1.00E-02  FOS  1 
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 Connective Tissue Development and Function 1.00E-02  FOS  1 

 Cell Morphology Morphology of breast cancer cell lines 1.00E-02  FOS  1 

 Molecular Transport 1.00E-02  C4A/C4B  1 

 Small Molecule Biochemistry 
Quantity of histamine 

1.00E-02  C4A/C4B  1 

 Gene Expression Binding of estrogen response element 1.05E-02  FOS  1 

 Cellular Compromise Damage of mitochondria 1.05E-02  FOS  1 

 Genetic Disorder 1.05E-02  C4A/C4B  1 

 Neurological Disease 
Purkinje cell degeneration 

1.05E-02  C4A/C4B  1 

 Skeletal and Muscular System Development and Function 1.05E-02  FOS  1 

 Tissue Morphology 1.05E-02  FOS  1 

 Connective Tissue Development and Function 

Volume of trabecular bone 

1.05E-02  FOS  1 

 Gene Expression Transcription of AP1 consensus site 1.09E-02  FOS  1 

 Hematological Disease Hematological disorder 1.13E-02  C1QA. FOS. PSMB8. PSMB9  4 

 Cellular Development 1.13E-02  FOS  1 

 Cellular Growth and Proliferation 1.13E-02  FOS  1 

 Hair and Skin Development and Function 

Growth of keratinocytes 

1.13E-02  FOS  1 

 Cellular Assembly and Organization Quantity of nucleus 1.18E-02  FOS  1 

 Cellular Development 1.22E-02  FOS  1 

 Cellular Growth and Proliferation 1.22E-02  FOS  1 

 Connective Tissue Development and Function 

Arrest in growth of fibroblast cell lines 

1.22E-02  FOS  1 

 Cell Death Apoptosis of leukocytes 1.24E-02  C1QA. FOS  2 

 Cell Morphology Ruffling of plasma membrane 1.26E-02  FOS  1 

 Cell-To-Cell Signaling and Interaction 1.31E-02  C4A/C4B  1 

 Hematological System Development and Function 1.31E-02  C4A/C4B  1 

 Hematopoiesis 1.31E-02  C4A/C4B  1 

 Tissue Development 

Adhesion of red blood cells 

1.31E-02  C4A/C4B  1 

 Cell Death Cytotoxicity of cytotoxic T cells 1.31E-02  HLA-E  1 

 Immunological Disease Lymphadenopathy of mice 1.31E-02  C4A/C4B  1 

 Immunological Disease Celiac disease 1.35E-02  HLA-E  1 

 Post-Translational Modification Cleavage of protein fragment 1.35E-02  C4A/C4B  1 

 Infection Mechanism Replication of Hepatitis C virus 1.35E-02  ISG15  1 

 Cellular Function and Maintenance Uptake of cells 1.35E-02  C1QA  1 

 Cancer 1.38E-02  HLA-E. ISG15  2 

 Hepatic System Disease 
Liver cancer 

1.38E-02  HLA-E. ISG15  2 

 Neurological Disease Disease of central nervous system 1.39E-02  C1QA  1 

 Cellular Development 1.39E-02  FOS  1 

 Skeletal and Muscular System Development and Function 1.39E-02  FOS  1 

 Connective Tissue Development and Function 

Osteoclastogenesis of osteoclasts 

1.39E-02  FOS  1 
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 Cell-To-Cell Signaling and Interaction 1.48E-02  FOS  1 

 Nervous System Development and Function 
Excitation of neurons 

1.48E-02  FOS  1 

 Cardiovascular System Development and Function Permeability of vasculature 1.48E-02  C4A/C4B  1 

 Tissue Morphology Volume of infarct 1.48E-02  C1QA  1 

 Cancer 1.52E-02  C4A/C4B. FOS  2 

 Reproductive System Disease 
Ovarian cancer 

1.52E-02  C4A/C4B. FOS  2 

 Gene Expression Activation of TPA response element 1.65E-02  FOS  1 

 DNA Replication. Recombination. and Repair 1.65E-02  FOS  1 

 Gene Expression 
Methylation of DNA 

1.65E-02  FOS  1 

 Cancer Tumor 1.72E-02  C4A/C4B. FOS. HLA-E. PSMB9  4 

 Cell Death Apoptosis of granule cells 1.83E-02  FOS  1 

 Hematological System Development and Function 1.87E-02  ISG15  1 

 Tissue Morphology 
Quantity of natural killer cells 

1.87E-02  ISG15  1 

 Cellular Development 1.91E-02  FOS  1 

 Cellular Growth and Proliferation 1.91E-02  FOS  1 

 Skeletal and Muscular System Development and Function 

Growth of smooth muscle cells 

1.91E-02  FOS  1 

 Neurological Disease Chronic fatigue syndrome 1.96E-02  C4A/C4B  1 

 Cell Death Apoptosis of breast cell lines 2.00E-02  FOS  1 

 Neurological Disease Neurological disorder of mice 2.04E-02  C1QA. FOS  2 

 Cellular Growth and Proliferation Proliferation of normal cells 2.17E-02  FOS. HLA-E. ISG15  3 

 Skeletal and Muscular System Development and Function 2.21E-02  FOS  1 

 Tissue Morphology 2.21E-02  FOS  1 

 Connective Tissue Development and Function 

Quantity of osteoclasts 

2.21E-02  FOS  1 

 Gene Expression Expression of DNA 2.28E-02  C4A/C4B. FOS  2 

 Cell-To-Cell Signaling and Interaction 2.30E-02  C4A/C4B  1 

 Hematological System Development and Function 2.30E-02  C4A/C4B  1 

 Immune Cell Trafficking 2.30E-02  C4A/C4B  1 

 Inflammatory Response 2.30E-02  C4A/C4B  1 

 Antigen Presentation 2.30E-02  C4A/C4B  1 

 Hypersensitivity Response 

Activation of mast cells 

2.30E-02  C4A/C4B  1 

 Gene Expression Binding of AP1 consensus site 2.30E-02  FOS  1 

 Tissue Development 2.30E-02  FOS  1 

 Embryonic Development 
Formation of mesoderm 

2.30E-02  FOS  1 

 Cellular Movement Cell movement of breast cancer cell lines 2.39E-02  FOS  1 

 Nervous System Development and Function 2.39E-02  FOS  1 

 Behavior 
Circadian rhythm 

2.39E-02  FOS  1 

 Hematological System Development and Function 2.47E-02  C1QA. ISG15  2 

 Tissue Morphology 
Quantity of leukocytes 

2.47E-02  C1QA. ISG15  2 
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 Neurological Disease Neurological disorder 2.48E-02  C1QA. C4A/C4B. FOS. PSMB8. PSMB9  5 

 Hematological System Development and Function 2.52E-02  C4A/C4B  1 

 Immune Cell Trafficking 2.52E-02  C4A/C4B  1 

 Inflammatory Response 2.52E-02  C4A/C4B  1 

 Tissue Development 

Accumulation of T lymphocytes 

2.52E-02  C4A/C4B  1 

 Cancer Carcinoma 2.61E-02  C4A/C4B. FOS. HLA-E  3 

 DNA Replication. Recombination. and Repair Excision repair 2.64E-02  FOS  1 

 Inflammatory Disease 2.69E-02  C4A/C4B  1 

 Immunological Disease 
Splenomegaly of mice 

2.69E-02  C4A/C4B  1 

 Hematological System Development and Function 2.73E-02  HLA-E. ISG15  2 

 Cellular Growth and Proliferation 
Proliferation of lymphocytes 

2.73E-02  HLA-E. ISG15  2 

 Connective Tissue Development and Function 2.77E-02  FOS  1 

 Cellular Movement 
Cell movement of fibroblasts 

2.77E-02  FOS  1 

 Skeletal and Muscular System Development and Function 2.82E-02  C4A/C4B  1 

 Tissue Morphology 
Contraction of smooth muscle 

2.82E-02  C4A/C4B  1 

 Cancer 3.03E-02  HLA-E  1 

 Gastrointestinal Disease 
Gastric carcinoma 

3.03E-02  HLA-E  1 

 Skeletal and Muscular Disorders 3.03E-02  FOS  1 

 Cancer 
Osteosarcoma 

3.03E-02  FOS  1 

 Gene Expression Activation of DNA endogenous promoter 3.11E-02  FOS  1 

 Cell Death Apoptosis of macrophages 3.11E-02  C1QA  1 

 Cellular Development Differentiation of pheochromocytoma cell lines 3.11E-02  FOS  1 

 Connective Tissue Disorders 3.11E-02  HLA-E  1 

 Inflammatory Disease 3.11E-02  HLA-E  1 

 Skeletal and Muscular Disorders 3.11E-02  HLA-E  1 

 Genetic Disorder 3.11E-02  HLA-E  1 

 Dermatological Diseases and Conditions 

Psoriatic arthritis 

3.11E-02  HLA-E  1 

 Inflammatory Response 3.16E-02  C4A/C4B  1 

 Cellular Compromise 3.16E-02  C4A/C4B  1 

 Hypersensitivity Response 

Degranulation of mast cells 

3.16E-02  C4A/C4B  1 

 Cell-To-Cell Signaling and Interaction 3.58E-02  C1QA  1 

 Tissue Development 3.58E-02  C1QA  1 

 Cardiovascular System Development and Function 

Adhesion of endothelial cells 

3.58E-02  C1QA  1 

 Neurological Disease Seizures of mice 3.58E-02  FOS  1 

 Connective Tissue Disorders 3.75E-02  FOS  1 

 Inflammatory Disease 3.75E-02  FOS  1 

 Skeletal and Muscular Disorders 3.75E-02  FOS  1 

 Immunological Disease 

Polyarticular juvenile rheumatoid arthritis 

3.75E-02  FOS  1 
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 Cellular Movement Cell movement of normal cells 3.76E-02  C4A/C4B. FOS  2 

 Hematological System Development and Function 3.92E-02  C1QA  1 

 Inflammatory Response 3.92E-02  C1QA  1 

 Tissue Morphology 3.92E-02  C1QA  1 

 Lymphoid Tissue Structure and Development 

Quantity of neutrophils 

3.92E-02  C1QA  1 

 Cellular Growth and Proliferation 4.01E-02  FOS  1 

 Hepatic System Development and Function 
Proliferation of hepatocytes 

4.01E-02  FOS  1 

 Cell Death Apoptosis of hepatoma cell lines 4.05E-02  FOS  1 

 Inflammatory Response Inflammation of lung 4.05E-02  ISG15  1 

 Cardiovascular Disease Infarct 4.13E-02  C1QA  1 

 Gene Expression Binding of NFkB binding site 4.18E-02  FOS  1 

 Inflammatory Disease 4.22E-02  HLA-E  1 

 Immunological Disease 4.22E-02  HLA-E  1 

 Dermatological Diseases and Conditions 

Lichen planus 

4.22E-02  HLA-E  1 

 Hematological System Development and Function 4.34E-02  FOS  1 

 Cell-mediated Immune Response 4.34E-02  FOS  1 

 Cellular Development 4.34E-02  FOS  1 

 Cellular Function and Maintenance 4.34E-02  FOS  1 

 Hematopoiesis 4.34E-02  FOS  1 

 Cell Death 

Apoptosis of thymocytes 

4.34E-02  FOS  1 

 Cellular Development Maturation of dendritic cells 4.34E-02  FOS  1 

 Cellular Development 4.39E-02  FOS  1 

 Skeletal and Muscular System Development and Function 4.39E-02  FOS  1 

 Connective Tissue Development and Function 

Differentiation of osteoclasts 

4.39E-02  FOS  1 

 Organismal Development Size of mice 4.39E-02  FOS  1 

 Cancer Secondary tumor 4.51E-02  HLA-E  1 

 Cell Death Cell death of hepatocytes 4.68E-02  FOS  1 

 Renal and Urological Disease 4.72E-02  FOS  1 

 Cancer 
Renal-cell carcinoma 

4.72E-02  FOS  1 

 Immunological Disease Sjogren's syndrome 4.81E-02  PSMB8  1 

 Hematological System Development and Function 4.81E-02  FOS  1 

 Cellular Development 4.81E-02  FOS  1 

 Cellular Growth and Proliferation 

Growth of T lymphocytes 

4.81E-02  FOS  1 

 Hematological System Development and Function 4.81E-02  FOS  1 

 Cellular Development 4.81E-02  FOS  1 

 Cellular Growth and Proliferation 

Growth of leukocyte cell lines 

4.81E-02  FOS  1 

 


