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Olha à tua volta, vê quão pequeno és, e viverás melhor  

Olha para trás, lembra o teu caminho, e saberás para onde ir 

 

Look around you, see how small you are, and you will live better 

 Look back, remember your path, and you'll know where to go 

 

Fábio A. Abade dos Santos, 2021 
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Título da tese : Impacto das doenças virais dos leporídeos nos ecossistemas Ibéricos 

: emergência, patofisiologia, profilaxia e diagnóstico 

 

RESUMO 

 

O estado alarmante de conservação das espécies de leporídeos na Península Ibérica justifica 

a adopção nesta Tese de Doutoramento de uma abordagem integrativa que inclui o estudo 

de diferentes aspectos das interfaces vírus-hospedeiro-ambiente relativos aos principais 

agentes patogénicos virais do coelho-bravo (Oryctolagus cuniculus algirus) e da lebre ibérica 

(Lepus granatensis) nos ecossistemas mediterrânicos. 

Os estudos referidos nesta tese aplicaram e refinaram metodologias de biologia molecular e 

celular, genética, virologia, imunologia e patologia, aplicadas ao coelho-bravo e à lebre 

ibérica, estabelecendo-se como objectivos desta tese a investigação fisiopatológica das 

doenças causadas pelo vírus da doença hemorrágica do coelho (RHDV2), pelo vírus da 

mixomatose (MYXV) e pelo leporid gammaherpesvirus 5 (LeHV-5), os seus impactos nas 

espécies afetadas, o desenho de novos métodos de diagnóstico e a procura de soluções 

para mitigar os efeitos desses agentes nas populações selvagens de leporideos. 

Além de refletir sobre a correta interpretação dos diagnósticos moleculares no contexto da 

relação vírus-hospedeiro, como etapa preliminar à apresentação do próprio trabalho 

experimental, foram desenvolvidas e implementadas algumas metodologias necessárias ao 

seu desenvolvimento dos estudos subsequentes, como a extração de sangue através da veia 

jugular externa em coelho-bravo e lebre-ibérica, ou procedimentos simples para obtenção de 

culturas primárias de fibroblastos de leporídeos. 

Nesta Tese foi demonstrado que o texugo euro-asiático (Meles meles) é suscetível ao 

RHDV2 e que esta espécie animal pode atuar como um potencial reservatório do vírus da 

doença hemorrágica do coelho. A mesma estirpe de RHDV2 isolada de texugos foi 

identificada num coelho anão que apresentava doença prolongada (atípica) e histórico de 

falha vacinal com uma vacina comercial RHDV, na altura disponível no mercado português. 

No que diz respeito à mixomatose, esta Tese inclui a detecção e análise dos primeiros casos 

desta doença em lebre-ibérica, associada a uma estirpe naturalmente recombinante do vírus 

(ha-MYXV), bem como a primeira demonstração de que este vírus recombinante de lebres 

pode também infectar coelhos selvagens e domésticos. Adicionalmente, foram recolhidas 

evidências dos primeiros casos de co-infecção do vírus recombinante ha-MYXV e do vírus 

do mixoma clássico (MYXV), tanto em coelho-bravo como em lebre-ibérica. Na tentativa de 

fornecer soluções para o controlo da mixomatose em leporídeos selvagens, foi demonstrado 

que as vacinas homólogas comerciais contra a mixomatose são eficazes no coelho-bravo 

contra a nova estirpe naturalmente recombinante ha-MYXV mas não protegem contra a 
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mixomatose na lebre. Esses estudos revelaram o potencial protetor de uma vacina 

heteróloga comercial contra a mixomatose em lebre-ibérica, principalmente quando a dose 

da vacina é aumentada. Para a monitorização e caracterização dos diferentes tipos de vírus 

responsáveis pela mixomatose em leporídeos, foi desenvolvido um sistema de qPCR 

multiplex que permite a rápida deteção e diferenciação entre estirpes clássicas de MYXV e 

ha-MYXV, recombinante natural. 

No decurso da investigação sobre mixomatose na lebre-ibérica, foi detectada, pela primeira 

vez neste género, a presença de um herpesvírus, denominado Leporid gammaherpesvirus 

5, para cuja detecção foi desenvolvido e validado um método de diagnóstico baseado em 

qPCR, utilizando sistemas Evagreen ou sondas de hidrólise. 

Os diferentes estudos realizados permitiram, em primeiro lugar, reconhecer o estado 

alarmante de conservação da lebre-ibérica na Península Ibérica devido à exposição a 

múltiplos agentes patogénicos endémicos e emergentes, exemplificado pela emergência nos 

últimos três anos do vírus da mixomatose (ha-MYXV) naturalmente recombinante, pela 

detecção do mesmo vírus em coelhos selvagens e pela identificação de um novo herpesvírus 

em lebre, entre outros agentes de origem bacteriológica e parasitária, que não foram objeto 

desta tese. Em segundo lugar, essas descobertas permitiram entender o quanto ainda há a 

ser investigado na caracterização do estado das populações selvagens em geral e do coelho-

europeu e das lebres em particular. Por último, mas não menos importante, as evidências 

recolhidas nesta Tese corroboram a necessidade do pleno reconhecimento por parte da 

sociedade civil, classe política e entidades governamentais, do valor destas espécies e das 

gravíssimas consequências que o seu estado atual está a ter na biodiversidade e na 

manutenção das espécies do ecossistema mediterrâneo. 

 

 

 

 

 

Palavras-chave: Oryctolagus cuniculus algirus, Lepus granatensis, mixomatose, doença 

hemorrágica viral, herpesvirus
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Título de la tesis : Impacto de las enfermedades virales de los leporidos en los 

ecosistemas Ibéricos; emergencia, fisiopatología, profilaxís y diagnostico. 

 

RESUMEN 

 

El estado alarmante de conservación de las especies de lepóridos en la Península Ibérica 

justifica la adopción en esta Tesis Doctoral de un enfoque integrador que incluya el estudio 

de diferentes aspectos de las interfaces virus-huésped-ambiente con respecto a los 

principales patógenos virales del conejo de monte (Oryctolagus cuniculus algirus) y la liebre 

ibérica (Lepus granatensis) en los ecosistemas mediterráneos. 

Los estudios a los que se refiere esta tesis han empleado y puesto a punto metodologías 

propias de la biología molecular y celular, la genética, la virología, la inmunología y la 

patología, aplicadas al conejo de monte y a la liebre ibérica, estableciéndose como objetivos 

de esta Tesis la investigación fisiopatológica de las enfermedades causadas por el virus de 

la enfermedad hemorrágica del conejo (RHDV2), el virus de la mixomatosis (MYXV) y el 

leporid gammaherpesvirus 5 (LeHV-5), su impacto en las especies afectadas, el diseño de 

nuevos métodos de diagnóstico y la búsqueda de soluciones para mitigar los efectos de estos 

agentes. 

Además de reflexionar sobre la interpretación correcta de los diagnósticos moleculares en el 

contexto de la relación virus-hospedador, como paso previo a la presentación de los trabajos 

experimentales propiamente dichos, se han puesto a punto algunas metodologías necesarias 

para su desarrollo, como la extracción de sangre a través de la vena yugular externa en 

conejos de monte y liebres ibéricas, o procedimientos sencillos para obtener cultivos 

primarios de fibroblastos de lepóridos.  

En esta Tesis se ha demostrado que el tejón euroasiático (Meles meles) es susceptible al 

RHDV2 y que esta especie animal puede actuar como reservorio potencial del virus de la 

enfermedad hemorragica del conejo, habiendose indentificado la misma cepa de RHDV2 

aislada de los tejones en un conejo enano, que tenía una enfermedad prolongada (atípica) y 

un historial de ineficacia de vacunación con una vacuna comercial para RHDV todavía 

disponible en el mercado portugués. 

Con respecto a la mixomatosis en esta Tesis se recogen los trabajos de detección y análisis 

de los primeros casos de esta enfermedad en liebres ibéricas asociados a una cepa 

recombinante natural del virus (ha-MYXV), así como la primera demostración de que el virus 

recombinante de las liebres puede infectar tanto conejos de monte como domésticos. 

Adicionalmente se recogen las evidencias de los primeros casos de coinfección del virus 

recombinante ha-MYXV y el virus mixoma clásico MYXV, tanto en conejo de monte como en 

liebre ibérica. En un intento de aportar soluciones para el control de la mixomatosis en 
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leporidos silvestres se ha demostrado que las vacunas homólogas comerciales contra la 

mixomatosis son eficaces en conejos de monte frente a la nueva cepa naturalmente 

recombinante ha-MYXV pero no protegen frente a la mixomatosis en la liebre ibérica. En 

estos estudios se ha puesto de manifiesto el potencial protector de una vacuna heteróloga 

comercial frente a la mixomatosis de las liebres, particularmente cuando se aumenta la dosis 

vacunal. Para el seguimiento y caracterización de los distintos tipos de virus responsables 

de la mixomatosis en leporidos se desarrolló un sistema qPCR multiplex que permite una 

rápida detección y diferenciación entre cepas clásicas de MYXV y los recombinantes 

naturales ha-MYXV.  

En el curso de las investigaciones sobre la mixomatosis en la liebre ibérica se detectó por 

primera vez en este género la presencia de un herpesvirus, denominado Leporid 

gammaherpesvirus 5, para cuya detección se desarrolló y puso a punto un método de 

diagnóstico basado en qPCR, utilizando sistemas Evagreen o sondas de hidrólisis. 

Los diferentes estudios realizados permitieron, en primer lugar, conocer el alarmante estado 

de conservación de la liebre silvestre en la Península Ibérica por exposición a patógenos 

endémicos y emergentes, ejemplificado por la emergencia en los últimos tres años de virus 

de mixomatosis (ha-MYXV) naturalmente recombinante, la detección del mismo virus en 

conejos de monte y la identificación de un nuevo herpesvirus en la liebre, entre otros agentes 

de origen bacteriológico y parasitario, que no han sido objeto de esta tesis. En segundo lugar, 

estos hallazgos nos han permitido comprender cuánto queda por hacer, y saber, en la 

investigación del estado de las poblaciones silvestres en general, y de lo conejo y liebres en 

particular. Por último, pero no menos importante, las evidencias que se recogen en esta Tesis 

apoyan la necesidad de un pleno reconocimiento por parte de la sociedad civil, la clase 

política y las entidades gubernamentales del valor de estas especies y las gravísimas 

consecuencias que su estado actual está teniendo en la biodiversidad y mantenimiento del 

ecosistema mediterráneo.  

 

 

 

 

 

Palabras-clave: Oryctolagus cuniculus algirus, Lepus granatensis, mixomatosis, 

enfermedad hemorrágica del conejo, herpesvirus 
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Thesis title : Impact of leporid viral diseases in Iberian ecosystems: emergence, 

pathophysiology, prophylaxis and diagnosis 

 

ABSTRACT 

 

The alarming state of conservation of leporid species in the Iberian Peninsula justifies the 

adoption in this Doctoral Thesis of an integrative approach that includes the study of different 

aspects of the virus-host-environment interfaces with respect to the main viral pathogens of 

the wild rabbit (Oryctolagus cuniculus algirus) and the Iberian hare (Lepus granatensis) in 

Mediterranean ecosystems. 

The studies to which this thesis refers to have used and developed methodologies of 

molecular and cellular biology, genetics, virology, immunology and pathology, applied to the  

wild rabbit and  the Iberian hare, establishing as objectives of this Thesis the 

pathophysiological research of the diseases caused by rabbit hemorrhagic disease virus 

(RHDV2), myxoma virus (MYXV) and  leporid gammaherpesvirus 5 (LeHV-5), their impact on 

affected species, the design of new diagnostic methods and the search for control measures 

to mitigate the effects of these agents. 

In addition to reflecting on the correct interpretation of molecular diagnoses in the context of 

the virus-host relationship, as a previous step to the presentation of the experimental results, 

some methodologies have been developed which were necessary for their implementation, 

such as the extraction of blood through the external jugular vein in wild rabbits and Iberian 

hares, or simple procedures in order to obtain primary cultures from leporid fibroblasts.  

In this thesis it has been shown that the Eurasian badger (Meles meles) is susceptible to 

RHDV2 and that this species can act as a potential reservoir of the rabbit hemorrhagic disease 

virus. It was also shown that the same RHDV2 strain isolated from badgers could infect a 

dwarf rabbit, who had a prolonged (atypical) illness and a history of vaccination 

ineffectiveness with a commercial RHDV vaccine still available on the Portuguese market. 

With regard to myxomatosis, this thesis includes the detection and analysis of the first cases 

of this disease in Iberian hares, associated with a natural recombinant strain of the virus (ha-

MYXV), as well as the first demonstration that the recombinant virus of hares can infect both 

wild and domestic rabbits. Additionally, evidence of the first cases of co-infection of the 

recombinant virus ha-MYXV and the classic myxoma virus MYXV is reported, both in wild 

rabbits and in Iberian hares. In an attempt to provide solutions for the control of myxomatosis 

in wild leporids, it has been shown that commercial homologous vaccines against 

myxomatosis are effective in wild rabbits against the new naturally recombinant strain ha-

MYXV, but failed to protect the Iberian hare against myxomatosis. These studies have 

highlighted the protective potential against hare’s myxomatosis of a commercial heterologous 
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vaccine, particularly when the inocculated dose is increased. For monitoring and 

characterization of the different types of viruses responsible for myxomatosis in leporids, a 

multiplex qPCR system has been developed that allows for a rapid detection and 

differentiation between classic strains of MYXV and the natural recombinants ha-MYXV.  

In the course of research on myxomatosis in the Iberian hare, the presence of a herpesvirus, 

called Leporid gammaherpesvirus 5, was detected for the first time in this genus, for whose 

detection a diagnostic method based on qPCR was developed and standardized, using 

Evagreen systems or hydrolysis probes.  

The different studies carried out allowed, first of all, to realize the alarming conservation state 

of the wild hare in the Iberian Peninsula due to exposure to endemic and emerging pathogens, 

exemplified by the emergence, at least in the last three years, of naturally recombinant 

myxomatosis virus (ha-MYXV), also detected in wild rabbits, and the identification of a new 

herpesvirus in a hare, amongst other agents of bacteriological and parasitic origin, which were 

not the subject of this thesis. Secondly, these findings have allowed us to understand how 

much remains to be investigated regarding the wild animal populations in general, and the 

European rabbits and hares in particular. Finally, the evidence collected in this thesis supports 

the need for full recognition by the society in general and by the political and government 

entities of the value of these species for the biodiversity and the maintenance of the 

Mediterranean ecosystem and the very serious damages caused by their current situation.  

 

 

 

 

 

Keywords: Oryctolagus cuniculus algirus, Lepus granatensis, myxomatosis, rabbit 

haemorrhagic disease, herpesvirus
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Introduction and Research objectives 

 
 

Chapter 1 reviews the importance of the mediterranean ecosystems, including the role of the Iberian 

leporids in the trophic network and their conservation status. It also provides a bibliographic review 

of the main viruses that affect Leporids, namely reviewing their emergence and spatiotemporal 

distribution, pathophysiology, prohylaxis and diagnosis. 
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1.1. Mediterranean Basin hotspot 

 

Planet Earth holds around 34 global diversity hotspots - areas featuring exceptional 

concentrations of endemic species - whose value is uncountable and indisputable (Myers et 

al. 2000; Mittermeier et al. 2005) - that are experiencing exceptional loss of habitat. In these 

hotspots, the decline or disappearance of key species has been identified as the main threat, 

leading to catastrophic cascading effects on the whole system (Stuart Chapin et al. 2000). 

The western corner of the Mediterranean Basin hotspot is a beautiful and irreplaceable piece 

of all global taxonomic diversity, second only to the tropics in importance (Cowling et al. 

1996), containing the same plant richness (30,000 taxa) of all tropical Africa (four times 

larger) and 10.8 species/1000 km2, higher than China, Zaira, India, Brazil and lower than 

Colombia or Panama (with 40 to 90 species /1000 km2) (Médail and Quézel 1999). 

 

1.2. Particularities of Iberian Leporids - hotspot engineers  

 

The wild rabbit (Oryctolagus cuniculus, Linnaeus, 1758) and the Iberian hare (Lepus 

granatensis, Rosenhauer, 1856) are the only two species of wild leporids found in Portugal. 

The wild rabbit is originated from the Iberian Peninsula, where two subspecies (Oryctolagus 

cuniculus algirus Loche, 1858 and Oryctolagus cuniculus cuniculus Linnaeus, 1758) are 

described, which diverged about two million years ago and are currently different in terms of 

genetics, morphology, and behavioural ecology. The natural distribution of the subspecies O. 

c. algirus is restricted to the southwest of the Iberian Peninsula and the geographical 

distribution pattern is well delimited (Ferrand 1995; Branco et al. 2000; Geraldes et al. 2006). 

The subspecies O.c.algirus is the unique present in Portugal, with adults weighing an average 

of 1.100 Kg with a maximum of 1.400 Kg (Soriguer 1980; Ferreira and Ferreira 2014), also 

present in Spain, North Africa and Atlantic islands (Madeira, Azores and Canaries). However, 

these two subspecies are present in a hybrid zone that crosses the Iberian peninsula between 

Almeria (Spain) and Santiago (Spain), passing through Bragança (Portugal) (Branco et al. 

2000; Alda and Doadrio 2014). 

The Iberian hare (Lepus granatensis Rosenhauer, 1856) is also endemic and indigenous to 

the Iberian Peninsula, and its geographical area extends from Portugal across southwest 

Spain. In Spain, another two species can be found, the Broom hare (Lepus castroviejoi 

Palacios, 1976) and the European brown hare (Lepus europaeus Pallas, 1778). 

European rabbit (Oryctolagus cuniculus), the sole representative of its genus and one of the 

rare mammals originally domesticated in Western Europe, is endemic from the Iberian 

Peninsula, having been widely distributed from Iberia and France in the late Pleistocene and 
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to  Europe, South America, Australia and some oceanic islands (Gibb 1990; Monnerot et al. 

1994) by anthropogenic effect. This species is present in diverse ecosystem types, from 

Mediterranean scrublands to agroecosystems, mountainous areas, as well as coastal and 

dunes (Dellafiore et al. 2014). 

European wild rabbit (Oryctolagus cuniculus) and hare (Lepus granatensis) populations are 

currently declining to alarming levels (Ward 2005; Duarte et al. 2020), representing a huge 

concern for the continuity of the species themselves, and all the trophic chains involved and 

respective ecosystems. The European rabbit is an opportunistic and highly adaptable 

species, so its current fragile state (plague in the past and threatened of extinction nowadays) 

should be a major topic of concern and discussion, given the implications of the wild rabbit 

decline on many other less resilient species. 

The rabbit is considered a successful colonizer with a worldwide distribution, from subtropical 

to sub-Antarctic climates, being present in Australia and New Zealand, South America, and 

in more than 800 islands throughout the world (Flux and Fullagar 1992; Thompson and King 

1994). 

Wild rabbit is the principal multifunctional ecosystem engineer, impacting in vegetation 

structure and composition, the herbivory and seed dispersal, in soil condition, with indirect 

impact on the population of the invertebrates namely as diggers, and finally, together with 

Iberian hare, as key preys for more than 40 species of predators (Delibes-Mateos et al. 2008). 

Ecologically, the hare species have great importance namely because hares are the prey of 

several species like the Golden eagle (Aquila chrysaetos), European wildcat (Felis silvestris), 

Fox (Vulpes vulpes), Eurasian eagle-owl (Bubo bubo) and others. Rabbit disappearance in 

this ecosystem would precipitate further species extinctions (Ferreira 2012). Large predators 

elect leporids as principal prey, while smaller predators choose leporids as alternative prey 

(Delibes and Hiraldo 1981). Rabbits are so important and iconic for the Mediterranean 

scrubland of southwestern Europe, that some ecologists name it “the rabbit’s ecosystem” 

(Delibes-Mateos et al. 2008). Grazing by rabbits and hares prevents tall plant species from 

becoming dominant, leading to mosaics of open areas promoting the growth of a herbaceous 

layer in scrubland. This mosaic, typic of Mediterranean ecosystems, promotes the ecosystem 

stability and the maintenance of several species of plants, vertebrates and invertebrates, 

increasing habitat complexity and heterogeneity (Gómez Sal et al. 1999; Van der Wal et al. 

2000; Delibes-Mateos et al. 2008). This mosaic system is particularly important in the Iberian 

Peninsula, where the small mammal community is richer than in other Mediterranean areas 

(Cagnin et al. 1998). Besides their ecological role, the wild rabbit and Iberian hare are 

important game species economically and socially, namely in Portugal and Spain, but also in 

other countries.  
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1.3. Leporids’ populations trend 

 

Before the second half of the XXth century, the wild rabbit was abundant in the Iberian 

peninsula (Ferreira and Delibes-Mateos 2010; Delibes-Mateos et al. 2014). Since then, it has 

been showing a negative trend, mainly due to habitat loss and fragmentation conducing to 

changes in the Mediterranean mosaic that characterize the traditional Iberian agricultural 

landscape, and the emergence of viral diseases (Delibes-Mateos et al. 2009). These factors 

culminated in the recent IUCN reclassification of the European rabbit conservation status to 

“endangered of extinction” (Villafuerte and Delibes-Mateos 2019). 

The rabbit is a paradigmatic example of a wild species with spatiotemporal fluctuations that 

leads to conflicts between conservationists, farmers and hunters. The spatial distribution of 

wild rabbit is so heterogeneous that is possible to consider it a “pest” or “locally extinct” just 

a few kilometres apart (Ferreira and Delibes-Mateos 2010). Another paradigmatic 

particularity of this species is that despite currently being considered “endangered of 

extinction”, it is also one of the most important small-game species in the Iberia. 

 

1.4. Leporids’ threats of viral aetiology 

 

The International Conservation Union (IUCN) in the Red Book of Threatened Species (2019), 

attributed the status of “endangered”, for the first time in history to Oryctolagus cuniculus and, 

the status of “minor concern” to Lepus granatensis, although the declining trend of this last 

species was recognized (Duarte et al. 2020). 

The anthropogenic effects on the ecosystems are global and there is no longer any place on 

the planet that is not affected by human activity, either directly or indirectly (Huntington et al. 

2007). The introduction, negligent or intentional, of foreign species or microorganisms in 

ecosystems where they do not belong, is a human-induced change that has a potentially 

devastating impact (Vitousek et al. 1997).  

Myxomatosis is an example of the devastating effects, caused by a terrible disease 

introduced intentionally by human hands in France in the 1950s, having been responsible for 

a significant decline and mortality of wild rabbit populations (Armour and Thompson 1954). 

Three decades later, the viral haemorrhagic disease caused by a calicivirus, emerged. Until 

the 1950s, the population density of wild rabbits was very high in Portugal and Spain, even 

leading to agricultural losses and the occasional description of rabbits as a “plague”.  

Globalization increased the connectivity between ecosystems, contributing to the emergence 

or re-emergence of pathogens (Tatem et al. 2006). However, in the last decades, wild rabbit 

populations have suffered a sharp decrease, both in number and in geographic distribution, 
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is currently estimated to be reduced to 5 to 10% of the population existing 50 years ago and, 

even so, still decreasing at a rate of about 20% per year in the Iberian Peninsula (Delibes-

Mateos et al. 2008; Monterroso et al. 2016). Despite its importance being recognized for a 

long time, the decrease in populations of wild rabbit and Iberian hare has been occurring 

continuously for several decades. This scenario has intensified particularly since 2011, with 

the emergence of a new virus - Rabbit haemorrhagic disease virus type 2 - able to escape 

the existing vaccines against RHDV and showing a distinct antigenic and pathologic profile 

(Dalton et al. 2012). 

Myxoma virus (MYXV) and rabbit haemorrhagic disease virus (RHDV / RHDV2) are the major 

pathogen threats for the European rabbit (Oryctolagus cuniculus), and may occasionally be 

found simultaneously (Carvalho et al., 2020; Duarte et al., 2018). These two diseases altered 

the equilibrium of the Iberian Mediterranean ecosystem (Delibes-Mateos et al. 2008; Delibes-

Mateos et al. 2009). 

Other viruses have been described in wild leporids, such as herpesviruses: Leporid 

herpesvirus 1 (LHV-1), Leporid herpesvirus 2 (LHV-2), Leporid herpesvirus 3 (LHV-3) and 

Leporid herpesvirus 4 (LHV-4). The most common naturally occurring herpesvirus infections 

identified in rabbits are LHV-2 and LHV-3 (revised by Jin et al., 2008), which alongside LHV-

1 belong to the Gammaherpesvirinae subfamily. The LHV-4 is an alphaherpesvirus and is 

more pathogenic, causing fatal infections.  

 

1.5. Lagoviruses 

 

1.5.1. Emergence and spatiotemporal distribution 

 

The International Committee on Taxonomy of Viruses (ICTV) currently recognizes within the 

Caliciviridae family 11 genera of viruses, namely: Bavovirus, Lagovirus, Minovirus, 

Nacovirus, Nebovirus, Norovirus, Recovirus, Salovirus, Sapovirus, Valovirus and Vesivirus 

(Vinjé et al. 2019).  

The rabbit hemorrhagic disease virus (RHDV) is the etiological agent of the Rabbit 

hemorrhagic disease (that affects both subspecies of the European rabbit), so-called given 

the severe dysregulation of the coagulation system. It is a single-stranded, positive-sense 

RNA virus, belonging to Lagovirus genus, family Caliciviridae. This genus also includes the 

European brown hare syndrome virus (EBHSV), and other non-pathogenic viruses, the rabbit 

caliciviruses (RCVs) or hare caliciviruses (HCVs) (ICTV 2021). 

The discrimination between RHDV and EBHSV was possible by immunoelectron microscopy 

(Chasey et al. 1992), hemagglutination (Nowotny et al. 1990), and ELISA (Capucci et al. 

1991), showing that the two viruses represent two distinct entities. 
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Rabbit haemorrhagic disease integrates the OIE list of notifiable terrestrial and aquatic animal 

diseases, which in 2016 replaced the former Lists A and B (OIE). The former List A comprised 

transmissible diseases with potential for very serious and rapid spread, irrespective of 

national borders, serious socio-economic or public health consequences and of major 

importance in the international trade of animals and animal products (OIE). The previous List 

B, included transmissible diseases considered to be of socio-economic and/or public health 

importance within countries and significant in the international trade of animals and animal 

products. RHD integrated List B in the past. 

Lagovirus includes positive-sense single-stranded RNA viruses with a non-enveloped 

icosahedral capsid and a spherical morphology (Ohlinger et al. 1990; Parra and Prieto 1990; 

Meyers et al. 1991). The major capsid protein VP1/VP60 forms the structure of the virion and 

the minor structural protein VP2/VP10 is responsible for stability after the incorporation of 

viral RNA, covalently linked to the VPg (viral protein genome-linked), which is essential for 

replication (ICTV 2021). 

RHDV genome is around 7.4kb (precisely 7437 nucleotides long) and is divided into two 

ORFs, ORF1 encoding a polyprotein that is cleaved into several non-structural proteins and 

the major structural capsid protein, VP60 or VP1 (60 KDa), and ORF2 that encodes the minor 

structural protein called VP10 or VP2 (Ohlinger et al. 1990; Wirblich et al. 1996). 

In addition to the genomic RNA (gRNA), the virions contain a subgenomic mRNA (sgRNA) 

with 2.2 kb, which is collinear with the 3’ end of the genomic RNA (Meyers et al. 1991; Wirblich 

et al. 1996). sgRNA is packaged together with the genomic RNA. Both the genomic and 

subgenomic RNA are polyadenylated in the 3’ end, and covalently linked to a protein (VPg, 

viral genome-linked) in its 5’ end (Meyers et al. 1991; Machín et al. 2001). 

In electron microscopy, a high percentage of viral particles present an electron-dense core 

with an approximate diameter of 23-25 nm, delineated by a rim from which radiate ten short 

(5 to 6 nm long) peripherical projections, regularly distributed (Capucci et al. 1991; Sibilia et 

al. 1995) 

The viral capsid comprises 90 arch-like dimers of the capsid protein, forming 32 cup-shaped 

depressions (Calix in Latin for cup or chalice originating from the family Caliciviridae name) 

arranged in a T = 3 icosahedral symmetry (Valicek et al. 1990; Thouvenin et al. 1997; 

Bárcena et al. 2004; Luque et al. 2012). 

Each protein monomer consists of a shell domain (S) forming an icosahedral shell, with an 

arm at the N-terminal region (the N-terminal arm or NTA), fronting the inner surface of the 

capsid shell and connected by a hinge (H) to a flexible protruding domain (P) that 

encompasses the C-terminal region forming a protrusion emanating from the shell. This P 

domain is subdivided into the subdomains P1 (the stem or leg of the protrusion) and P2 (top 

of the protrusion) (Bárcena et al. 2004; Hu et al. 2010; Luque et al. 2012; Bárcena et al. 
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2015). While the VP60 N-terminal region is buried within the particle, the C-terminal region is 

exposed on its surface. The S domain is well conserved while the P domain contains 

determinants for virus-host receptor interactions and antigenic diversity (Bárcena et al. 2004; 

Hu et al. 2010; Luque et al. 2012; Bárcena et al. 2015). Of the two P1 and P2 subdomains, 

the last is the most variable and located at the outermost surface region of the viral capsid 

protein (Bárcena et al. 2015). 

In the VP60 the main viral antigen, the exposed surface loop—L1 (a.a. 300–318) from the P2 

subdomain exhibit a higher variability between the strains and contains neutralizing antibody 

inducing epitopes (Capucci et al. 1995; Capucci et al. 1998; Schirrmeier et al. 1999). Despite 

inducing high titers of virus-neutralizing antibodies, the cross-protective immunity between 

the different genotypes is very limited (Capucci et al. 1995; Capucci et al. 1998; Schirrmeier 

et al. 1999; Kinnear and Linde 2010; Dalton et al. 2014; Calvete, Mendoza, M.. Sarto, et al. 

2019). Given the high variability of VP60 and the frequency of recombination, it is predictable 

that new RHDV genogroups will emerge in the future.  

The viral protein VP10 is a basic minor structural protein with 12.7 kDa present in small 

amounts (Wirblich et al. 1996; Meyers et al. 2000; Liu et al. 2008; Chen et al. 2009), being 

expressed approximately at 20% of the level of the VP60 (Meyers and Tu 2003). This protein 

is conserved in all caliciviruses, suggesting an important role in the virus cycle namely in the 

release of virions from the infected cells (Wirblich et al. 1996; Liu et al. 2008; Chen et al. 

2009). 

The Lagovirus genome, similarly to Sapovirus and Nebovirus, has a genome organized into 

two major ORF while the Norovirus, Vesivirus and Recovirus (all from Caliciviridae family) 

are organized in three ORF (reviewed in (Taube et al. 2010)) with exception to the murine 

norovirus in which a fourth ORF was identified (Thackray et al. 2007). 

In RHDV, ORF1 comprises nucleotide residues 10 to 7044 while ORF2 is 351 nucleotides-

long, from nucleotide residues 7025 to 7378, slightly overlapping ORF1. Together these two 

ORF2 cover nearly 99% of the genome (Meyers et al. 1991), which also encodes the 5’ and 

3’ untranslated regions (5’-UTR and 3’-UTR). 

ORF1 encodes a polyprotein of 257 kDa (Meyers et al. 1991) that is cleaved into several non-

structural proteins (such as helicase, RNA-dependent RNA polymerase and protease) and a 

VP60-like protein (Meyers et al. 1991; Parra et al. 1993), lacking the two aminoterminal 

residues with regards to the 60 kDa protein translated from the sgRNA (Parra et al. 1993) 

that constitutes the major viral antigen. 

The ORF2  encodes the VP10, a putative minor structural protein of 117 aa (Sibilia et al. 

1995). 

The 257 kDa polyprotein comprises the non-structural and major capsid proteins in the order 

NH2-NS1-NS2-NS3-NS4-NS5-NS6-NS7-VP60-COOH, also designated as NH2-p16-p23-
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p37(helicase)-p29-p13(Vpg)-p15(cysteine protease)-p58(RdRp)-VP60-COOH (Meyers et al. 

1991; Boga et al. 1992; Martín Alonso et al. 1996; König et al. 1998). The p41 protein gives 

rise to products of 23 (p23/2) and 18 kDa (p18) or to polypeptides of 29 kDa (p29) and 13 

kDa (p13/p14, also referred as VPg) (Meyers et al. 2000). The p72 represents a bifunctional 

fusion protein composed of the viral cysteine protease (p15) and the RNA-dependent 

polymerase (RdRP, p58) (Wirblich et al. 1996; Meyers et al. 2000; Machín et al. 2009). 

The subgenomic RNA (sgRNA also) encodes VP60 being responsible for the synthesis of 

most of VP60 assembled into mature virions (Parra et al. 1993; Sibilia et al. 1995), and the 

minor structural protein VP10. 

Therefore, major capsid protein synthesis may follow two distinct pathways, one through the 

processing of the polyprotein precursor translated from the gRNA producing a VP60-like 

protein of unknown function, and the second by translation of the sgRNA (Meyers et al. 1991; 

Parra et al. 1993). 

The helicase and the RNA-dependent RNA-polymerase - RdRp (which catalyzes VPg 

uridylation) are involved in the replication of the viral RNA. The protease is involved in the 

proteolytic processing of the polyprotein. The function of the non-structural proteins p16, p23 

and p23 is still unknown. 

The gRNA express products during the intermediate and late stages of infections such as 

structural or movement proteins (Miller and Koev 2000). The sgRNA is synthesized during 

the viral replication so the RdRp is translated directly from the genomic RNA of positive-

strand RNA (Miller and Koev 2000). The sgRNA and the gRNA are polyadenylated and 

covalently linked at the 5’end to the Tyr-21 residue of VPg (Machín et al. 2001; Meyers et al. 

1991), a 115 aa viral protein with a putative role in genome synthesis initiation (Machín et al. 

2001). 

Rabbit haemorrhagic disease (RHD) can be caused by one of two distinct lagoviruses, 

namely the RHDV/a (hereafter referred to as Lagovirus europaeus GI.1 or simply GI.1) and 

RHDV2 (from here referred to as Lagovirus europaeus GI.2 or simply GI.2).  

The first, named Lagovirus europaeus GI.1 emerged in Wuxi City, in the last quarter of 1983 

in domestic rabbits imported from Germany to the Jiangsu province in China (Liu et al. 1984; 

Parra and Prieto 1990), being the first genotype described of Rabbit Haemorrhagic Disease 

Virus (RHDV) (Liu et al. 1984; Le Pendu et al. 2017), that causes a fatal rabbit disease in 

adults and subclinical disease in rabbits younger than 4-6 weeks (Chasey 1997; OIE 2018).  

In the next 12 months after its emergence in China, the virus killed over 140 million rabbits in 

China. The virus spread to Korea in less than one year and reached all the Europe only two 

years later (Xu 1991; Rouco et al. 2019). Within ten years, the virus became endemic in 

Europe, leading to a severe reduction of wild rabbit populations, especially on the Iberian 

Peninsula (Argüello et al. 1988; Villafuerte et al. 1995; Delibes-Mateos et al. 2007) but also 
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impacting industrial cuniculture in both Europe and North Africa (Morisse et al. 1991). In 1988, 

the virus reached North America and Mexico, being shortly eradicated due to the absence of 

a susceptible wild rabbit population (Gregg et al. 1991). The first cases in wild rabbits were 

reported in Spain in 1988 (Arguello-Villares et al. 1988) and then in Madeira Island (1988) 

and the Azorean archipelago (Faial in 1988, São Jorge in 1989 and Santa Maria in 1990) 

(reviewed in (Duarte et al. 2014; Duarte et al. 2015)). The disease reached continental 

Portugal in 1989, France in 1988 and the following year widespread throughout Europe 

(Morisse et al. 1991; Le Gall et al. 1998). In the next years, the disease was reported also in 

Mexico, Russia, the Middle East, Africa, India, and North America, spreading worldwide and 

arriving to Cuba and Uruguary.  

The second genotype referred to as RHDVb/RHDV2 and formally as Lagovirus europaeus 

GI.2, is genetically related to, but distinct from RHDV, and emerged in France in April 2010 

in rabbits (Dalton et al. 2012; Le Gall-Reculé et al. 2013). RHDV2 quickly replaced the 

circulating strains of RHDV in most European countries, both in the wild and domestic 

populations (Calvete et al. 2014; Duarte et al. 2018; Duarte et al. 2021). Similarly to the 

Lagovirus europaeus GI.1, GI.2 reached almost all over the world, namely Spain (Dalton et 

al. 2012), Italy (Le Gall-Reculé et al. 2013), Portugal (Abrantes et al. 2013), Germany 

(information on the FLI, 10|21|2013), England and Wales (Westcott et al. 2014), Scotland 

(Baily et al. 2014), Azorean archipelago (Duarte et al. 2015), Australia (Hall et al. 2015), 

Finland, Tenerife Island (Martin-Alonso et al. 2016), Tunisia, the Scandinavian countries of 

Norway, and Sweden (Neimanis et al. 2018), the Ivory Coast, Canada. By the end of 2016, 

the virus was also detected in the Madeira archipelago (Carvalho et al. 2017) and more 

recently in China (Hu et al. 2021) and in several states of the USA (Asin et al. 2021). 

However, in the last decade, several cases of RHDV2 disease have been reported in the 

European hare (Lepus europaeus) in France (2013) (Puggioni et al. 2013), Spain (2014), 

Italy (2012) (Velarde et al. 2017), United Kingdom (2018 and 2019) (Forrester et al. 2009), 

Australia (2015) (Hall et al. 2017) Sweden (2016 and 2017) and the Netherlands. RHDV2 

was also reported in the Cape hare (Lepus capensis) on the island of Sardinia (2011), and in 

the Italian hare (Lepus corsicanus), in Sicily (Camarda et al. 2014). Recently, the RHDV2 

was found in one Iberian hare (Velarde et al. 2021).  

Some evidences of disease’s resistance due to genetic co-evolution of rabbits and myxoma 

virus (Alves et al. 2019) or due to crossreaction with other non-pathogenic calicivirus 

antibodies are being reported (Elsworth et al. 2012) being the cross-protection conferred by 

the infection with non-pathogenic Australian rabbit calicivirus one factor also involved in the 

reduction of RHD mortality in Australia and other countries where the non-pathogenic 

calicivirus are reported (Strive et al. 2013; Elsworth et al. 2014). 

Since 2017 (Le Pendu et al. 2017), the different lagovirus were divided into two main gene 
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groups: related to RHDV (GI) or related to European brown hare syndrome virus (EBHSV, 

GII). Based on the genetic variability, namely in the major capsid protein gene - VP60/VP1 - 

RHDV GI genogroup can be divided into 4 genotypes: GI.1, GI.2, GI.3 and GI.4. Based on 

phylogenetic and genetic distances, the GI.1. genogroup can also be divided into different 

antigenic variants (GI.1 a-d) (Le Pendu et al. 2017). According to with this nomenclature, the 

GI.3 genotype is represented by RCV-E1 (Lagovirus europaeus/GI.3), and genotype GI.4 is 

represented by RCV-A1 (Lagovirus europaeus/GI.4) and RCV-E2 (Lagovirus 

europaeus/GI.4d), being this two groups considered, sensu latu, as non-pathogenic rabbit 

calicivirus-like viruses (RCV-like viruses). 

The GII.1 genogroup contains two genotypes, namely the GII.1 containing the EBHSV and 

the GII.2. to which belongs the non-pathogenic strains of lagoviruses infecting hares, called 

HaCV. Other variants were described such as GII.1a (G1/group A), GII.1b (GI.3/group B), 

and GII.1c (G2/group B) (Lopes et al. 2014; Le Pendu et al. 2017). 

The genotype GI.1 causes a highly lethal disease (70-90% of mortality and 80-90% of 

lethality), with an incubation period of 1-3 days, affecting animals older than 6 weeks, 

significantly reported only in domestic and wild rabbits (Lavazza et al. 1996). With this 

genotype, around 5-10% of the rabbits show a subacute-chronic clinical course (OIE 2018). 

The pathogenic RHDV/RHDVa may have evolved from non-pathogenic or less pathogenic 

strains circulating in European rabbits before the first outbreak of RHD in China (Capucci et 

al. 1996; Moss et al. 2002; Forrester et al. 2007; Abrantes et al. 2020), probably deriving 

since 200 years ago from the same ancestor of Rabbit calicivirus-like viruses (Kerr et al. 

2009). A second hypothesis for the emergence is the spillover from caliciviruses found in 

micromammals sympatric to the European rabbit (Merchán et al. 2011; Le Gall-Reculé et al. 

2013; Esteves et al. 2015). Besides the similar clinical pattern with the EBHSV detected for 

the first time in 1980 in European hare, the similarity of VP1/VP60 is about 76% indicating 

that the RHDV did not evolve from this virus (Wirblich et al. 1994; Nowotny and Bascun 1997). 

In 2010, a new genotype of RHDV was identified in France (Le Gall-Recule et al. 2011), 

referred to as RHDV2 or RHDVb (Dalton et al. 2012; Le Gall-Reculé et al. 2013) and 

nowadays known as Lagovirus europaeus GI.2 or simply GI.2 (Le Pendu et al. 2017). 

This new genotype presents a phylogenetically different genotype with more than 15% of 

divergence from other lagoviruses, including RHDV and the non-pathogenic RCVs and 

HCVs, besides a similar genome organization (Dalton et al., 2015). 

GI.2 differs also from GI.1 in antigenic profile, the apparent lower mortality (5-70%, 20% in 

average) (Le Gall-Recule et al. 2011; Le Gall-Reculé et al. 2013; OIE 2018), because affects 

kittens of just 11 days (Dalton et al. 2012), course of disease of 3-5 days and a higher 

proportion of rabbits showing subacute-chronic disease comparing with the previous 

genotypes (OIE 2018). The GI.2 has a broader host range, being detected in the Lepus 
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europaeus (Velarde et al. 2017), L. capensis (Camarda et al. 2014), L. timidus ( Neimanis et 

al. 2018) and Lepus granatensis (Velarde et al. 2021), Lepus californicus and Sylvilagus 

audubonii (Asin et al. 2021), and in small mammals species (Calvete et al. 2019). The GI.2 

genotype replaced the genotype GI.1 in the Iberian Peninsula and other regions (Calvete et 

al. 2014; Dalton et al. 2014; Lopes et al. 2014; Mahar et al. 2018), showing a high 

recombination rate with other pathogenic and non-pathogenic RHDV strains (Silvério et al. 

2018) and giving rise as well to very highly pathogenic strains with mortalities close to 100% 

in adults and kit rabbits (Calvete et al. 2021). 

 

1.5.2. Pathophysiology 

 

The suggested primary sites of RHDV replication are the epithelial cells of the upper 

respiratory and digestive tracts, also the most probable entry doors, while hepatocytes are 

the major site of RHDV replication (Ruvoën-Clouet et al. 2000; Guillon et al. 2009). The viral 

genome is released into the cell cytoplasm leading to the direct translation of the viral 

proteins. The lack of m7G cap structures linked to the mRNA (present in most viruses) in the 

caliciviruses, may indicate that the viral genome linked protein VPg play a crucial role in the 

translation initiation (Daughenbaugh et al. 2003; Meyers and Tu 2003). The VPg acts as a 

cap substitute or analogue, interacting with translation initiation factors eIF4E and/or eIF3 

(Daughenbaugh et al. 2003; Goodfellow et al. 2005). 

While the translation of ORF1 encoding polyprotein precursor occurs at the initiation codon 

AUG, the translation of ORF2 encoding VP10 starts by an unusual mechanism of reinitiation 

after the termination of translation of the preceding major capsid protein VP60 (Meyers and 

Tu 2003), depending on the last 84 nucleotides of ORF1. VP10 can induce hepatocyte 

apoptosis and virion release and dissemination (Liu et al. 2008). 

RHDV binds to ABH histo-blood group antigens (HBGAs) on epithelial cells of the upper 

respiratory and digestive tracts (Ruvoën-Clouet et al. 2000), the HBGAs act as attachment 

factors or ligands for RHDV, rather than the main cellular receptor (Nyström et al. 2011). 

The incubation period of RHD induced by GI.1. ranges from 1 and 3 days (Arguello-Villares 

et al. 1988; Marcato et al. 1991) and by GI.2. ranges between 3 and 9 days with death 

occurring 12–36 hours after the onset of fever. However, there are reports of subacute and 

chronic infections caused by GI.2. (Le Gall-Reculé et al. 2013).  

Mortality associated with RHDV2 infection varies in different reports and depends on the 

strains. It was initially considered lower than classic RHDV, but more virulent GI.2 strains 

become known with mortality, incubation period and disease course similar to GI.1 (Capucci 

et al. 2017). This genotype is currently reported in more than 40 countries in Europe, Oceania, 

Africa, North America and Asia (Rouco et al. 2019; Abade dos Santos et al. 2021; Ambagala 
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et al. 2021; Duarte et al. 2021; Fukui et al. 2021). The virus is endemic in most parts of the 

world where European rabbits live naturally or are domesticated (OIE 2018). 

In North America, the virus is very recent in California and many states of USA affecting 

several species of rabbits and hares and many native predators such as the mountain lions 

(Puma concolor) and bobcats (Lynx rufus), coyotes (Canis latrans), and golden eagles 

(Aquila chrysaetos) (CDFW 2021). GI.2. constitutes a potential threat to the conservation of 

five lagomorph species whose conservation status rises concerns, including the endangered 

Riparian brush rabbit (Sylvilagus bachmani riparius) (CNDDB 2021). 

In GI.2. infection the clinical signs almost overlap those induced by different RHDV 

genotypes, including fever (>40°C) with hypothermia and convulsions before death, anorexia, 

tachypnoea, epistaxis, lethargy, epistaxis, or sudden death (Abrantes et al. 2012). The 

infection culminates in multi-organ failure resulting from the development of DIC syndrome 

(Disseminated Intravascular Coagulation) ( Alonso et al. 1998; Trzeciak-Ryczek et al. 2015). 

At necropsy and histopathology, liver swelling, congestion and/or discolouration (pale yellow, 

greyish or dark reddish discoloured), cloudiness and fragility, and pulmonary oedema are 

observed. Kidneys appear congested and enlarged with sub-capsular lesions including 

ecchymosis and haemorrhages, and splenomegaly, with the main microscopic lesion being 

severe acute hepatitis with hepatic necrosis, mainly peripheral and intra-glomerular capillary 

hyalin thrombi. Haemorrhages and congestions can be seen in several organs, particularly 

in the lungs, heart, and kidneys, mild to moderate inflammatory infiltrate consists of 

lymphocytes in portal spaces and sinusoids, and granulocytes in sinusoids, tracheal and 

pulmonary lesions are mainly of the hyperaemic-oedematous type with congestion of the 

tracheal sub-mucosal capillaries and leukocyte infiltration (Arguello-Villares et al. 1988; 

Argüello-Villares 1991; Marcato et al. 1991; Ueda et al. 1992; Abade dos Santos 2018; Fukui 

et al. 2021).  

Death may occur rapidly within 12 to 48 hours after exposure (Arguello-Villares et al. 1988; 

Capucci et al. 1991; Marcato et al. 1991; McIntosh et al. 2007). In subclinical-chronic disease, 

severe and generalised jaundice, cachexia and lethargy may be observed, with death 

occurring after 1-2 weeks of the symptom onset or surviving after seroconversion. The IgM 

antibodies appear within 3 days, and 2-3 days later, IgA and IgG can be detected (Barbieri 

et al. 1997). In animals that survive the infection, the viral RNA can be detected by RT-PCR 

up to 15 weeks after the infection in blood and faeces (Gall et al. 2007). 

The physiopathology of the disease can be resumed in two phases (Müller et al. 2021): 

 

i) Disturbed physiology due to extremely rapid RHDV replication in the liver, spleen and 

kidney within 1.5 to 3 days after infection, reaching up to 108 copies of viral RNA per g of liver 

tissue (Gall et al. 2007). The disease progresses with increased apoptosis of hepatocytes 
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and liver endothelial cells (Alonso et al. 1998). The coagulation is disturbed and micro-

thrombi and disseminated intravascular coagulation occur due to an increase in liver enzyme 

activity (such as creatinine kinase), prothrombin time, fibrin degradation and decreased 

antioxidant enzymes and antithrombin III activity (Ueda et al. 1992).  Respiratory acidosis 

and hypoglycemia occur. All these alterations result in multi-organ dysfunction and death 

(Sanchez-Campos et al. 2004). 

 

ii) Disturbed immune response, mainly due to systemic apoptosis of lymphocytes, especially 

T-cells within 48-72h after infection. The apoptosis of T- and B-cells was reported in the liver 

and blood, along with the decrease of regulatory T-cells and infiltration of neutrophils of the 

infected organs (Marques et al. 2010; Niedźwiedzka-rystwej and Deptuła 2012; Teixeira et 

al. 2012; Niedźwiedzka-Rystwej et al. 2013). Due to the pathogenicity of GI.2 in very young 

rabbits and given the immature immune system at this stage, especially of the B-lymphocyte 

ontogeny and maturation (Knight and Winsteadt 1997), the innate immune takes on great 

importance limiting the initial replication of the virus. In the non-hemagglutinogenic and 

hemagglutinogenic strains, the apoptosis of granulocytes and peripheral blood lymphocytes 

is initiated from 4-8 p.i. and 12h p.i., respectively, and intensified in both cases up to 24-36h 

p.i. (Niedźwiedzka-rystwej and Deptuła 2012). 

During the GI.1. infection, an increase of TNF-α, IFN-α, IFN-γ, TGF-β, and interleukin-1, IL-

6, IL-8, and IL-10 occurs (Teixeira et al. 2012; Semerjyan et al. 2019). In the liver, a decrease 

in hepatocyte growth factor (HGF) expression, and an increase in TNF-α, TGF-β, IL-1β and 

IL -6 were measured (Sanchez-Campos et al. 2004; García-Lastra et al. 2010; Tunon et al. 

2011). In the peripheral blood lymphocytes, a decrease in IL-1β, IL -2, and IL -18 activity, and 

an increase in IL-6, IL -8, IL-10, TNF-α, and TGF-β (Trzeciak-Ryczek and Tokarz-Deptu 

2016; Trzeciak-Ryczek and Tokarz-Deptu 2017) was observed. 

In particular, after GI.2. infection, genes of the major histocompatibility class I complex, as 

well as interferon-induced genes, were downregulated which correlates with the limited 

resistance of juveniles. In the case of adults, the MHC class II genes were upregulated, 

related to an induction of Th2 immune response, but still insufficient to prevent the RHD due 

to rapid evolution (Neave et al. 2018). The caliciviruses also present mechanisms, namely 

viral proteins able to block the intracellular processing and presentation of antigen-presenting 

cells (Peñaflor-téllez et al. 2019). 

 

The RHDV is transmitted by direct contact (via oral, nasal or conjunctival mucosae), exposure 

to infected carcass, hair, food or water and through human activities and mechanical vectors 

(e.g. flies and other insects), the last ones often the source of long-distance spread (Chasey 

1997; Fenner 2010; OIE 2018). Very low doses are sufficient to infect a naïve host 
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(Gehrmann and Kretzschmar 1991). Some studies analyzed the spread rate of GI.1, 

estimating it between 180-4970 km/year, is lower in Spain than in Australia (Villafuerte et al. 

1995; Kovaliski 1998), not existing statistically significant difference in the spreads of the two 

genotypes, although GI.2 was slightly faster (Aguayo-adán et al. 2021). 

 

1.5.3. Prophylaxis 

 

As a naked virus, the different RHDV genogroups, as happens with the Calicivirus in general, 

have a high resistance to environmental conditions (Henning et al. 2005). The virus can resist 

for 10-44 days kept dried on cotton tape, while injected into the bovine liver (mimetizing the 

virus resistance in organic material), keep viable after 3 months. At 4ºC in an organic 

suspension, the resistance was of 225 days (Šmíd et al. 1991) or around 413 days at -5ºC 

(Xu 1991). 

Liver samples collected from rabbit carcasses at 22 º up to 20 days post mortem were able 

to infect and kill susceptible rabbits, while after 26 days did not result in mortality (McColl et 

al. 2002). The resistance is such higher that the virus can resist to pH=3.0 for 60 minutes as 

well as 1h at 37ºC or 12h at 4ºC in 0.4% formaldehyde (Smid et al. 1989; Xu and Chen 1989). 

Several vaccines were developed against RHDV and more recently for RHDV2. Initially, the 

vaccines of first-generation (e.g. Arvilap, Laboratorios Ovejero; FILAVAC VHD K C+V, Filavie 

S.A.S; ERAVAC, Hipra) consisted of inactivated virus from a clarified liver suspension of 

experimentally infected rabbits, completed with an adjuvant. The active or passive immunity 

acquired by infection or vaccination using a GI.1 strain does not confer appropriate immunity 

against GI.2 (OIE 2018). The first injection is generally given at 2-3 months with a yearly 

booster. For the majority of vaccines, the immunity starts after 7-10 days. Rabbits have a 

haemochorial placenta, through which antibodies pass and in part in the lactation period 

(Furukawa et al. 2014).  

Currently, second-generation vaccines are available, namely a recombinant myxoma virus 

expressing VP60 of both RHDV and RHDV2. Many experimental studies were performed 

without a final commercial product, using RHDV capsid protein expressed in Escherichia coli 

(Boga et al. 1994; Guo et al. 2016), adenovirus (Fernández et al. 2011), vaccinia virus 

(Bertagnoli et al. 1996), baculovirus (Marín et al. 1995; Nagesha et al. 1995; Dalton et al. 

2021), yeast (Boga et al. 1997; Fernández et al. 2013), and even in plants (Viaplana et al. 

1997; Castañón et al. 1999). However, for example, the protein expressed in E. coli is highly 

insoluble and of low immunogenicity (OIE 2018). The VP60 expressed in the baculovirus/Sf9 

cell expression system, self-assembles into VLPs structurally and antigenically identical to 

RHDV, able to induce immunity using the simple VLPs, or by using recombinant vaccinia and 

canarypox, administered either intramuscularly or orally (OIE 2018). 
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1.5.4. Diagnosis 

 

The recommended techniques for RHD diagnosis are detailed in the WOAH Terrestrial 

Manual of 2018 (OIE 2018), and they will only be briefly referred to here. Direct methods 

include the observation of viral particles or the detection of viral antigen, protein or RNA. The 

immune response to infection can be investigated by the detection of antibodies (indirect 

method of diagnosis). 

To date, there is no known method of propagation of RHDV in vitro, either using primary cell 

cultures or established lines (OIE 2018). Diagnosis is mainly made by necropsy, 

histopathology and molecular methods, taking into account that the necropsy examination is 

neither sensitive nor specific, often not observing lesions, and that there are no 

pathognomonic lesions (Abade dos Santos, 2018). 

In general, the liver contains the highest viral titre (from 103 LD50 [50% lethal dose] to 106.5 

LD50/ml of 10% homogenate) being the organ of choice for viral detection in both RHDV and 

EBHSV. The viral loads are directly proportional to vascularization, being spleen and serum 

alternative diagnostic materials, particularly in subacute/chronic disease (OIE 2018). 

The initial preparation of the material consists of the mechanical homogenization in 

phosphate-buffered saline solution (PBS, pH 7.2) at 5-20% w/v and clarified by centrifugation 

at 3-8,000 rpm for 5-15 min (OIE 2018). At this stage, the supernatant can be directly 

submitted to the HA test or enzyme-linked immunosorbent assay (ELISA). For electron 

microscopy is advisable intermediary centrifugation at 10-12,000 rpm for 5 to 15 min and then 

the ultracentrifugation. For PCR, viral RNA may be directly extracted from tissue samples, 

with all the steps, preferable carried out at 4°C (OIE 2018). 

During a subacute or chronic course of the disease, the antibody response triggers the viral 

clearance in the liver and spleen. In these cases, an RHD virus-like particle (VLP) is present, 

resulting from the auto-assembly property of the capsid pentamers (Laurent et al. 1994), 

instead of RHDV in the spleen and liver, lacking the outer shell on the viral capsid made up 

by the half C-terminal portion of the VP60 (Capucci et al. 1991; Granzow et al. 1996; Barbieri 

et al. 1997). For this reason, these samples are negative in the haemagglutination test and 

undetected by anti-RHDV monoclonal antibodies directed to outer conformational epitopes 

(Capucci et al. 1995). 

During RHD serology analyses several non-pathogenic RHDV-related lagoviruses (rabbit 

calicivirus – RCV) have been isolated and partially characterised in Europe and Oceania (OIE 

2019). These “enteric viruses” induce a serological response that may interfere with and 

complicate RHD serological diagnosis (Nagesha et al. 2000; Robinson et al. 2002). 
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1.5.4.1. Direct methods 

 

Electron microscopy 

 

Negative staining uses heavy metals salts to provide contrast to virions, which appear 

translucent (Schramlová et al. 2010) and stand out from the background, providing 

morphological information on symmetry and capsomer arrangement. Negative-staining 

electron microscopy can be performed using the so-called ‘drop method’, but it presents lower 

sensitivity, being ideal for ultracentrifuge the sample to concentrate the viral particles (OIE 

2018). Using this technique, naked particles become visible, 32-44 nm in diameter, inner shell 

25-27 nm in diameter, delineated by a rim from which ten short peripheral projections radiate, 

regularly distributed. The VP60 includes the N-terminal arm (NTA), the shell (S), and the 

protrusion (P) forms in this particle's characteristic cup-shaped depressions. Other particles, 

named smooth particles (s-RHDV) lost the external portions, appearing perfectly hexagonal 

and smaller, with only the capsid rim visible (Capucci et al. 1991; Granzow et al. 1996; 

Barbieri et al. 1997). A more sensitive method is the immuno-EM technique (IEM)  (Lavazza 

et al. 2015) applying serum from a convalescent animal or monoclonal antibodies with the 

Immunogold technology. The IEM proved to be of higher sensitivity and specificity than 

haemagglutination (HA) and nearly equivalent to enzyme-linked immunosorbent assay 

(ELISA) (Capucci et al. 1991). 

 

 

Cell and Tissues Immunolabelling 

 

Immunocytochemistry/Immunohistochemistry/Immunofluorescence techniques can be 

performed in fresh cells, formalin-fixed tissues and cryo-sections, and allows the 

characterization of virus distribution in the different cells and tissues, using various detection 

systems including the Avidin-Biotin Complex (ABC)-Peroxidase method. In the liver, for 

example, it is observed an intense nuclear staining and diffuse cytoplasmic staining of 

hepatocytes, mainly in the periportal areas, and also positive staining of macrophages and 

Kupffer’s cells in the liver, macrophages in the lungs, spleen, lymph nodes and other organs 

and the glomerular mesangial cells in the kidney (Stoercklé-Berger et al. 1992). Ideally, 

monoclonal antibodies should be used or hyperimmune sera produced in a species other 

than the species’ sample to be diagnosed. 
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In-vitro and in-vivo virus isolation 

 

The RHDV did not propagate in any cell line. Rabbit inoculation remains the only way of 

isolating, multiplying and titrating the infectivity of RHDV, in the absence of a cell culture 

platform. This technique is not currently used for diagnosis purposes. 

 

Antigen detection 

 

The Hemagglutination test was the first used for routine laboratory diagnosis of RHD (Liu et 

al. 1984). The virus haemagglutinate many species of red blood cells, bein the human Group 

O red blood cells the ideal choice (OIE 2018). Haemagglutination (HA) test is a simple 

diagnosis and titration test that can be used, bearing in mind that some HA-negative RHDV 

variants exist (OIE 2018). The RHDV2 showed an HA activity similar to RHDV/RHDVa (Le 

Gall-Reculé et al. 2013). In general, agglutination at an end-point dilution of >1/160 is 

considered to be positive. When the titre is lower, the sample should be tested using other 

methods. Compared with ELISA or EM, the HA presents a sensitivity 10% lower (OIE 2018). 

False negatives occur mostly in subacute/chronic forms of the disease and whenever virus 

particles have undergone proteolytic degradation (OIE 2018). Taking into account that EBHS 

in hares is often subacute or chronic and therefore the virus has the antigenic and structural 

characteristics typical of the VLPs (Capucci et al. 1991), the technique, even modified 

according to the WOAH Terrestrial manual, just detects 50% of samples (OIE 2018), as the 

sample can be used a 10% (w/v) tissue homogenate of liver, spleen, lungs or kidneys (OIE 

2018). The haemagglutination can be positive as early as 2h post-infection and rise rapidly 

with a maximum titre at death (10x214 to 10x216) (Yang 1989; Yang et al. 1989), considering 

as positive a end-point dilution greater than 1/160 (Ahmad et al. 2011). 

The western blot technique can be useful for the diagnosis of doubtful samples in other 

techniques, particularly in the presence of s-RHDV particles. Enables the identification of 

specific proteins (Mahmood and Yang 2012). This technique can detect the RHDV 6S 

subunits (Capucci et al. 1995) and the denatured VP60 structural major protein or its 

proteolytic fragments, sizing between 50 to 28 kDa (OIE 2018). The single structural protein 

of RHDV – VP60 - sizes 60 kDa and fragments of the VP60 associated with the transition 

from RHDV to s-RHDV sizes between 28-41 kDa.  

As starting material, homogenates prepared as described above can be used with a further 

concentration by ultracentrifugation through a 20% (w/w) sucrose cushion, being used as 

both the supernatant and the pellet (Capucci et al., 1995). In general, the proteins are 

denatured by heat in the presence of sodium dodecyl sulphate and beta-mercaptoethanol, 

separated by a polyacrylamide gel electrophoresis (SDS/PAGE), and transferred by 
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electroblotting onto nitrocellulose or polyvinylidene fluoride (PVDF) membranes (OIE 2018). 

The proteins are detected using polyclonal antibodies or Mabs that recognize continuous 

epitopes. The membranes are then washed and incubated with anti-species alkaline 

phosphatase-labelled immunoglobulins. Finally, chromogenic substrate (5- bromo-4-chloro-

3-indolylphosphate nitro blue tetrazolium) is added (OIE 2018). Different adaptations of this 

protocol can be made including using fluorescent secondary antibodies. 

Other technologies such as immunochromatography were also developed to the diagnosis 

of RHDV and RHDV2 (Dalton et al. 2017; Fresco-Taboada et al. 2022). 

 

Molecular methods – Nucleic acid detection 

 

The PCR, coupled to reverse transcription (RT)-PCR, is currently the ideal rapid diagnostic 

test for RHD (Guittre et al. 1995; Gould et al. 1997). The first described RT-PCR, using a 

conventional system was described in 1995 (Guittre et al. 1995), amplifying an N-terminal 

portion of VP60 and being 104 more sensitives than ELISA. 

At this moment, several real-time methods using a one-step strategy were described, using 

primers and probes able to amplify all RHDV genogroups and RHDV2 or specific to RHDV2 

(OIE 2019) including a real-time method (Duarte et al. 2015), the last able to detect 9 copies 

of the virus in almost all the organ specimens of an acutely infected animal (Abade dos 

Santos, 2018). Main techniques to detect the different RHDV genotypes, including the non-

pathogenic RCV, and EBHSV, by conventional or real-time PCR techniques, are reported in 

the WOAH manual, being essentially targeted to the VP60 gene. Other techniques for RHDV 

genotype detection were also described before the Lagovirus europaeus GI.2. emergence, 

using loop-mediated isothermal amplification (LAMP) (Yuan et al. 2013) or SYBR green-

based real-time PCR (Liu et al. 2015). 

The new massive sequencing techniques allowed the identification of new viruses including 

some beneficial or commensal viruses. In other words, these techniques allowed the 

sequencing of full genomes of many viruses, more efficiently than using previous 

technologies, mainly Sanger sequencing.  

These techniques can also have a higher sensitivity than RT-PCR and might overcome RT-

PCR primer issues, in case of rapidly evolving viruses that lead to primers and probes 

mismatching. 

The first hybridization in situ technique for detection of RHDV was developed in 1998 

(Gelmetti et al. 1998) using two RNA probes (sense and antisense) transcribed in vitro and 

UTP-digoxigenin-labelled (Gelmetti et al. 1998), able to detect RHDV as early as 6-8h after 

infection. This technique is mainly used for research purposes. 
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1.5.4.2. Indirect methods 

 

The humoral response has the highest relevance in the response to RHD, so the 

determination of specific antibody titres after surviving disease or vaccination is predictive of 

the animal’s protection (OIE 2018). After infection, B lymphocytes (determined as CD19+) 

increased constantly from 8 h to 52 h post-infection with a peak of IgM within 2 weeks, and a 

slower IgG response that persisted for months (Niedźwiedzka-Rystwej and Deptuła 2010; 

Niedźwiedzka-Rystwej et al. 2013; Müller et al. 2019). Due to antigenic differences existing 

between the RHDV/RHDVa and RHDV2 genotypes, specific immunological reagents can be 

used to differentiate the response against these two viruses. 

Many techniques have been developed with the same technical fundament, namely the 

haemagglutination inhibition (Liu et al. 1984), indirect ELISA (available commercially), solid-

phase ELISA, sandwich ELISA and competitive ELISA (Capucci et al. 1991) used by the OIE 

Reference laboratory. In some particular cases, a combination of ELISA techniques that 

distinguish IgA, IgM and IgG antibody responses can be also used (Cooke et al. 2000). It 

should be taken into account that the diagnosis of chronic RHD may be problematic due to 

the presence of high anti-RHDV antibody titres in the samples, causing possible false-

negative results in ELISA and especially in HA tests. 

 The protocols recommended by the WOAH Reference laboratory can be consulted in the 

OIE Terrestrial Manual, 2018.  

Commercial and laboratory ELISA have been developed, including the competitive ELISA by 

the WOAH Reference Laboratory. The most recent ELISA methods use monoclonal 

antibodies and are specific to the different RHDV genotypes. ELISA has proved higher 

sensitivity and specificity than HA and the combined use of the monoclonal and polyclonal 

antibodies allows for the differentiation of RHDV from EBHSV and between different 

serotypes, The purified RHDV, or ideally VLPs, can be used as antigen for plate coating. 
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1.6. Myxoma viruses 

 

1.6.1. Emergence and spatiotemporal distribution 

 

Myxoma virus (MYXV), the etiological agent of myxomatosis, is a double-stranded DNA 

Leporipoxvirus, belonging to the Chordopoxvirinae subfamily, family Poxviridae. 

Myxomatosis is an endemic disease of South American rabbits and was first described in 

laboratory rabbits in 1896, by Giuseppe Sanarelli, in Montevideo, Uruguay (Sanarelli G. 

1898). The disease is characterized by the presence of nodules in the skin surrounding the 

eyes, nose, mouth, ears, and genitalia. Conjunctivitis accompanied by purulent discharge is 

frequently found as a signal of disease (Rivers 1930; Arthur and Louzis 1988). Regardless of 

the two disease presentations (classic, nodular or typical form of disease and respiratory or 

amyxomatous form), myxomatosis was considered a rabbit disease for many decades, with 

some scarce reports in European hares (Collins 1955; Barlow et al. 2014). 

Myxoma virus (MYXV) is the type species of the Leporipoxvirus genus (family: Poxviridae; 

subfamily Chordopoxvirinae) and causes an innocuous cutaneous fibroma, which persists for 

some weeks in its natural host, the South American tapeti or forest rabbit (Sylvilagus 

brasiliensis), being passively transmitted on the mouthparts of biting arthropods. This is a 

textbook example of a perfect evolutionary climax between the pathogen and host (Burnet 

1968). 

The following leporipoxviruses (Kerr et al. 2015) and respective natural hosts are presently 

known: 

a) Myxoma virus – Tapeti (Sylvilagus brasiliensis) 

b) Californian myxoma virus – Brush rabbit (Sylvilagus bachmani) 

c) Rabbit (Shope) fibroma virus - Eastern cottontail (Sylvilagus floridanus) 

d) Squirrel fibroma vírus - Eastern gray squirrel (Sciurus carolinensis) 

e) Hare fibroma virus - European brown hare (Lepus europaeus) 

f) Western squirrel fibroma virus - Western gray squirrel (Sciurus griseus griseus) 

 

The Lausanne (Lu) strain of MYXV (Brazil/Campinas 1949), considered de facto as the 

international reference MYXV strain (ATCC code VR-115), has a double-stranded DNA 

(dsDNA) genome with 161,777 bp of size, with closed single strand hairpin termini. The 

genome encodes 158 unique open reading frames (ORFs), and 12 duplicates in the 11,577 

bp terminal inverted repeats (TIRs) (Cameron et al. 1999; Morales et al. 2009). 

The viral genome is encapsidated in a brick-shaped virion, and the replication cycle occurs 

in the cytoplasm of infected cells where a spectrum of host-interactive immunomodulatory 

proteins are expressed (Kerr and McFadden 2002). 
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Genes encoding proteins involved in replication and structure are relatively conserved among 

other poxviruses and tend to be located in the central part of the genome, while genes at the 

termini tend to encode host-range and virulence factors (Cameron et al. 1999; Upton et al. 

2003). The function of 42 genes is related to the host range or immunomodulation (Kerr 

2012).  

MYXV infects only rabbits and European Brown Hares (Lepus europaeus), the last one only 

occasionally with clinical signs,  and is nonpathogenic in any tested hosts apart from 

lagomorphs. MYXV replicates in cultured cells from many species, including most human 

cancer cells (Fenner and Ratcliffe 1965) 

The potential of myxomatosis as potential biological control of rabbits was suggested for the 

first time in 1918 (Aragão 1927; Fenner and Ratcliffe 1965), starting the species-specificity 

trials and the respective lethality in the 1930s  (Martin 1936; Bull and Dickinson 1937). The 

virus (a strain referred to as Standard laboratory strain (SLS), grade 1 of virulence) was 

released in Australia, as an alternative to the release of pathogenic Pasteurella suggested 

by Luis Pasteur (Fenner and Ratcliffe 1965), but failed to show potential as biological control 

weapon due to limited dissemination probably due to the geographical location chosen for 

the viral release, a very dry country, where mosquitoes were scarce (Bull & Mules, 1944; 

Fenner & Fantini, 1999; Fenner & Ratcliffe, 1965). Additional introductions were made in 

Tasmania and Western Australia (Calaby et al., 1960; Fenner & Ratcliffe, 1965). After these 

first releases, the Australian rabbit population underwent losses of 99%–100%, with 400 

million rabbits succumbing in just one year (Burnet, 1952; Ratcliffe et al., 1952). In the next 

years, the rabbit populations recovered a little, but in the 1990s, the populations were 

estimated at 5% and 25% of their previous level, respectively, in agricultural zones and 

rangelands (Williams et al. 1995). The co-evolution selection pressure reduced the efficacy 

of myxomatosis as a biological control in the wild rabbits. This phenomenon occurred in 

Australia, Great Britain and France (Bartrip, 2008; Best & Kerr, 2000).  

Another strain, named Lausanne strain (Lu, also referred to as Brazil/Campinas 1949) was 

introduced illegally by a farmer in June 1952 in the state of Maillebois in northwestern France. 

The rabbits in Europe, were completely naïve to MYXV, as in Australia, and the virus 

successfully spread into the wild rabbit of Western Europe, Ireland and the United Kingdom 

(H.V. Thompson and King 1994b) including some deliberated dissemination into Britain in 

1953 (H.V. Thompson and King 1994a). Due to wild rabbit spread, this species' populations 

fell by 99% and 90-95%, respectively, in UK and France (Lloyd 1970; H.V. Thompson and 

King 1994b). 

Since the 1980s, in Australia, the predominant viruses detected in the field are from grade 3, 

being the grades 1, 2 or 5, found in less than 5% of the cases (Fenner, 1983; Kerr et al., 

2010; Saint et al., 2001). Since the 1990s, myxomatosis is chronic enzootic in rabbit 
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populations in America, Southern Europe, New Zealand and Australia (Fenner & Fantini, 

1999). 

 

1.6.2. Pathophysiology 

 

The replication of MYXV inoculated intradermally in European rabbit initiates in MHC-II+ cells 

at the dermal/epidermal interface. Then, the virus spreads to the draining lymph node, first 

replicating in cells of the subcapsular sinus and later in lymphocytes of T cell zones. 

Lymphocytes, and possibly monocytes, disseminate the virus to distal tissues, with low viral 

load detectable in the bloodstream (Fenner and Woodroofe 1953; Best et al. 2000; Best and 

Kerr 2000). Simultaneously, in the original inoculation site, the virus replicates in epidermal 

cells inducing hyperplasia and hypertrophy, disrupting the dermis and causing oedema and 

infiltration of mucoid material in the sub-dermis matrix – originating the myxoid tissue that is 

responsible for the virus’s name. 

The higher virus titres are found in lymphoid tissues (> 108 pfu/g) with lymphoid depletion in 

the lymph nodes and, in some strains, in the spleen. High loads are also found in secondary 

cutaneous lesions, the swollen eyelids and particularly in the very swollen tissues at the base 

of the ears, which are probably important for insect transmission. The viral loads in the lungs 

or liver are generally lower (Best & Kerr, 2000; Fenner & Woodroofe, 1953; Hurst, 1937). 

This ability to replicate and disseminate via lymphocytes, establishing infection at distal sites, 

is critical to the virulence of the European rabbit (Spiesschaert et al. 2011; Kerr 2012).  

The virus shedding occurs by conjunctival and nasal secretions and by eroded cutaneous 

lesions. Secondary bacterial infections of the upper respiratory tract and conjunctiva with 

gram-negative bacteria (e.g. Pasteurella multocida and Bordetella bronchiseptica) are 

common, with infection of internal organs less probable (Hobbs 1928). When the duration of 

the disease is longer (i.e. infection by less pathogenic strains), pneumonia is a common 

outcome (Duclos et al. 1983; Marlier et al. 2000; Kerr et al. 2015). 

The pathophysiological process of death by myxomatosis is still poorly understood. The key 

viral proteins involved in the replication and dissemination in Sylvilagus species cause local 

immune suppression in the skin, allowing the virus to persist at this level. In the European 

rabbit, these proteins cause profound immunosuppression. The virulence of field strains was 

analyzed by infecting small groups of laboratory rabbits, classifying them into five broad 

grades based on the case fatality rates (CFR), average survival time (AST)  and clinical signs 

(Fenner and Marshall 1957; Fenner and Ratcliffe 1965; Fenner and Woodroofe 1965), 

namely :  
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Grade 1: CFR of 99.5%, AST ≤ 13 days 

Grade 2: CFR of 95-99%, AST 14-16 days 

Grade 3A: CFR of 90-95%, AST 17-22 days 

Grade 3B: CFR of 70-90%, AST 23-29 days 

Grade 4: CFR of 50-70%, AST 29-50 days 

Grade 5: CFR less than 50%, AST not determined 

 

1.6.3. Prophylaxis 

 

Virus transmission occurs by direct contact, by mosquitoes or by biting arthropods 

mechanical transmission. Throughout these processes, the virus excreted by the eroded 

cutaneous lesions, conjunctivae and nasal passages can be transmitted into the upper 

respiratory tract or conjunctiva of other rabbits. Grade 4 strains appear to be the most 

transmissible (Fenner et al. 1956) since the virus remains at high titres in the epidermis for 

long periods. On the contrary, both grade 1 and grade 5 viruses are poorly transmitted due 

to the quick death of the infected animals or to the effective immune response, respectively 

(Fenner et al. 1956). In general, grade 4 strains predominate in the populations with no 

genetic resistance and grade 3B in more resistant populations (Anderson and May 1982; 

Dwyer et al. 1990). 

The Spilopsyllus cuniculi, present across Europe and other flea species such as the Spanish 

rabbit flea (Xenopsylla cunicularis), are efficient vectors of the disease. These fleas were not 

originally present in Australia, but their introduction increased the dissemination of the virus 

(Sobey and Menzies 1971; Cooke 1983). The transmission by fleas can occur throughout the 

year, depending on the edafoclimatic conditions, whereas flying vectors such as mosquitoes, 

Culicoides, midges, simuliids and others are more seasonal (spring and summer). 

Contrarily to RHDV, the myxoma virus can grow in cell lines and live virus vaccines have 

been extensively used in Europe (Arthur and Louzis 1988) due to the inefficacy of inactivated 

vaccines (Joubert et al. 1973; Brun et al. 1981; Guitton et al. 2008; Ferreira et al. 2009; Marlier 

2010) being a heterologous rabbit fibroma virus the first available (Fenner and Woodroof 

1954). Around 10 years later, a homologous vaccine was produced using a variant named 

MYXV MSD strain or others like French SG33, attenuated by a passage in cell culture (Saito 

et al. 1964). Currently, as referred to in Section 1.5 (The Lagoviruses), the myxoma virus is 

also used as a vector for RHDV vaccines. 

 

1.6.4. Diagnosis 

 

The typical myxomatosis shows very specific lesions, particularly nodular thickening of the 
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eyelids, the presence of myxomas and anogenital oedema. However, due to the existence of 

different degrees of virulence and different viral strains, laboratory diagnosis is important, 

particularly in the surveillance of the genetic evolution of the virus. Clinical diagnosis is still 

difficult in cases of the amyxomatous form, due to lesser ectodermal tropism (OIE 2020). 

The identification of the infection must take into account that the myxoma virus has a relatively 

high evolutionary rate for a dsDNA virus, with an average nucleotide substitution of 1×10−5 

per site per year that accumulates with time, in a remarkably clock-like manner. However, 

much of the genome is highly conserved, particularly the early, intermediate and late 

promoter sequences (Willer et al. 1999; Kerr et al. 2012; Kerr et al. 2013) 

Commonly mutated genes are the m014L, m083L, m014L or m009L genes (Kerr et al. 2015). 

The disruption of m009L gene by an indel (insertion-deletion mutations) formation is observed 

in all but one of the recent viruses. This, and m083L disruption occur in all strains of the long 

branch of the phylogenetic tree that separates the 1950s from the 1990s viruses. Some 

viruses present further disruptions in ORF m0009L, including premature stop codons, 

suggesting the possibility of a pseudogene occurring. The m009L gene belongs to a gene 

group (comprising m006L/R, m008 L/R and m009L), which may indicate an earlier duplication 

event during leporipoxvirus evolution (Kerr et al. 2015). 

One of the few attenuated strains whose complete genome sequence is known is the Spanish 

6918, isolated in 1995 (Morales et al. 2009). This strain exhibits a disruption by indels of 

m009L, m036L, m135R and m148R genes, the latter two with a demonstrated role in 

virulence (Barrett et al. 2007; Blanié et al. 2009). Various Spanish MYXV strains present 

disruptions in m009L and m036L or m002L/R and m017L genes (Dalton et al. 2010; Muller 

et al. 2010). In some Portuguese strains, m009L is also disrupted. 

Overall, in MYXV, as in other complex DNA viruses, no common pathway to attenuation or 

virulence is observed, but a convergence for a phenotype that is compatible with multiple 

different genotypes and possibly involves complex epistatic interactions (Kerr 2012). 

The genomic variability must be taken into account. On one hand, it can lead to very diverse 

clinical conditions, ranging from sudden death to clinical courses that take weeks and evolve 

to a slow death in a state of extreme cachexia and damage to the epidermis and genital 

tissues. On the other hand, aspects related to mutations in certain genes and variation 

between strains from different countries must be taken into account when designing 

molecular-based diagnostic methods. 

 

1.6.4.1. Direct methods 

 

MYXV identification can be carried out in the skin lesions (myxoma), eyelids and genital 

mucosa, depending on the form and course of the disease and the strain. Although these 
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three matrices are ideal for the cutaneous forms, MYXV can also be detected in internal 

organs (lungs, liver, spleen, kidney, etc) (OIE 2020). 

 

Electron microscopy 

 

Negative-staining electron microscopy (nsEM) can be applied using many biological samples 

such as myxomas, eyelids, and conjunctival and nasal swabs, among others. The drop 

method gives results in 1 hour since poxvirus are easily and specific to identify (OIE 2020). 

There are numerous protocols for sample preparation, which will not be explained here. 

 

Histopathology 

 

The lesions found in classic myxomatosis are very typical in the microscopic examination, 

namely the accumulation of mucin in the dermal connective tissue matrix with cellular 

dispersion (Marcato and Rosmini 1986). Infiltration by granulocytes and enlarged, stellate, 

reticuloendothelial cells with a large nucleus and abundant cytoplasm, called “myxoma cells” 

are observations suggestive of the disease (OIE 2020). The destruction of the endothelium 

of small vessels leads to micro haemorrhages. The replication of the myxoma cells in the 

spleen and lymph nodes causes a marked loss/depletion of lymphocytes from both B-cell 

and T-cell zones (OIE 2020). Viral spreading throughout the body causes genital and visceral 

lesions, due to congestion with vascular damage and oedema (OIE 2020).  

For investigation purposes, many techniques of immunofluorescence and 

immunohistochemistry can be applied to understand the virus pathophysiology and tissue 

distribution and damage, namely using monoclonal antibodies made available by the 

International Reference Laboratory (Italy). 

 

In-vitro and in-vivo virus isolation 

 

Many cell lines are permissive to MYXV namely the RK-13 (rabbit kidney) and SIRC (Statens 

Serum Institut rabbit cornea), but also Vero (African green monkey kidney) and BGMK 

(buffalo green monkey kidney). Primary cell lines of rabbit kidney or fibroblasts can also be 

used.  Poxviruses produce a characteristic cytopathic effect (CPE) (Joubert et al. 1973), 

typically 24-48h after infection or up to 7 days, depending on the strain. According to the 

strain, the CPE can vary from well-defined voluminous masses of rounded cells, which 

proliferate and pile up (Joubert et al. 1973), similar to CPE of Shope Fibroma virus or the 

formation of syncytia with 2 to 100 nuclei (Joubert et al. 1973). The confirmation of the 

presence of MYXV can be performed with immunofluorescence, directly on the plate of 
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infected cells. 

MYXV can also be isolated and cultured in the chorioallantoic membrane of embryonated 

chicken eggs inoculated on the 11th day of incubation. After 3 days, specific pocks are 

observed in the chorioallantoic membrane under the optical microscope. 

Nowadays, rabbit intradermal inoculation is not used as a diagnostic tool. However, it is the 

only way to characterise the pathogenicity (virulence grade, classical or amyxomatous forms) 

of the strains. Typically, the animal is inoculated intradermally in the internal surface of the 

ear (0.1 to 0.2 mL) or the dorso-lumbar region. Different inoculum serial dilutions can be 

injected into the same animal at different sites, allowing the determination of the 50% infective 

dose (ID50). After 2-5 days, the primary lesion appears followed by conjunctivitis. If the 

animal survives, a robust immune response is detected 15 days after (OIE 2020). 

 

Antigen detection 

 

Agar gel immunodiffusion (AGID) (Sobey et al. 1966) qualitatively detects antigen or 

antibodies within 24 hours. The agar plates preparation and analyses of results are 

transversal with/to other AGID tests. Up to three lines can appear in the myxoma positive 

reactions indicating the presence of antigen. One line appears in the case of heterologous 

reactions with SFV (OIE 2020).  

The direct immunofluorescence test (dFT) can be used to detect the antigen in tissue 

cryosections or in-vitro infected cells using fluorescein-conjugated anti-MYXV serum or 

MAbs. Alternatively, Indirect fluorescent antibody tests (iFT) can be used in cell cultures or 

tissue sections revealing intracytoplasmic multiplication of the virus. Other techniques such 

as the immunoperoxidase monolayer assay (IPMA) are also described, for which the protocol 

can be found in the WOAH Terrestrial Manual (OIE 2020). 

 

Molecular methods – DNA detection 

 

The polymerase chain reaction (PCR) is the typical method for nucleic acid detection with 

many conventional (Cavadini et al. 2010; Dalton et al. 2019) and real-time PCR methods 

(Belsham et al. 2010; M.D. Duarte et al. 2014) available. The PCR and the PCR-RFLPs 

(restriction fragment length polymorphism) can also be designed to detect vaccine strains or 

natural recombinant strains (Cavadini et al. 2010; Camus-Bouclainville et al. 2011; Dalton et 

al. 2019). 

Sequencing and full genome sequencing is increasingly a technique of choice that allows, on 

one hand, the definitive diagnosis and, on the other hand, the genomic characterization of 

the viral strain. Other techniques, such as those based on SYBR/Evagreen systems may 
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present advantages in detecting single-nucleotide polymorphisms and cheap and easy 

multiplex systems. 

 

1.6.4.2. Indirect methods 

 

Specific antibodies are detected after-acquired passive immunity or active immunity following 

vaccination or natural infection, with the production of IgM and IgG classes (Kerr 1997). After 

recovery from infection with high virulent strains, the antibody titres are the highest, compared 

to the very low titres after vaccination or infection with low pathogenic MYXV strains (OIE 

2020). IgM appears 5-6 days post-infection persisting up to 40 days, whereas IgG peas at 

20-30 days, remain positive in naturally infected animals, for at least 2 years (OIE 2020). The 

cell-mediated immunity is more relevant than serum antibodies to the protection of rabbits 

(OIE 2020). 

The detection of serum anti-MYXV antibodies can be achieved by the traditional agar gel 

immunodiffusion, seroneutralization test, complement fixation test (CFT) or by enzyme-linked 

immunosorbent assays (ELISAs). Due to poor sensitivity, CFT is no longer used is the ELISA 

the most used test. 

Currently, for commercial and research purposes ELISA are available, namely indirect 

ELISAs (iELISA) with antigen directly coated to the solid phase (Kerr 1997; Gelfi et al. 1999), 

with full protocols available in the WOAH Terrestrial manual. The WOAH Reference 

Laboratory for Myxomatosis, developed and made available a competitive ELISA (cELISA), 

based on the use of a MAb (1E5) that specifically recognises the MYXV immunodominant 

envelope protein (IMV – open reading frame M071L) that detects antibodies in both rabbits 

and hares. This cELISA detects all the anti MYXV immunoglobulin classes present in the 

serum to the detriment of other ELISAs that use protein A as a secondary, that only detect 

IgG. The cELISA has higher specificity than iELISA (OIE 2020). 

The WOAH Terrestrial Manual also provides a protocol for preparing reagents and for 

performing AGID and IFAT techniques 

(https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.07.01_MYXO.pdf). 
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1.7. Herpesviruses relevant in leporids 

  

1.7.1. Emergence and spatiotemporal distribution 

 

Herpesviruses are highly disseminated in nature with most animal species have yielded at 

least one herpesvirus infection (Pellett and Roizman 2013). Historically, herpesviruses have 

been classified based on the architecture of the virion and, in the late 1970s, before viral DNA 

and amino acid sequences were known, they were classified into a single family (Pellett and 

Roizman 2013). The virion structure (Pellett and Roizman 2013) consists of (i) a core 

containing a linear double-stranded DNA (dsDNA, ranging from 124–295 kb in length), (ii) an 

icosahedral capsid with approximately 125 nm in diameter containing 161 capsomeres with 

a hole running down their long axis, (iii) one capsomeric structure that serves as the portal 

for packaging and release of the viral genome - the complex of the core and capsid is the 

nucleocapsid, (iv) the tegument - an amorphous appearing, sometimes asymmetric material 

that surrounds the nucleocapsid and, (v) an envelope containing viral glycoprotein spikes on 

its surface. The availability of extensive nucleotide sequences (Davison et al. 2009; Pellett et 

al. 2012) allowed the establishment of a new taxonomic order, the Herpesvirales comprising 

three families: Herpesviridae – containing herpesviruses of mammals, birds, and reptiles, 

Alloherpesviridae – containing herpesviruses of fish and amphibians, and the 

Malacoherpesviridae – with the herpesviruses of bivalves.  

Some herpesviruses have a wide host cell range, rapidly multiplying and destroying the 

infected cells (e.g., HSV-1, HSV-2), while others have a narrow host cell range (Epstein-Barr 

virus, HHV-6) or a long replication cycle (Human cytomegalovirus) (Pellett and Roizman 

2013). 

In general, this family show four significant biological properties (Pellett and Roizman 2013): 

(i) a large array of enzymes involved in nucleic acid metabolism (e.g., thymidine kinase, 

thymidylate synthetase, dUTPase, ribonucleotide reductase), DNA synthesis (e.g., DNA 

polymerase, helicase, primase), and processing of proteins (e.g., protein kinases), (ii) gene 

transcription, synthesis of viral DNA, and nucleocapsid assembly occurring in the nucleus. In 

most virions a part of the tegument is acquired in the cytoplasm, (iii) lytic infection leads to 

the destruction of infected cells and (iv) cellular latency as a mechanism for lifelong 

persistence in their hosts. 

Due to the use of degenerate polymerase chain reaction (PCR) primers, that target highly 

conserved regions in core genes, such as the DNA polymerase, and the improvement of 

sequencing methods, there was an explosion of herpesviruses descriptions (Rose et al. 

1998).  

When mature, the virion size ranges from 120 to 260 nm according to the thickness of the 
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tegument and the state of the envelope (Roizmanm and Furlong 1974).  

According to several studies (Johannsen et al. 2004; Kattenhorn et al. 2004; Varnum et al. 

2004; Michael et al. 2006; O’Connor and Kedes 2006), it was estimated a total of 24 to 71 

viral proteins in the virions, being 4-7 located in the nucleocapsid, 9-20 in the tegument, 4-19 

in the envelope and a non-determined number with unknown location. The glycoprotein gene 

is so important and stable that a single virion contains approximately 800 copies of 

Glycoprotein B (Pellett and Roizman 2013). 

The core of a mature virion contains a single molecule of dsDNA packed in a torus-form, so 

tightly that the internal volume of the capsid is approximately the cylindrical volume of the 

genome (Falke et al. 1959; Furlong et al. 1972). The capsid with 100nm of diameter, contains 

161 capsomers (10 hexons and 11 pentons), a portal complex with a capsid triangulation 

(T=16), preserved in all herpesviruses (Booy et al. 1996; Davison et al. 2005; Liu and Zhou 

2007). The non-enveloped capsids detected in infected cells may present different forms, 

namely, A (capsids without core), B (capsids containing the assembly scaffold without 

genome) and C (capsids containing genome without scaffold) (Gibson 1996). 

The proteinaceous structure between the nucleocapsid and the envelope is called tegument, 

sometimes distributed asymmetrically with variable thickness depending on the location of 

the virion within the infected cell (Pellett and Roizman 2013). In general, the tegument is 

thicker in the virions accumulating in cytoplasmic vacuoles than in those accumulating in the 

perinuclear space (Falke et al. 1959). This variability is more determined by the virus than by 

the host (McCombs et al. 1971). The tegument proteins closer to the nucleocapsid (inner 

tegument) are acquired in the nucleus and by interactions with envelope glycoproteins 

(Mettenleiter 2006). The subsequent components of the tegument are orderly incorporated 

during the path through the cytoplasm (Mettenleiter 2006). The tegument proteins are more 

important during the early phase of infection, by managing the cell environment, such as by 

shutting down host protein synthesis, inhibiting infection-triggered cell defences, and 

stimulating viral gene expression (Pellett and Roizman 2013). 

The envelope derives from patches of altered nuclear membrane being mainly constituted by 

viral glycoproteins, which number and relative amounts vary among herpesviruses (Falke et 

al. 1959; Armstrong et al. 1961). 

Within the herpesviruses, the linear double-stranded viral genome varies in length between 

124 and 295 kbp, circularizing immediately after entering the nuclei of infected cells (Pellett 

and Roizman 2013). The genome contains terminal and internal repeated sequences, varying 

in copy number, and non-essential sequences that can be lost or duplicated during passage 

in cell culture. These genomic modifications lead to intraspecies variations that can exceed 

10 kbp in length. 

The genome of Herpesviridae members encodes between 70 (the smallest) and 200 (the 
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largest) proteins  (Pellett and Roizman 2013). 

Herpesvirus genomes can be divided into six groups designated from A to F (Pellett and 

Roizman 2013), as follows: 

 

a)  Exemplified by HHV6, where a large sequence from one terminus is directly repeated at 

the other terminus; 

b) Exemplified by herpesvirus saimiri (SaHV-2), where the terminal sequence is directly 

repeated numerous times at both termini, with a variable number of repeats at the termini; 

c) Exemplified by EBV, where the number of direct terminal repeats is smaller and can 

harbour other direct sequence arrays that subdivide the unique (or quasiunique) sequences 

of the genome into several well-delineated stretches; 

d)  Exemplified by VZV, where one terminus is repeated in an inverted orientation internally. 

The domain consisting of the stretch of unique sequences flanked by inverted repeats (Small 

or S component) can invert relative to the remaining sequences (Large or L component); 

e)  Exemplified by HSV and HCMV, where the sequences from both termini are repeated in 

an inverted orientation and juxtaposed internally, dividing the genomes into two components, 

each of which consists of unique sequences flanked by unrelated pairs of inverted repeats; 

f) Exemplified by tupaia herpesvirus 1 (TuHV-1), where the terminal sequences are not 

identical and are not repeated either directly or in an inverted orientation.  

 

Two key characteristics are found in herpesvirus: i) the gene products frequently have 

multiple functions that may, or not, be related, and ii) most of these genes are not dispensable 

for viral replication or reactivation from the latent state, despite no virus gene is indispensable 

during the establishment of latency. Genes that are necessary for virus replication in cultured 

cells are sometimes referred to as “essential” or “fundamental,” and dispensable genes as 

“nonessential” or “accessory” (Pellett and Roizman 2013). 

The replication cycle occurs in three major phases: initiation of infection, lytic replication and 

latency (Pellett and Roizman 2013). During the initial steps of infection, several events take 

place namely, binding to the cell receptor, fusion of the viral membrane with the plasma 

membrane or after endocytosis, management of intrinsic response by tegument proteins, 

transport of nucleocapsid and tegument associated IE-activators to the nucleus, injection of 

viral genome through the nuclear pores and genome chromatinization, and initial interactions 

with transcriptional machinery (Pellett and Roizman 2013). 

Then occurs a biological decision at the cell level to follow either the lytic or latent pathway, 

as well, after the initial infection and latency, reactivation of a lytic state (Pellett and Roizman 

2013). 

During the lytic replication, a regulated cascade of lytic gene expression occurs, management 
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of the host cell (metabolism, protein synthesis and stability, cell cycle, intrinsic and innate 

defences), management of adaptive immune response, replication of virus genome, virus 

assembly and egress and transmission to other cells and hosts (Pellett and Roizman 2013). 

When the virus enters the latent pathway, restriction of lytic gene expression and expression 

of latency genes that manage the cell and host defences and maintains the virus genome in 

the infected cells occurs (Pellett and Roizman 2013). 

 

1.7.2. Pathophysiology 

 

In rabbits, Herpesviridae is a poorly studied family, with most studies dating before the XXI 

century. Rabbit species have been used as an experimental model for human herpes simplex 

virus (HSV), genus simplexvirus, alphaherpesvirus. However, there are reports of natural 

disease in rabbits that led to fatal encephalitis, after contact with infected humans, despite 

this natural cross-infection is infrequent (Weissenbock et al. 1997; Grest et al. 2002; Muller 

et al. 2009; Kolodziejek and Huemer 2010).  

Rabbits infected with HSV present severe signs of central nervous system dysfunction, 

myoclonic seizures, opisthotonus, lymphopenia, monocytosis, an increase of creatine 

phosphokinase and total proteins (Muller et al. 2009). The presumptive diagnosis is achieved 

by histopathology, being observed severe, diffuse, nonsuppurative meningoencephalitis and 

a few large, eosinophilic, intranuclear inclusion bodies in neurons. The herpesvirus DNA can 

be confirmed by in situ hybridization, and PCR, among others, in nuclei of glial cells, 

lymphocytes, and neurons (Gruber et al. 2009). 

Three gammaherpesviruses naturally occurring in rabbits have been described (Pellett and 

Roizman 2013), formally named as leporid gammaherpesvirus 1 (LeHV-1), leporid 

gammaherpesvirus 2 (LeHV-2) and leporid gammaherpesvirus 3 (LeHV-3), although these 

classifications are provisional (Jin, Löhr, et al. 2008). 

LeHV-1 is found in cottontail rabbit (Sylvilagus spp.) causing no disease in domestic rabbits 

(Jin, Löhr, et al. 2008). LeHV-2 (informally named Herpesvirus cuniculli) causes 

asymptomatic infection in domestic rabbit (Jin et al. 2008) and LeHV-3 (informally named 

Herpesvirus sylvilagus) is endemic in Eastern cottontail rabbits (Sylvilagus floridanus) 

causing tumorlike lesions in lymph nodes, kidney, spleen and liver (Medveczky 1999).  

In 1991, a new herpesvirus was described in Alaska and Canada (Swan et al. 1991; Onderka 

et al. 1992; Erlach and Ildfell 2008; Brash et al. 2010), formally designated as Leporid 

alphaherpesvirus 4 (LeHV-4), genus Simplexvirus, subfamily Alphaherpesvirinae, closely 

related to bovine herpesvirus-2, and also to HSV-1 and HSV-2 (Jin, Löhr, et al. 2008). This 

virus proved highly pathogenic for domestic rabbits and reports are limited to commercial 

rabbitries. Experimental infections observed systemic infection and caused severe clinical 
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disease and necrosis in the spleen and lymph nodes (Jin, Löhr, et al. 2008). 

In animals infected by LeHV-4, the primary lesions are conjunctivitis and periocular swelling, 

multifocal hemorrhagic/ ulcerative dermatitis on the face and dorsum (Onderka et al. 1992) 

and then progressive weakness, anorexia, respiratory distress, and abortion and can also 

occur sudden death (Jin, Valentine, et al. 2008). Cardiovascular and respiratory failure leads 

to death (Swan et al. 1991). 

Histopathology reveals massive necrosis and fibrin deposition within spleen red pulp (Jin, 

Valentine, et al. 2008) with large eosinophilic intranuclear inclusion bodies identifiable in 

sections of skin, spleen, and lung (Onderka et al. 1992). Haemorrhagic dermatitis and 

panniculitis, epidermal microvesicular degeneration, dermal and subcutaneous vascular 

necrosis and thrombosis may also be observed. Other less frequent observations are 

haemorrhagic necrosis of the myocardium with rare intranuclear inclusions within stromal 

cells, multifocal pulmonary haemorrhage, and haemorrhage with erythrophagocytosis in 

lymph nodes sinus (Jin, Valentine, et al. 2008). 

 

1.7.3. Diagnosis 

 

As described before, although in the case of rabbit herpesviruses the clinical signs are not 

pathognomonic, a presumptive but no definitive diagnosis can be made based on 

histopathological lesions, particularly by the observation of intranuclear characteristic 

inclusion bodies. 

 

1.7.3.1. Direct methods  

 

Electron microscopy 

 

The electron microscopy can be made either after viral isolation in cell culture, directly from 

the tissues infected or from the lesions fluid (e.g. vesicles). In any case, the morphology of 

the virus is unique and confers a final diagnosis when observed. The vesicle lesions should 

be analysed, ideally within the first 24h after their appearance, since once the lesion begins 

to crust, the test sensitivity declines (Singh et al. 2005). 

 

 Histopathology 

 

The necropsy findings and subsequent histopathology are variable according to each 

herpesvirus, particularly depending on the subfamily to which they belong. For example, the 

leporid gammaherpesvirus 2 (LeHV-2) is associated with subclinical encephalitis in infected 



Chapter 1 – Introduction and Research objectives 

33 

New Zealand white rabbits (Zygraich and Berge 1972), while the leporid gammaherpesvirus 

3 (LeHV-3) causes lymphoproliferative disease and tumour-like lesions in the lymph nodes, 

kidneys, spleen, and liver (Hinze 1971; Hesselton et al. 1988).  

The leporid alphaherpesvirus 4 has been associated with haemorrhagic dermatitis, splenic 

necrosis, hepatic necrosis, multifocal pulmonary haemorrhage and oedema. Distinctive 

glassy eosinophilic herpetic intranuclear inclusion bodies have been observed in the skin 

fibroblasts and mesenchymal cells of the spleen and lung (Jin, Löhr, et al. 2008; Brash et al. 

2010). 

 

In-vitro and in-vivo virus isolation 

 

LeHV-2 was successfully grown in PRK monolayers and cell cultures such as RK-13 and 

SIRC continuous lines exhibiting Cowdry type A intranuclear inclusions, as well as in primary 

tissues such as whole embryo, kidney, lung, salivary gland, and testis, which proved to be 

useful for virus isolation. 

LeHV-4 was able to grow in kidney cell cultures inoculated with pooled lung, liver, spleen, 

kidney, and skin samples, showing cytopathic changes by five days postinoculation (Onderka 

et al. 1992). 

In general, the specimen may be adsorbed onto the cell monolayer after removal of the 

medium 30 to 60 min at 37ºC, facilitating direct contact of viral particles with the cells and 

enhancing infectivity, increasing both the number of isolation and the speed with which they 

are recovered (Singh et al. 2005). 

To reduce the viral isolation time, centrifugation-enhanced (shell vial) culture methods can 

be used (Wiedbrauk and Johnston 1993), reducing viral isolation times from 1-7 days to 16-

48h (Singh et al. 2005) in the case of HSV. This method proved rapid and specific, but slightly 

less sensitive than traditional tube cultures (Johnston and Siegel 1990). 

 

Antigen detection 

 

The antigen can be defected by direct fluorescent antibody (DFA), a relatively fast but highly 

specific and sensitive method, particularly in the initial phase of infections (Wiedbrauk and 

Johnston 1993). A slide directly prepared by the clinician, or ideally prepared at the laboratory 

using a cytospin method or a swab specimen can be used. The big limitation of this method 

is the need for fluorescein labelled antibodies, often not available to wildlife viruses, namely 

to recently discovered viruses. A positive test appears as a typical pattern of green 

fluorescence in the nucleus or cytoplasm of the infected cells.  
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Molecular methods  

 

Viral DNA can be detected by hybridization techniques using radiolabelled or biotinylated 

probes (Langenberg et al. 1988), having been largely superseded by more sensitive and less 

laborious procedures such as the polymerase chain reaction (PCR). 

In 1996, the first PCR for herpesvirus detection which amplified a region of DNA-directed 

DNA polymerase (EC 2.7.7.7) using degenerate primers in a nested format (Devanter et al. 

1996) was published. This system targets sequences coding for highly conserved amino acid 

motifs (Wilks et al. 1989). The first PCR round uses a set of three primers (namely two forward 

DFA, ILK, and one reverse KG1) and the second round a set of two primers (forward TGV 

and reverse IYG). The Secondary PCR products range in size from approximately 215 to 315 

bp (distinct for different human and animal herpesvirus). Several adaptations of this method 

were published, for example, using deoxyinosine substituted primers or consensus-

degenerate hybrid oligonucleotide primers. Some limitations of this methodologies are the 

difficulty in detecting co-infections (e.g. in pigs infected with PLHV-1, PLHV-2 and PLHV-3, 

the last is not amplified) and the short size of amplified sequences, often not sufficient for the 

construction of phylogenetic trees revealing acceptable probabilities for all clades (Prepens 

et al. 2007). 

Recently, new methods were described to overcome these shortcomings, namely a method 

that amplifies DNA polymerasein the presence of an additional oligonucleotide modified by 

the introduction of locked nucleic acids (LNA) and also amplifying the less conserved 

glycoprotein B (gB) gene with degenerate primers of limited detection capacity i.e. genus-

specific primers (Prepens et al. 2007). 

 

1.7.3.2. Indirect methods 

 

These techniques are particularly useful in identifying asymptomatic carriers of infection and 

performing seroepidemiological studies in wildlife or captive populations. In the actuall 

context of herpesvirus of leporids, these techniques are not useful due to the absence of fully 

reliable methods. 
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1.8. Research objectives and organization 

 

Taking into account the previously described state-of-the-art, an exhaustive multidisciplinary 

approach was attempted to help assess and characterize the various threats that presently 

affect the conservation status of wild leporids in the Iberian Peninsula, while finding means 

to control such hazards. 

During these scientific studies, within the framework of a PhD in co-tutorship between the 

University of Lisbon (Veterinary Sciences, special field of Animal Health) and the University 

of Oviedo (Molecular and Cellular Biology), there was a need to develop clinical (scientific 

publication 1), cellular (scientific publication 2) and molecular methods (scientific publications 

4 and 5) of to be able to carry out the various scientific studies and to contribute to the 

investigation on these subjects by other research groups. The molecular first-line results 

obtained led us to reason upon their meaning, sharing these reflections with the scientific 

community (scientific publication 3). This sharing led to the fact that the various works 

presented here with a molecular core were robustly supported by data from other scientific 

areas. 

At the moment of this PhD program proposal (beginning of 2018), only the study of the viral 

hemorrhagic disease of the wild rabbit was contemplated. The other two threats of viral 

aetiology addressed here (Myxomatosis in the Iberian Hare and LeHV-5) were not even 

described, having later been included in the doctoral program due to their scientific and 

sanitary importance. 

Although the PhD includes studies that required complex and time-consuming programming 

(such as the RHDV2 research study in badgers or the Iberian hare, molecular diagnosis 

methods or wild rabbit vaccination study that represented studies lasting more than two 

years), the other studies were mostly the result of unscheduled discoveries during the clinical 

and pathological investigations of Project +Coelho, constituting as a whole, an assessment 

of the impact of diseases of viral aetiology in wild leporids. 

Consequently, this document presents a collection of scientific works, which address issues 

such as the emergence, pathophysiology, prophylaxis or diagnosis of three threats of wild 

leporids in Portugal: RHDV2, MYXV and LeHV-5, organized functionally into three chapters: 

a chapter that describes new methods developed of clinical, cellular or molecular nature, also 

including a reflection on the application of molecular data in the context of research in animal 

health. This is followed by a chapter including research articles in RHDV2 and then a chapter 

that includes the research outcomes on MYXV and LeHV-5. 

All the content constituent of the scientific publications is already published in peer-reviewed 

International Journals and presented using the published layout. 
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Chapter 2  

Clinical, cellular and molecular methods 

 
 

 This chapter describes new methods developed for diagnosis and research namely an 

optimized method of leporid blood collection, a method for establishing primary leporid 

fibroblast cultures for virus isolation, and a Quadruplex PCR method for diagnosis and 

differentiation of MYXV strains, and the first qPCR method for diagnosis of LeHV-5. 

 Chapter 2 also includes considerations about the interpretation of molecular biology-based 

results. 
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How to collect blood samples from wild leporids? 

 

 

 

 

Scientific publication 1 
 

Blood collection from the external jugular vein of Oryctolagus cuniculus algirus 

sedated with midazolam: live sampling of a subspecies at risk 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

The external jugular vein provides an easy and safe route to collect blood from wild leporids 
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Are hare primary cells suitable for isolation of new viruses? 

 

 

 

 

Scientific publication 2 

 
Simple Method for Establishing Primary Leporidae Skin Fibroblast Cultures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Primary Leporidae skin fibroblast cultures were established to be used in the isolation and study of leporid 

herpesvirus, among other viruses. 
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What is the meaning of viral nucleic acid detection in a host sample? 

 

 

 

 

 

Scientific publication 3 

 
Harmless or Threatening? Interpreting the Results of Molecular Diagnosis in the 

Context of Virus-Host Relationships 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Molecular methods are powerful tools to detect viruses’ genomes and provide rapid diagnostic 

results. However, the meaning of these detections should be considered in all investigations 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.647730/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.647730/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.647730/full
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How to differentiate the new recombinant strain (ha-MYXV) from all classic strains? 

 

 

 

 

 

 

 

 

 

 

Scientific publication 4 
 

A Quadruplex qPCR for Detection and Differentiation of Classic and Natural 

Recombinant Myxoma Virus Strains of Leporids 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

In autumn 2018, a natural recombinant myxoma virus emerged in Portugal in Iberian hares and about 

two years later in domestic and wild rabbits. The rapid diagnosis and differentiation of these strains allow 

epidemiological monitoring and the establishment of surveillance and control measures, with 

Quadruplex qPCR being the only method currently available that can be used in this context. 
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How to detect and quantify the LeHV-5 in the context of laboratory diagnosis? 

 

 

 

 

Scientific publication 5 
 

A Versatile qPCR for Diagnosis of Leporid Gammaherpesvirus 5 Using Evagreen® 

or Taqman® Technologies 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Further to the description of leporid gammaherpesviruses (LeHV-5), there was a need to develop a 

specific, highly sensitive, quantitative method for monitoring and research. A real-time PCR was 

developed, to be used in TaqMan or Evagreen system, normalized by housekepping gene 18S rRNA. 
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Chapter 3  1 

Research papers on RHDV2 2 

 3 

Chapter 3 includes three research papers on RHDV2, namely a study of a potential wild 4 

species reservoir, a case report of a GI4P-GI.2 detection on a vaccinated pet rabbit and the 5 

description of the first cases of co-infection by RHDV2 and myxoma virus6 
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What is the importance of wild rabbit sympatric species in the epidemiology of RHD? 

 

 

 

 

Scientific publication 6 
 

Spillover events of rabbit haemorrhagic disease virus 2 (recombinant GI.4P-

GI.2) from Lagomorpha to Eurasian badger 

 

 
 
 
 
 
 

 
 
 

 
Reservoirs are key in the persistence of virus sources. The reservoir species for RHDV/RHDV2 are 

unknown. European badger was identified as a possible reservoir host of RHDV2. 
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Are recombinant RHDV2 strains responsible for infections in clinical practice (rabbit pets) and are 
the available vaccines protective?  

 

 

 
 

Scientific publication 7 

 
A Potential Atypical Case of Rabbit Haemorrhagic Disease in a Dwarf Rabbit 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Until the end of 2019, the only vaccine available for pet rabbits in Portugal was not protective for RHDV2. In 

this work, we report a case of an atypical clinical picture in an animal vaccinated after infection with a 

recombinant strain of RHDV2. 
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Is co-infection by MYXV and RHDV a rare or impossible event? 

 
 

 

 

 

 

 

 

Scientific publication 8 
 

Myxoma virus and rabbit haemorrhagic disease virus 2 coinfection in a 

European wild rabbit (Oryctolagus cuniculus algirus), Portugal 

 
 
 
 
 
 
 
 
 
 

 
 

Myxomatosis and rabbit haemorrhagic disease co-exist in the rabbit populations since 1986. 

However, coinfection by these two viruses was considered for a long time a rare or impossible event. 

In early 2019, we detected a case of co-infection by RHDV2 and myxoma virus, with both lesional 

compatible pathological patterns, demonstrating that, although rarely, rabbits can be simultaneously 

infected by the two viruses. 
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Chapter 4  

Research papers on Myxoma virus and Herpesvirus 

  
 

Chapter 4 includes research studies on myxoma virus of Iberian hare and wild rabbit, and in 

herpesvirus. 
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Which myxoma virus strains caused the outbreak of myxomatosis in Iberian hare in Portugal? 

 

 

 

Scientific publication 9 
 

First cases of myxomatosis in Iberian hares (Lepus granatensis) in Portugal 

 
 

 
 

 

 

 

 

 

 

 

Myxomatosis affects rabbit species since 1896 and European hare species, but not the Iberian hare. 

In autumn 2018, a natural recombinant myxoma virus emerged in Portugal in Iberian hares, after 

being detected a few months before in Spain. Like in Spain, in Portugal the ability to infect hares was 

linked to the insertion of an additional 2.8 Kbp long piece of the genome.  
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Scientific publications   

10 Detection of Recombinant Hare Myxoma Virus in Wild Rabbits 

(Oryctolagus cuniculus algirus) 

 

and 
 

11 Recombinant myxoma virus infection associated with high mortality 

in rabbit farming (Oryctolagus cuniculus) 
 

 
 

 

 

 

 

 

The natural recombinant myxoma virus (ha-MYXV) was not detected in rabbits following its detection 

in hares, suggesting a species-specific tropism. However, in 2020, ha-MYXV was detected in 

domestic and wild rabbits demonstrating its ability to infect rabbits. 
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Can a leporid be infected by more than one strain of MYXV? 

 

 

Scientific publication 12 
 

Co-infection by classic MYXV and ha-MYXV in Iberian hare (Lepus granatensis) 

and European wild rabbit (Oryctolagus cuniculus algirus) 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

Both Iberian hare and wild rabbit may be coinfected by MYXV and ha-MYXV. The virulence of these 

strains towards rabbits and hares appears to be different. 
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How effective are commercial vaccines against the new naturally recombinant virus? 

 

 

 

Scientific publication 13 
 

Evaluation of Commercial Myxomatosis Vaccines against Recombinant Myxoma 

Virus (ha-MYXV) in Iberian Hare and Wild Rabbit 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

In the conditions recommended by the manufacturers, commercial vaccines for rabbits are not effective in 

protecting Iberian hares against myxomatosis. However, higher doses are promising as successful 

prophylactic tools against the disease.  
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Did MYXV in hares lead to the reactivation of other pathogens? 

 

 

 

 

Scientific publication 14 

 
First description of a herpesvirus infection in genus Lepus 

 
 

 
 
 
 
 
 

 

Immunosupression is pivotal in the emergence of concomitant subclinical infections leading to the 

reactivation of latent viruses such as herpesviruses. During the study of myxomatosis emergence in Iberian 

hare, pathological lesions distinct from those observed in myxomatosis, and compatible with a herpesvirus 

infection, were identified. Following the observation of herpetic vesicles, LeHV-5 was described, constituing 

the first herpesvirus identified in the genus Lepus. 
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Chapter 5  

General Discussion 
 

 

This chapter is not intended to repeat the discussions of the articles included in this thesis, but 

rather to explain how the different studies interrelate and to share the author’s personal view 

towards the various studies. 

 

 

 

 



Chapter 5 – General Discussion 

220 

The genus Oryctolagus appeared in the fossil record (Middle Pliocene) before any other 

modern leporid genus (Villafuerte and Delibes-Mateos 2019). According to reported 

evidence, the species Oryctolagus cuniculus would be present across the Mediterranean 

area and central Europe in the Late-Pleistocene (2.58 Ma to 11,700 years ago), 

becoming confined to its current range after the glacial period in the Early Holocene 

(Lopez-Martinez 2008).  

In 2019, the European rabbit (Oryctolagus cuniculus Linnaeus, 1758) was classified, for 

the first time in history, as “endangered of extinction” (Villafuerte and Delibes-Mateos 

2019). Considering the characteristics of the species (easy adaptation to diverse 

habitats, high fertility and prolificity, etc), the population reduction is very alarming for 

biodiversity conservation. Like a red flag, the 60-70% decline of populations of European 

rabbit in the last decade led to a decrease of ~65% and ~45% in Iberian lynx and Spanish 

Imperial Eagle fecundities respectively (Monterroso et al. 2016). This chain effect had an 

impact on other predators and prey, given the key role of wild rabbit in many of the trophic 

chains on the Iberian Peninsula (Carvalho et al. 2020). 

In recent years, the wild rabbit and the Iberian hare have been gaining growing interest 

from the academy, civil society, the environmental and ecological organizations and 

policy makers. A clear example of these were the Projets +Coelho, implemented 

following the constitution of a working group by Dispatch no. 4757/2017 of 31 May of the 

Portuguese Ministry of Agriculture, to respond to the effect of rabbit haemorrhagic 

disease in the rabbit population, the Mixolepus project in Spain in response to the 

emergence of ha-MYXV, or the recently approved LIFE Iberconejo with an allocation of 

around 2 million euros for 3 years. These, and other investments, are fully justified given 

the importance of the wild rabbit in the Mediterranean ecosystem, where its role is so 

decisive that some ecologists call the Iberian Peninsula the “rabbit’s ecosystem” 

(Delibes-Mateos et al. 2008).  

Although excessive hunting contributes to the decline of leporid populations, it is also 

true that the hunters, along with rural managers and owners, invest highly in the 

preservation of these species through the supplementation of food, water and shelter 

during the summer. All projects that depend on stable populations of prey species, such 

as the conservation projects of Iberian lynx (Life+IBERLINCE), Black vulture (Parque 

Natural do Tejo Internacional), Imperial eagle (Parque Natural do Vale do Guadiana and 

ZPE of Castro Verde) among others, take place in hunting areas where management 

measures with a positive impact on wild species are instituted.  

Hunting in Spain generates at least 6,5 billion euros (around 0.3% of PIB, the equivalent 

of wine sales), and around 187 000 jobs, 1% of the active population in Spain (Andueza 

et al. 2018). According to ANPC (National Association of Rural Owners, Portugal), in 
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2021, hunting activity in Portugal generated 330 million euros, 7 300 permanent jobs, 

adding up to 108 300 temporary jobs. The hunting sector in Portugal, with the adoption 

of appropriate policies, has an economic potential in the order of 1.14 billion euros a 

year. 

After several decades of research on wild leporids' viral diseases, there are still no 

effective measures to control the impact of these diseases that have decimated the 

populations of leporids in the Iberian Peninsula leading to the critical imbalance of our 

ecosystems.  

Viral diseases have been identified as the main causes of the leporid decline (Duarte et 

al. 2018; Duarte et al. 2021). The importance and severity of viruses were evidenced 

during the three years of field work performed within the scope of this doctoral thesis 

when it was possible to testify to the emergence of myxomatosis in Iberian hare by the 

natural recombinant ha-MYXV (Carvalho et al. 2020), cases of co-infection by ha-MYXV 

and classic MYXV in hares and rabbits, never detected before (Abade dos Santos et al. 

2022) the spillover of the ha-MYXV (natural recombinant myxoma virus) from hares to 

rabbits (Abade dos Santos et al. 2020; Abade dos Santos et al. 2020), the identification 

of a herpesvirus in hares undergoing myxomatosis (Abade dos Santos et al. 2020) not 

described before, and the detection of an Iberian hare infected with rabbit haemorrhagic 

disease (Velarde et al. 2021). 

Taking into account that the European rabbit was recently classified as an “endangered 

species” by the IUCN, it seems also inevitable that other leporid species, in particular the 

Iberian hare, will receive a similar or worst status classification in the next revisions. 

According to the Living Planet Report 2020 from World Wildlife Fund (WWF), the global 

wildlife populations have declined by an average of 60% over the past 40 years, 

demonstrating that the planetary biodiversity is threatened (WWF 2020).  

This thesis aimed to study the current major viral threats to the Iberian Leporids 

conservation, in particular to the wild leporids from Portugal, the Oryctolagus cuniculus 

algirus and the Lepus granatensis and to contribute with practical measures to help 

disease control and population recovery. The study took into account the co-existence 

in O. c. algirus and L. granatensis of MYXV and RHDV2 in space and time, and the fact 

that both species are affected by related viruses. In particular, we aimed to extend our 

knowledge of three viral diseases, by studying their epidemiology, pathophysiology and 

phylogenetics, having had the opportunity to report the emergence of new viruses and 

viral strains. The work also focused on prophylaxis and the development of versatile, 

specific and highly sensitive diagnostic methods to assist in the monitoring and control 

of diseases. Although each disease and related studies are presented in a different 

chapter, they intersect each other as shown by the co-infection by MYXV and RHDV 
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(Chapter 3, scientific publication 8) and by MYXV and Leporid gammaherpesvirus 5 

reports (Chapter 4, scientific publication 14). 

In general, the present studies favoured applied research by directly approaching real 

problems of the rabbit industry or the concerns related to the conservation of the wild 

rabbit and Iberian hare. Examples of this were the development of the first method for 

molecular differentiation of myxoma viruses (Chapter 2, scientific publication 4), a 

relevant tool to assist the selection of sanitary prophylaxis strategies in the industry and 

to support conservation studies, and the first method for the molecular diagnosis of 

LeHV-5 (Chapter 2, Scientific publication 5), whose impact and relevance is still obscure. 

Another important achievement was the confirmation of the susceptibility of wild rabbits 

and domestic rabbits to the naturally recombinant strain of MYXV (ha-MYXV), isolated 

from rabbits and Iberian hares (Chapter 4, scientific publications 10, 11 and 13). 

The efficacy of the protection induced by commercial myxomatosis vaccines against this 

new myxoma virus was also investigated, allowing us to confirm that vaccines can induce 

protection of the Iberian hare against ha-MYXV infection using a higher titre of 

heterologous commercial vaccine virus (Chapter 4, scientific publication 13). This last 

result is particularly important for the conservation of the Iberian hare in genetic reserves 

and breeding centres, while a specific vaccine is not available. 

The scientific work developed required the combination of several areas of knowledge 

and complementary skills. For example, the commercial vaccine evaluation trial (Chapter 

4, scientific publication 13) required the capture of the animals in the field, a demanding 

and extremely laborious procedure that involved hundreds of volunteers. Hares were 

kept in specifically designed and built cages, and the animal experimentation was 

conducted in a BSL-2 mobile unit designed and constructed for the sole purpose of this 

study. The experimental study led to the implementation of the first captive breeding 

centre for the Iberian hare in Portugal. Blood was drawn from wild animals using a 

technique validated during this PhD (Chapter 2, Scientific publication 1). Several 

molecular methods namely the MYXV multiplex, the IFT and the seroneutralization test 

were designed, validated and applied. Finally, it is expected that all the knowledge and 

tools produced during this thesis will benefit the Iberian Hare Reproduction Center 

(www.lebre-iberica.pt). 

The broad range of techniques used in the investigations carried out for the development 

of this thesis, made possible in-depth studies of various topics, and the familiarization 

and understanding of the fundaments and potentialities of many laboratory techniques, 

namely conventional PCR, real-time PCR, PCR with reserve transcription, primer and 

probe design, melting analysis design, bacterial cloning, Sanger and Next Generation 

genomic sequencing, nucleotide sequence alignment, gene annotation, nucleotide and 
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amino acid phylogeny, serology, production of primary cells and cell-line multiplication, 

virus isolation and purification, virus titration, necropsy and histopathological analysis, 

immunohistochemistry, immunofluorescence, electron microscopy, animal 

experimentation, among others. 

The need to adapt the technique of collecting blood from the external jugular vein in 

leporids resulted from the regular need to collect a relatively high volume of blood in 

these small animals, which have very small and difficult to visualize veins, and that are 

very sensitive to manipulation and containment. This is particularly evident when it is 

necessary to collect about 1 ml from a 250 g juvenile wild rabbit specimen. For this 

reason, the external jugular vein route was evaluated, proving to be easy, very safe and 

well accepted by the animals. This technique was applied in all blood collection 

processes carried out within the scope of the investigations for this doctoral dissertation. 

Bearing in mind that animals are often returned to their natural environment immediately 

after the procedure, a camera trapping assessment confirmed their well-being shortly 

after the procedure. Although there are other alternatives for blood collection, this has 

shown, throughout the experiments described in the article and throughout the 

experience accumulated in subsequent experiments, to have excellent efficacy, avoiding 

long-term handling of the animal, bruises formation and repetition of the procedure due 

to insufficient collection or unsuccessful puncture (Abade dos Santos et al. 2019). 

Blood is the most informative biological material that can be collected from an animal. 

However, the analysis of biological matrices to the detriment of the animal evaluation 

itself creates a gap between the sample itself and the pathophysiological process of the 

disease, which should be the main focus of attention, particularly in the animal health 

field. Molecular and cellular biology nowadays provides us with key and indispensable 

tools for the study of pathological agents and diseases. However, it is necessary to frame 

the results obtained with these powerful techniques with the pathophysiological process 

itself, questioning whether or not the detected organisms exist in the host and were 

related to disease, as reviewed and discussed in Chapter 2, Scientific publication 3 

(Abade dos Santos et al. 2021).  

Molecular based detection methods have some unquestionable advantages compared 

to the methods mentioned above, including their greater sensitivity, specificity and ability 

to be automated. However, the component that is being detected, whether that be 

genomic components or messenger RNA, is paramount to the interpretation of a positive 

result. Therefore, the use of sensitive laboratory techniques to test for the presence of 

novel viruses must be supported by additional clinical evidence to convincingly indicate 

that the detected virus was the cause of the observed disease (Griffiths 1999). For 

example, the recent COVID-19 pandemic has highlighted the importance of correct 
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interpretation of molecular biology test results given its potential to influence global 

guidance on appropriate time of patient discharge and isolation length. 

This precaution is particularly important when reporting new pathogens, as is the case 

with the LeHV-5 also described in this thesis (Abade dos Santos et al. 2020), for which 

we do not yet know its real importance as a pathogenic agent, taking into account the 

still scant knowledge on the role of viruses as commensal agents or even as agents 

useful to the host they infect or simply colonize. 

Regarding animal health, there is a large gap between the information available at the 

diagnostic laboratories and the information in the field. Laboratories search for a specific 

set of etiological agents requested by the veterinarian, who is often not informed about 

the new emerging or re-emerging organisms, given the delay between scientific data 

being reported in scientific journals and its delivery to clinicians through specialized 

newspapers in veterinary medicine. Also, often associated with the etiological agent 

responsible for the most evident clinical signs exhibited by the animal, other insidious or 

even uncharacterized etiological agents may interfere, contributing to the pathological 

process itself. In the end, if there is no scientific interest beyond what is required for 

diagnosis, these agents may remain unknown or uncharacterized. For example, it would 

have been difficult for the new natural recombinant RHDV to be identified in domestic 

rabbits (Abade dos Santos et al. 2021) if a project such as Project +Coelho had not been 

approved. 

Very practical examples of the need for continuous animal health research projects are 

also reported in this document, such as the discovery of cases of co-infection by myxoma 

virus and RHDV2 (Chapter 3, Scientific publication 8) (Carvalho et al. 2020),  described 

for the first time, as well as the discovery of LeHV-5 (Abade dos Santos et al. 2020), the 

first herpesvirus reported in the Iberian hare. Another example is the simultaneous 

infection by two strains of myxoma virus (classic MYXV and ha-MYXV) in hares and 

rabbits. In fact, before this report, the classic MYXV virus had not been found in the 

Iberian hare.  

The molecular detection, differentiation and study of these and other diseases, namely 

viral aetiology, depend upon updated knowledge of their evolution and variability, the 

prediction of potential mutations and the development of sensitive and easy to perform 

techniques for rapid diagnosis and quantification, such as those carried out at the 

Laboratory of National Reference for Animal Health in Portugal (INIAV, IP) for the 

detection of RHDV2 (Duarte et al. 2015) or the detection of MYXV, less prone to 

mutations ( Duarte et al. 2014). 

During this doctoral work, several diagnostic techniques were also developed, namely 

the first specific method for the molecular diagnosis of LeHV-5, using a method 
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adaptable to Evagreen or hydrolysis probes (Abade dos Santos et al. 2021), a 

quadruplex real-time PCR (using TaqMan® probes or EvaGreen® Dye) to virtual detect 

and distinguish all myxoma strains including classical type strains and the ha-MYXV type 

strains (Abade dos Santos et al. 2021). Also, a high-resolution melting technique was 

developed capable of detecting a single nucleotide (cytosine) insertion in the M152R 

gene, found in ha-MYXV strains which seems to be associated with virulence variation 

(Dalton et al. 2019; Abade dos Santos et al. 2022). These powerful diagnostic methods 

allowed us to detect the first cases of co-infection by MYXV and ha-MYXV in hare and 

wild rabbit, exposing another threat to the fragile state of functional extinction that these 

species face. The detection of this co-infection in Iberian hare also justifies the need for 

further studies on the mechanisms of susceptibility of the species to myxoma viruses, as 

there is evidence of some susceptibility of hares to classical myxomatosis viruses.  

The LeHV-5/18S rRNA gene duplex system developed and validated (described in 

Chapter 2, Scientific publication 5), allows for the quantification of this virus in different 

tissue samples, and provides a diagnostic tool to perceive its tropism and 

physiopathology. This method constitutes the first rapid and quantitative diagnosis 

method for leporid gammaherpesvirus 5 (LeHV-5). Considering that the virus was 

reported for the first time in 2018, retrospective and prospective studies are important to 

elucidate the extension of the virus’ geographical spread in the hare populations.  

In the same Chapter, Scientific publication 4 describes the first real-time method to detect 

ha-MYXV strains that simultaneously enables investigating the presence of classic 

MYXV strains and putative co-infections. The three PCR systems that are integrated into 

the multiplex PCR (directed to M000.5 L/R, M009L and M060L genes) are validated by 

the amplification of internal control (18S rDNA), previously demonstrated to be a strong 

and stable housekeeping gene (Abade dos Santos et al., 2021). The sensitivity and 

specificity of these PCR systems were 100% when samples previously classified as 

positive or negative were screened by the M000.5 L/R-based system (M.D. Duarte et al. 

2014) and further classified as recombinant/classic MYXV by the system developed by 

(Dalton et al. 2019). When the four systems were used together in the quadruplex, the 

mPCR proved to be robust, highly sensitive and highly specific.  

As mentioned above, there is a gap between the production of scientific knowledge and 

the updating of information to clinical practicians. Viral Hemorrhagic disease provides a 

good example of this. One year after the emergence of RHDV2 (2010), it was already 

known that the immunity conferred by RHDV1/a was not protective for the emerging 

RHDV2 (Le Gall-Reculé et al. 2013). Despite this, it was only in September 2016, that 

the first liver-derived vaccine against the new variant RHDV-2 was introduced into the 

European market (Eravac, Laboratorios Hipra S.A., E), followed by a second one in 
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March 2017 (Filavac VHD K C+V, FILAVIE, F Roussay). However, the introduction of 

these new vaccines in the market occurred without the removal from the market of all 

vaccines against RDHV, leading to their continued administration, namely in Portugal.  

Until 2019, Myxo-RHD was the only vaccine available in a single dose for pet rabbits. In 

November 2019, the first vaccine against RHDV2 for companion rabbits (Myxo-RHD 

PLUS) was authorized. This reality has led to mortality in industrial cuniculture, domestic 

rabbitries and companion rabbits whose value is unknown, but which is certainly large, 

considering the known dissemination and number of outbreaks registered in wild 

species. A very practical case is highlighted in Chapter 3, Scientific publication 7, in which 

a case of an atypical clinical course (subacute or chronic) of RHDV2 in a pet rabbit 

probably resulted from insufficient immunity conferred by the vaccine against RHDV. The 

clinical signs and the results of the diagnostic investigations (ultrasound hepatic and peri-

hepatic changes, an elevated marker of liver injury - ALT, raised total bilirubin and 

jaundice, hyperglobulinemia and poor coagulation (namely severe subcutaneous 

haemorrhage and increased prothrombin time (PT) and activated partial thromboplastin 

time (aPTT)) were all compatible with Rabbit Haemorrhagic Disease. The atypical 

development of the clinical course, much longer than usual, could have resulted from 

deficient cross-immunity conferred by RHDV vaccination, leading to a proctated disease.  

Although RHDV vaccines do not confer full protection against RHDV2, rabbits vaccinated 

with RDHV cannot be assumed to be immunologically naive against RHDV2 as non-

vaccinated animals. The cross-immunity between RHDV and RHDV2 is reported as 

deficient but not as inexistent (Le Gall-Reculé et al. 2013). Therefore, it is expected that 

RHDV-vaccinated animals do not show a primary immune response to RHDV2 infection, 

since cross-reactive responses (RHDV-RHDV2) to particular epitopes may be beneficial 

to the protective response, even if deficient.  

After its emergence, RHDV2 strains evolved quickly, with some variation of amino acids 

in the capsid protein but maintaining the original RHDV2 antigenic profile. Like other RNA 

viruses, RHDV presents high recombination rates, and the key role of recombination in 

the evolution of GI.2. is well-documented with several intergenotypic and intergenogroup 

recombination events, namely between pathogenic and benign viruses. The most 

frequently identified recombination breakpoints are situated at the RdRp/VP60 boundary 

or in the junction between p16 and p23 genes (Lopes et al. 2015; Hall et al. 2018; Silvério 

et al. 2018; Abrantes et al. 2020; Szillat et al. 2020). 

Several RHDV2 recombinants containing the non-structural protein genes of other rabbit 

lagoviruses (such as GI.1b (G1) and GI.4 or GI.3 (NP-CV)) have been identified in 

Europe (Silvério et al. 2018).These include the structural protein (VP60 and VP10) 
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encoding genes of RHDV2 combined with the non-structural protein encoding genes of 

GI.1b (RHDV genogroup G1 strain), non-pathogenic rabbit caliciviruses Australia 1 

(RCV-A1)-like viruses (GI.4) or other non-pathogenic lagoviruses (GI.3) (Dalton et al. 

2018; Lopes et al. 2018; Silvério et al. 2018). 

These recombinant strains are currently so frequent that were detected in the dwarf 

rabbit reported in this document (Chapter 3, Scientific publication 7) (Abade dos Santos 

et al. 2021) as well as in the Eurasian badgers (Chapter 3, Scientific publication 6) 

(Abade dos Santos et al. 2021), which strains were characterized as GI.4P-GI.2 (Abade 

dos Santos et al. 2021). The Eurasian badger was identified for the first time as a species 

susceptible to RHDV2 (Abade dos Santos et al. 2021), associated to chronic disease 

evolution. Excretion of the virus through faecal material may serve as a virus spreader 

among badger sympatric species, namely the highly susceptible wild rabbit, the Iberian 

hare (despite only one specimen being reported infected), as well as other 

micromammals in which the virus (RHDV, sensu latu) has been found, namely the 

Apodemus sylvaticus, Mus spretus (Merchán et al. 2011), the Microtus 

duodecimcostatus and the Crocidura russula (Calvete et al. 2019). 

Due to its genomic characteristics (dsDNA), myxoma virus is less prone to large 

mutations, namely those that cause the species barrier leap, as in the case of RHDV2. 

In fact, since its introduction in Europe, in 1952, it has never been found with relevance 

in any species other than the rabbit, except for a few sporadic cases in the European 

brown hare (Lepus europaeus) and mountain hare (Lepus timidus) (Bull and Dickinson 

1937; Fenner and Ratcliffe 1965; Micozzi and Palarchi 1965; Barlow et al. 2014).  

However, in 2018, a recombinant myxomatosis virus emerged, containing, among other 

mutations, an insertion of about 2.8 Kbp, capable of inducing the leap from rabbit to 

Iberian hare, leading to high mortality in this species.  For the first time in history,  the 

virus was detected in hares, initially in Spain (Dalton et al. 2019; García-Bocanegra et 

al. 2019) and then in Portugal (Chapter 4, Scientific publication 9) (Carvalho et al. 2020). 

Later, this virus was also found in wild rabbits (Chapter 4, Scientific publication 10) 

(Abade dos Santos et al. 2020) and in domestic rabbits (Chapter 4, Scientific publication 

11) ( Abade dos Santos et al. 2020) and, as mentioned before, simultaneously along with 

classical strains in these two species of rabbits. 

In Scientific publication 10, we described three rabbits that died from ha-MYXV with high 

viral loads found in several tissues. The good body condition suggested a short course 

of the disease. The lower adaptation of the recombinant MYXV strains (ha-MYXV) to 

rabbits, comparing the MYXV classic strains with which rabbits have evolved for more 

than 50 years (Kerr et al. 2015), may eventually account for these apparent differences. 

Rabbits usually dye from classic MYXV presenting severe swelling of the eyelids and 
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genitals, often accompanied by ocular purulent discharge and very frequently in a state 

of thinness or cachexia. 

Sequencing of the 2.8 Kb insert from the two rabbits showed that both recombinant 

MYXV strains had the same poxvirus gene “cassette” previously described in Iberian 

hares (Dalton et al. 2019; Pinto et al. 2019; Carvalho et al. 2020) However, we described 

a putative truncated gene similar to M066R gene of myxoma virus that is also present, 

though not annotated, in the myxoma virus sequences obtained previously from Iberian 

hare. As in the MYXV-Tol (MK836424) and ha-MYXV genomes (MK340973), M062R 

and the M063R are not found in the insert. 

The origin of this insert was discussed previously by other authors and is not a goal of 

this work. However, the putative protein encoded by ORF M066L is 65.22% to 76.81% 

similar to homologous ORFs in capripoxviruses, cervidpoxviruses, suipoxviruses, 

yatapoxviruses but not with BeAn 58058 virus, appointed previously (Pinto et al. 2019) 

as potential virus donor, or sharing an ancestral donor, of the genetic material found in 

the insert. On the other hand, the higher similarity of M066L with rabbit fibroma virus and 

with classical myxoma virus strains, suggests that the insert may have originated from 

one of these viruses, or a similar virus, not yet described. 

The detection of the recombinant MYXV in wild rabbits raises serious concerns at 

different levels, constituting an additional threat to the already fragile wild rabbit, which 

entered the IUCN's endangered conservation status last year (Villafuerte and Delibes-

Mateos 2019). If the recombinant MYXV and classical MYXV strains behave as different 

viruses in rabbit, with no full cross-protection between the two, the jump of a recombinant 

MYXV into the rabbit populations will eventually accelerate the decline of these already 

diminished wild populations. On the other hand, the fact that the recombinant MYXV 

affects both the Iberian hare and the wild rabbit, may favour the maintenance of the virus 

as more hosts are available for virus replication and circulation. The recombinant MYXV 

may therefore become endemic in the same way that classic strains did, allowing the co-

evolution in both species.  

From the introduction of myxomatosis in Europe around the 1950s until the development 

of vaccines, millions of domestic rabbits have died resulting in incalculable economic 

losses. In Great Britain alone, tens of millions of rabbits have died (Bartrip 2007). 

Spillover between the wild and domestic animals has been pointed out as the source of 

infection for outbreaks in the industry (Carvalho et al. 2017).  

While studying this recombinant myxoma virus in hare, necropsy and histopathology data 

showed that another viral agent was responsible for some of the lesions found, namely 

for the necrotic lesions of the mucosae and cutaneous vesicles and vesiculopustules. 

These findings lead us to detect the first herpesvirus in the genus Lepus, to which all the 
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hares in the world belong to. This herpesvirus (LeHV-5)  was characterized as a 

gammaherpesvirus, a subfamily of Herpesviridae family, recognized for its  pathologic 

potential associated with the formation of neoplasms (e.g. lymphomas) and 

lymphoproliferative diseases (Cesarman 2011). 

 LeHV-5, which current prevalence and pathophysiology are still poorly known, can now 

be easily identified and quantified by a qPCR method developed by our team (Abade 

Dos Santos et al. 2021). This sensitive diagnostic tool allowed us to confirm the isolation 

of LeHV-5 in several cell lines, namely A20 (Mus musculus, B lymphocyte ) and BJAB 

(Homo sapiens sapiens, B lymphocyte), after verifying that other cell lines from rabbit 

and hare, such as RK13 (Oryctolagus cuniculus) and HNR (Lepus europaeus) were not 

susceptible to LeHV-5 infection. Virus isolation is a very big step towards the future study 

of this virus since it will facilitate sequencing of the complete genome and the study of 

its pathophysiology in murine models, among others. 

The concerns about the current state of the Leporidae in the Iberian Peninsula are 

enormous since I believe that if this population continues to decline, we will be very soon 

facing the functional extinction of the two species, if not already present. In just three 

years (the duration of this doctorate), we have witnessed and confirmed several threats 

that have created or worsened the negative impacts on these species. Studying these 

wild leporids, which are not very visible by society, proves to be very laborious and 

complex, although their key role in the ecosystems is largely recognized. Although the 

fundamental investigation of diseases and the development of diagnostic techniques are 

of utmost importance, problem-solving based approaches toward the real risks that these 

species are facing, are still very limited. Today, hunting management by instructed and 

conscientious hunters are pivotal to the maintenance of the fragile stability of these 

species. It is therefore crucial that universities and research institutions establish 

protocols that promote the transfer of knowledge to the field. 

An example of a practical approach was the experimental evaluation carried out with 

commercial myxomatosis vaccines against infection by the new naturally recombinant 

virus (ha-MYXV) (Chapter 4, Scientific publication 13). This work, which involved many 

hunters, schools and field agents, and therefore the civil society in numbers approaching 

500 individuals, led to the generation of important practical knowledge. Thanks to this 

study, we know that the currently available commercial vaccines protect rabbits against 

the new recombinant virus, but we also know how to protect the Iberian hare in genetic 

reserves by applying these tools. 

The commercial myxomatosis vaccines contain live attenuated virus because 

multiplication of the virus, despite being limited, is important for the induction of a robust 

immune response, comprising also cellular immunity which is key for myxomatosis 
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protection (Marlier 2010). As commercial vaccines against myxomatosis contain classic 

MYXV strains (e.g. VMI 30 strain) or a Shope fibroma virus strain, which are different 

from ha-MYXV to which the Iberian hare is highly susceptible, low efficacy of commercial 

rabbit vaccines is expected, given the absence of vaccine virus multiplication in hare cell 

cultures. 

Myxomas (tumour-like lesions) were neither found in the skin of hares or rabbits used in 

the three studies (Chapter 4, Scientific publication 13) nor in wild rabbits naturally 

infected with ha-MYXV (Abade dos Santos et al. 2020) although they have already been 

found in domestic rabbits infected with ha-MYXV (Abade dos Santos et al. 2020). 

Furthermore, myxomas are not always present in wild hares found dead with ha-MYXV 

infection, being only present in around 30% of the diseased hares (Abade dos Santos et 

al. 2020; Abade dos Santos et al. 2020; García-Bocanegra et al. 2020) 

According to classic myxoma virus virulence grade classification (Fenner and Marshall 

1957; Fenner and Ratcliffe 1965; Fenner and Woodroofe 1965), mortality of 100% in 

seronegative hares would correspond to Grade I viruses. Additionally, an important 

difference to highlight from our experimental study is the higher viral load (10-100 times 

higher titres) in the lungs of rabbits compared to hares, which may be related to the fact 

that the clinical course in rabbits was more acute. The rabbit proved to be susceptible to 

ha-MYXV isolated from both wild rabbit and Iberian hare, indicating that wild rabbits may 

contribute to the spread of ha-MYXV in hares. As two commercial myxoma vaccines 

(Mixohipra-FSA and Mixohipra-H) showed no efficacy in hares when using commercially 

recommended dosages, it is urgent to develop a robust vaccine for the Iberian hare or 

to investigate vaccine efficacy in hares of other commercial myxoma vaccines. 

As a common denominator, the outcome from the different studies carried out provides 

pieces of knowledge about these three viral diseases that upgraded the understanding 

of the pathogenicity, transmission and evolution of these viruses. This knowledge is 

useful for various purposes, namely in domestic, livestock and wildlife health, in the 

hunting sector and on behalf of conservation and biodiversity preservation. In short, this 

document contains various cross-sectional studies that sought to establish new bridges 

between the former knowledge and the design of applied solutions for the future control 

of several current sanitary threats to leporids, key species of our ecosystem. 
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1) Given the frequent/recurrent emergence of new leporid viruses (such as 

recombinant viruses with the ability to jump through the species barrier or of exhibiting 

different pathophysiological characteristics), fundamental and applied investigations 

towards the evaluation of the sanitary condition of the wild populations should be 

continuous and integrated. In this context, it is particularly important to assess the 

pathological potential of the new pathogens, particularly when describing them for the 

first time, by coordinating and integrating molecular biology data, classical virology data 

and clinical and anatomopathological data to fully disclose the impact of the etiologic 

agent. 

2) To provide robust, quantitative, fast and cheap laboratory diagnoses able to 

identify the emergence of new virus mutations, it is important to continually redesign and 

update their molecular compounds to guarantee high sensitivity.  

3) The real-time PCR method developed for LeHV-5 allows its laboratory 

diagnosis and viral quantification in different tissues. 

4) The real-time PCR method developed for MYXV/ha-MYXV differentiation allows 

the diagnosis and quantification of MYXV and ha-MYXV in hares and rabbits. It also 

allows the detection of co-infections by two strains of MYXV (classical MYXV and ha-

MYXV), as found by us in one Iberian hare and one wild rabbit. 

5) Although rare or low frequency, RHDV can be found in co-infection with MYXV, 

aggravating the pathological condition and clinical situation of the rabbit. 

6) Genotyping of RHDV, given its high mutation rate, is particularly important in 

cases of protection failure by commercial vaccines either in the rabbit industry or in pet 

rabbits. Considering the endemicity of RHDV, it is important that the vaccines on the 

market, as well as the knowledge of veterinarians, are aligned with the latest scientific 

knowledge. For this dissemination and knowledge transfer is paramount. 

7) RHDV2 has been broadening its range of susceptible hosts, consequently being 

detected in new geographic regions. This aspect also reinforces the need for continuous 

monitoring of the virus to predict its phylogeographic evolution. RHDV2 was detected in 

seven Eurasian badgers (Meles meles), proving the susceptibility and potential capacity 

to act as a reservoir host.  

8) After 70 years of myxomatosis in the wild rabbit, the first outbreaks of this 

disease in the Iberian hare appeared in Portugal and Spain in 2018, caused by a naturally 

recombinant virus (called ha-MYXV, with insertion of 2.8 kbp disrupting the M009L gene), 

that was identified as the etiological agent. 

9) In the first years after its emergence in the Iberian hare, the recombinant ha-

MYXV was only identified in this species. Later on, in 2020 however, it was identified as 

pathogenic for the wild and domestic rabbit, demonstrating some anatomopathological 
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differences compared with the Iberian hare. 

10) Commercial MYXV vaccines for rabbits have shown total ineffectiveness in 

the Iberian hare. There is potential for protection after 10-fold increase of the virus titer 

in the vaccine. 

11) The first herpesvirus identified in the genus Lepus, called Leporid 

gammaherpesvirus 5, causes severe pathology in the Iberian hare, affecting the skin and 

genitals, particularly in hares co-infected with ha-MYXV. 

12) In Portugal, the impact of viral diseases on wild Leporidae has been 

extensively investigated in recent decades, with emphasis on myxoma virus and viral 

hemorrhagic disease viruses (RHDV, RHDV2). Although the impact of diseases on the 

wild population has been devastating, leading to over 70% reductions in wild populations, 

their continuous effect threatens problematically the conservation status of the two 

species of wild leporids in Portugal. 

13) In early 2022, wild leporids, as key species of the Mediterranean ecosystems, 

deserve further and special attention regarding their health and conservation status. 
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