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RESUMEN (en español) 

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 leporidae 
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 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. 

RESUMEN (en Inglés) 

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  leporidae 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 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.  

SR. PRESIDENTE DE LA COMISIÓN ACADÉMICA DEL PROGRAMA DE DOCTORADO EN 
BIOLOGÍA MOLECULAR Y CELULAR 
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Blood collection from the external jugular vein of Oryctolagus 
cuniculus algirus sedated with midazolam: live sampling of a 
subspecies at risk

Fabio A. Abade dos Santos, Carina L. Carvalho, M. Conceição Peleteiro, Sofia Isabel Gabriel, 
Rui Patrício, João Carvalho, Mónica V. Cunha and Margarida D. Duarte

F. A. Abade dos Santos, (https://orcid.org/0000-0002-0696-7322) ✉ (faas@fmv.ulisboa.pt) and M. C. Peleteiro, Centro de Investigação 
Interdisciplinar em Sanidade Animal (CIISA), Faculdade de Medicina Veterinária, Univ. de Lisboa, Av. da Universidade Técnica, PT-1300-477 
Lisbon, Portugal. – FAAS, C. Carvalho, M. V. Cunha and M. D. Duarte, Inst. Nacional de Investigação Agrária e Veterinária (INIAV), 
Laboratório de Virologia, Oeiras, Portugal. – S. I. Gabriel, CESAM – Centro de Estudos do Ambiente e do Mar, Depto de Biologia Animal, 
Faculdade de Ciências da Univ. de Lisboa, Lisbon, Portugal. – R. Patrício, AllPets-Clínica Veterinária de Tires, Lisbon, Portugal. – J. Carvalho, 
Associação Nacional de Proprietários e Rurais, Gestão Cinegética e Biodiversidade (ANPC), Lisbon, Portugal.

In the last decades, the European wild rabbit, particularly the Oryctolagus cuniculus algirus, a keystone species in the Iberian 
Peninsula ecosystems, declined severely, raising concerns from the wildlife authorities. The hunting calendar in Portugal 
limits sampling collection to a narrow window of few months annually. Nevertheless, governmental wildlife protection 
laws allow live rabbit sampling for population and sanitary evaluations. The aim of this study is to adjust blood collection 
protocols from the external jugular vein (EJV) described for domestic rabbits to the wild rabbit. Collection of peripheral 
blood is problematic in the wild rabbit given its small body size and the reduced calibre of vessels but mostly its nervous 
disposition and fragility. We describe in detail a procedure for EJV blood collection in 30 wild rabbits after sedation with 
midazolam. Emphasis is given to protocol adjustments for wild rabbit. Heart rate, respiratory rate and body temperature 
were assessed before sedation, after sedation but before collection and after blood collection. Sedation onset took on mean 
(SD) 8 ± 2 min. The technique allowed the collection at least 1 ml of blood, a satisfactory volume for routine laboratory 
testing. The differences observed in heart and respiratory rates before and after blood collection were not statistically sig-
nificant, indicating that no cardiorespiratory interference occurred due to venepuncture. Recovery from sedation took on 
mean (SD) 17 ± 2 min. All animals were set free during the first hour after blood collection. This work aims to demonstrate 
that blood collection under sedation is a safe and feasible procedure in wild rabbits when practiced by experienced veteri-
narians. At no time, whatsoever, was the physiological homeostasis at risk and no injuries were inflicted on the animals. To 
our knowledge this report constitutes the first guided description of blood collection from the EJV in sedated O. c. algirus 
and the first collection of physiological parameters measured under different conditions.

Keywords: blood collection, external jugular vein, Oryctolagus cuniculus, sampling live animals, sanitary surveillance, 
venepuncture, wild rabbit

The European wild rabbit Oryctolagus cuniculus (Linnaeus 
1758) is a small herbivorous mammal belonging to the 
Leporidae family of the Lagomorpha order whose main mor-
phologic, biologic and physiologic characteristics are sum-
marized in Table 1.

The wild rabbit is a keystone species in Mediterranean 
ecosystems of Iberian Peninsula in which the preservation 
of many vulnerable and threatened mammals and bird  

species depend on. Moreover, the rabbit has an important 
role in habitat modulation, due to its digging activity, selec-
tive plant ingestion, seed dispersal and soil fertilization, sup-
porting the growth of typical vegetation (Willott et al. 2000,  
Virgós et al. 2005) and indirectly contributing for the diver-
sity of soil invertebrate community.

In 2008, the International Union for Conservation of 
Nature (IUCN) rated O. cuniculus species as near threat-
ened (NT), following its progressive decline in Europe since 
1950, reaching 95% reductions. The most important fac-
tors behind the wild rabbit decline are the loss of habitat 
due to fragmentation and intensive farming, anthropogenic 
activities (Ward 2005) and the emergence of viral diseases 
in the 20th century (Delibes et al. 2000). Confinement of 
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O. cuniculus algirus subspecies to a few restricted geographic 
locations (including the south–west of the Iberian Peninsula, 
the Atlantic islands and Morocco) makes its surveillance and 
recovery even more urgent.

Reverting the recent abrupt decrease of wild rabbit 
populations due to highly virulent pathogens, such as rab-
bit haemorrhagic disease virus (RHDV) and myxoma 
virus (MYXV), requires disease surveillance programmes 
to assist and support sustainable management of this wild 
species. Like Myxomatosis, Rabbit haemorrhagic disease 
is endemic in some countries, including Portugal, occur-
ring in the mainland (Abrantes  et  al. 2013), autonomous 
regions (Duarte et al. 2015, Carvalho et al. 2017) and the 
islands such as the small Berlengas archipelago (Abade dos 
Santos  et  al. 2017). Regarding our team, the need for the 
development a blood collection protocol emerged/was iden-
tified during a study conducted in the Berlengas archipelago 
to investigate haemoparasites and viruses in the local rabbits 
(Abade dos Santos et al. 2017).

Due to the difficulty in capturing and sampling live speci-
mens without causing great stress, monitoring of wild rab-
bit populations is usually carried out in biological samples 
collected from legally hunted rabbits’ cadavers. Collections 
are therefore limited to the hunting season, or dependent 
on dead animals found in passive surveillance. Furthermore, 
in areas where the rabbit populations are extremely low,  
hunting is often suspended to accelerate recovery,  
precluding sampling.

However, longitudinal serological surveys have proven 
crucial to evaluate wild rabbit population’s immune status as 
well as to provide a dynamic view on the pathogen–host evo-
lution and population equilibrium. Blood samples allow not 
only serologic investigations but also culture and/or direct 
examination for bacteria, viruses and some parasites.

In domestic rabbits, selection of the blood collection 
method depends on the animals’ behaviour, amount of blood 

needed, frequency of sampling and whether the animal’s sur-
vival is required or not. Blood can be withdrawn from the 
marginal ear veins, central ear artery, cephalic vein and lat-
eral saphenous vein. Domestic rabbits have also large paired 
external jugular veins (EJV, vena jugularis externa), which 
are often the preferred venepuncture site under sedation or 
when a larger amount of blood is required (Nelson  et  al. 
2010). The external jugular vein is formed behind the angle 
of the mandible, passing backward in a superficial position 
to the superior thoracic aperture (Nelson et al. 2010), and 
the work zone for blood sampling is the ventral surface  
of the neck.

Despite the animal’s clinical condition must always be 
considered, a general rule of thumb is that it is safe to take 
up a maximum of 1 ml per 100 g bodyweight (Ramer et al. 
1999), i.e. 1% (v/w) of bodyweight. All non-terminal blood 
collection carried out without fluids replacement is limited 
up to 10% of total circulating blood volume in healthy, nor-
mal, adult animals on a single occasion and collection may 
be repeated only each three to four week. Deep sedation of 
rabbits is sometimes required for adequate restraint, evalua-
tion and minor procedures (Cantwell 2001).

Contrarily to domestic rabbits, blood sampling in wild 
rabbits poses serious difficulties due to the extremely nervous 
nature of the species and innate instinctual fear of humans, 
causing great stress that may lead to the onset of diseases or 
even to sudden death (Mullan and Saunders 2018). In wild 
rabbits, it is very important that handling stress and pain 
inflicted during blood collection are reduced to a minimum. 
In addition, the small size of wild rabbit and consequent 
reduced vessel diameter further complicates peripheral blood 
collection. The cephalic veins are difficult to locate and hold 
off and while the lateral saphenous vein is easier to locate it 
has a very small diameter, making the collection of an ade-
quate blood sample difficult (Graham 2006). Furthermore, 
hematoma, bruising, vessel thrombosis and skin sloughing 

Table 1. Morphological, biological and physiological data from wild rabbits.

Parameters Available information References

Morphological head–body length (adults) 34–50 mm Macdonald and Barrett 1993
rabbit fur mixed brown-grey fur coat, of yellowish tones in the 

occipital region and legs, and whitish belly and 
white inner short tail

La Fuente 1993, Gálvez-Bravo 2017

others black lateral eyes and long ears though smaller than 
those of hares. Strong hind legs are more developed 
than the front ones, allowing them to sprint in jumps 
and zigzags

Biological reproduction season annual (depending of clime and resource availability) Bell and Webb 1991
litter size 3–6 kittens, which leave the warren in under a month$ Gibb and Williams 1990
sexual maturity ♂ 4 months; ♀ 3.5 months Macdonald and Barrett 1993
lifespan ♂ max 8.7 years; ♀ max 7.7 years Macdonald and Barrett 1993,  

Von Holst et al. 1999
Physiological body temperature 38.5–39.5°C (101.3–103.1°F) Patrick et al. 1994

fasting metabolic rate 750 kcal m−2 body surface area Patrick et al. 1994
respiratory rate 30–60 breaths per minute* O’Malley 2005
heart rate 180–250 per minute O’Malley 2005
water intake per day 50–150 ml kg−1 Cizek 1961
urine alkaline (pH 7.6–8.8), specific density: 1.003–1.036, 

normally cloudy
Patrick et al. 1994

$ 3/4 of young rabbits are killed by predators before they establish a territory (Gibb 1990, Angulo 2004). Annual mortality of general  
population was 30% in a studied island (Macdonald and Barrett 1993).
* At rest, rabbit breath mainly using muscular contractions of the diaphragm, with reduced movements of the rib cage. Artificial respiration 
can be provided moving the rabbit from a head-up to head-down position 45 times per minute (Patrick et al. 1994).
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can also occur due to the vessels reduced diameter and the 
use of ear veins is not recommended in this species (Graham 
2006). In juveniles, the blood sampling technique is even 
harder to perform.

When collecting a blood sample from wild rabbits, cau-
tions must be taken regarding the animal as well as the han-
dler. Clinical fragilities inherent to wild rabbits include risk 
of heart attack, dehydration and bone fracture. The knowl-
edge of the physiological parameters of this species is criti-
cal (Table 1). As to the handler, when the animal is picked 
up without the appropriate support of the body and hind-
quarters, their very sharp claws may inflict painful scratches 
which easily become infected (Varga 2014). Nevertheless, 
claws should not be cut off as they are important in rabbits’ 
movements and digging ability. Bites can equally result in 
skin and soft tissue infection.

Several parenteral anaesthetic protocols for rabbits and 
rodents, either for research or in pet clinics, are described in 
literature (Cantwell 2001). Furthermore, many anaesthetics 
dosages referenced for the rabbit have been developed for 
use in the laboratory rabbit which is, generally, a robust ani-
mal that has been bred to be pathogen free (Borkowski and  
Karas 1999).

The available anaesthetic protocols, usually designed for 
clinical purposes, need to be adapted to wildlife/free-living 
animals. Benzodiazepines, including diazepam, midazolam 
and zolazepam, are muscle relaxants that act centrally, pro-
ducing excellent relaxation, reducing muscle spasms and 
spasticity (Muir  et  al. 2000), while not inducing muscle 
paralysis (Flecknell 1987). Sedation induced by this group of 
drugs is very marked in rabbits and rodents (Flecknell 1987) 
despite not producing a true anaesthetic state, as aware-
ness persists with relaxation even at high dosages, or any  
analgesic effect.

Midazolam causes minimal hemodynamic and respira-
tory changes and is often chosen over diazepam for its water 
solubility which allows mixing it with other water-soluble 
substances in a single syringe (Henke et al. 2005). It is also 
more effective that diazepam (Longley et al. 2008) and has 
a shorter duration of action (Flecknell 1984). For diag-
nostic procedures, the use of intramuscular or intravenous 
midazolam has been recommended due to its short acting  
sedation (Ramer et al. 1999).

To our knowledge, and from the published bibliogra-
phy, collecting blood from the EJV from wild rabbits is not 
used routinely because requires experience, training and a 
solid knowledge of the anatomy and relative dimensions of 
the wild rabbit. On the other hand, this work somewhat 
demystifies the idea that sedation, handling and blood 
sample of large volumes in small mammals is risky in the 
field and reinforces the importance of longitudinal study 
of populations of small mammals, many of them at risk of 
extinction.

In this work, we describe an EJV blood collection pro-
cedure in wild rabbits, based on the protocol described by 
Nelson  et  al. (2010) and taking into account the idiosyn-
crasies of this wild species, under sedation with midazolam, 
which has proven to be a safe and effective technique for 
blood sampling in this species under field conditions and 
allows the collection of a substantially high volume of blood 
without clotting or haemolysis.

Material and methods

Animals

A total of thirty wild rabbits (12 males and 18 females; 16 
adults and 14 juveniles) were analysed in this study. Preg-
nant females were not used. Animals were captured in Aldeia 
Gavinha (n = 14) and Quinta dos Penedinhos (n = 9), two 
reproduction centres for Oryctolagos cuniculus algirus near 
Lisbon, and in two hunting reserves in Alentejo, Herdade 
das Romeiras (n = 2) and Vila Nova de Mil Fontes (n = 5).

The study took place between December 2017 and Febru-
ary 2018 and was carried out within the scope of the Action 
Plan for the Control of the rabbit haemorrhagic disease (Dis-
patch no. 4757/2017 of 31 May from the Portuguese Min-
istry of Agriculture, Forests and Rural Development) and 
+Coelho project funded by Fundo Florestal Permanente.

No animals were sacrificed for the purposes of this specific 
study and all procedures were performed and monitored by 
veterinarians. The data of all animals will be available from 
the Dryad Digital Repository.

Capture method

The 23 wild rabbits bred in semi-captivity, originating from 
Lisbon, were caught with painless lever traps, using vegeta-
bles and fruit as bait. Traps were checked every 2 h during 
the day and every 7 h at night. After capture, the animals 
were kept at maximum 8 h at constant temperature (20°C) 
and humidity (65%) as well as in the recommended area 
per animal described in the literature (Buil et al. 2004) with 
good ventilation. The five freedom rules recommended by 
the World Veterinary Association (Seamer 1993), were fol-
lowed as much as possible, namely water and food ad libi-
tum, no infliction of unnecessary pain and stress, and release 
to nature as fast as possible. Animals originating from the 
same colony were maintained in groups with only one male 
per cage and separated according to age. All boxes and bags 
were used by a group and one animal respectively, on each 
day of procedure. At the end, boxes were washed with pres-
surized and warmed water and then sprayed with 5% sodium 
hypochlorite for decontamination and used after a mini-
mum of two weeks. The bags were washed at 80°C. Animals 
from the same colony were kept in the same box during the 
procedure, after clinical evaluation to ensure that they were 
not sick. The issue of transmission of rabbit haemorrhagic 
disease virus (RHDV2) or myxomatosis was considered of 
minor importance since all animals used were vaccinated.

The five rabbits originating from the hunting reserve in 
Vila Nova de Milfontes were captured with ferrets, accord-
ing to the Portuguese legislation (Decree Law no. 202/2004 
of 18-08-2004, article 85) and kept in the same conditions. 
Between data assessments, animals were kept in suspended 
dark fabric bags, allowing them to keep calm and breathe 
normally.

Clinical evaluation

Animals were manipulated in situ. The animals were handled 
using clothing that covered the sleeves to minimize the risk 
of bite and scratch. Cotton gloves covered by nitrile or latex 
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gloves were used, the latter being changed between different 
animals.

The rabbits’ physical condition was classified as physical 
status I, according to the American Society of Anaesthesiol-
ogy criteria (ASA).

Animals were weighed (with a precision of 50 g) to cal-
culate the sedative dose, and their physical condition and 
body length were assessed. Other morphological parameters 
(head, ear and tarsus length) were also registered. Given the 
good body condition of all animals, those weighing less than 
900 g were considered juveniles and those with equal or 
greater weight considered adults.

Heart rate was measured with a pulse oximeter and ECG 
apparatus (monitor Cygnus 80E vet) designed for veteri-
nary use. The pulse oximeter probe was placed on the lip 
and the ECG clips in the left and right anterior limbs and 
left posterior limb according to manufacturer’s instructions. 
Shallow ECG clips were used to avoid skin damage and to 
minimize animal disturbance. A 70% ethanol spray was used 
to deflect the hair and remove the oil from the skin allowing 
full contact with the electrodes. Respiratory rate was deter-
mined by observation of the animals’ thoracic movements 
and by auscultation with a stethoscope. Body temperature 
was measured with a digital thermometer (with a precision 
of ±0.01°C) on the rectal mucosa.

Parameters were taken before sedation (BS), after seda-
tion and before collection (BC) and after collection (AC). 
Time of sedation onset and of recovery were registered.

Sedation protocol

Because wild rabbits are easily stressed and small, there-
fore more difficult to contain and bleed, both juveniles and 
adults were sedated. Sedation was performed by intramuscu-
lar (longissimus and iliocostalis muscles) administration of 
midazolam at a dosage of 1 mg kg−1, a protocol that provides 
moderate sedation.

A specific antagonist, flumazenil, was available to reversed 
sedation if necessary at a dose of 0.01–0.1 mg kg−1 IV  
(Flecknell 1987, Gargiulo et al. 2012).

The method we used to contain the animal was adapted 
to the idiosyncrasies of wild rabbit protocol described by 
Nelson  et  al. (2010). Approaching the rabbit inside the 
transport boxes was made slowly and precisely. The handler 
grasped the rabbit through the skin of the back immediately 
behind the neck (Fig. 1A). A good area of skin was hold with 
the dominant hand to immobilize the animal allowing seda-
tive administration.

After the onset of sedation, the handling approach was 
the same described above. With the non-dominant hand, the 
lumbar region of the animal is secured to prevent vertebral 
injuries and minimize limb movements (Fig. 1A). With a 
smooth and continuous movement, the animal’s body was 
inverted to a lateral (Fig. 1B) and finally dorsal decubitus 
position without ever removing the support from the lum-
bar and cervical zones (Fig. 1C). The hind limbs of the ani-
mal were kept between the body and the medial face of the 
restrainers’ arm (Fig. 1D).

Relaxed members (Fig. 1B) indicated that the animal was 
well restrained and stress-free. The pressure of the dominant 
hand on the skin of the back is never released so that the  

animal does not have the impetus to try to dodge. This pres-
sure, as well as pressure under the abdomen and hind limbs, 
must be especially firm during venepuncture.

Venepuncture procedure

A rubber elastic (Fig. 1F) was placed caudally to the veni-
puncture site, precisely in the entrance of the chest, thus 
promoting venous distension of the EJV allowing a bet-
ter visualization. The elastic was positioned by the person 
holding the animal, or by a third person, to apply pressure 
laterally, only on the selected EJV avoiding pressuring the 
trachea. The EJV veins appear blue in colour and are found 
around the caudal end of the mandible (Fig. 1E).

A sprayer with 70% ethanol was used to clean the skin 
and evidence EJV. Considering the size of the rabbits utilized 
in this study and their individual characteristics, needles with 
25G × 5/8″ (0.5 × 16 mm) or 26G × 1/2″ (0.45 × 12 mm) 
were used as well as a 1mL syringe. No more than 3–4 mm 
of needle was inserted in the cephalocaudal direction (front 
to back) into the blood vessel, as recommended by Parasura-
man et al. (2010), and blood slowly withdrawn to avoid the 
collapse of the vessels (Fig. 1F). To facilitate the insertion 
of the needle into the vein the needle can be folded about 
5–10° using the needle cap. To facilitate/enable a better visu-
alization of the EJV, or whenever blood sampling is to be 
repeated, clipping the fur on the area may be recommended 
(Fig. 1E). All animals used in this study were not sheared 
except the one used for demonstrating the procedure as 
shown in Fig. 1E.

Finger pressure was applied for 1–3 min after the needle’s 
removal to stop bleeding (Parasuraman  et  al. 2010, Boyle 
2016). After the procedure, the area was disinfected with a 
5% chlorhexidine solution. To avoid unwanted cooling of the 
animals, we developed a thermostat-regulated infrared lamp 
heating box with an internal temperature of 20°C, where ani-
mals could recover their body temperature faster, whenever 
necessary (Fig. 2). Animals were released into their source 
colony when the effect of sedation was no longer evident.

For monitoring the animals’ recovery, relying on indi-
vidual identification, the rabbits originating from Aldeia 
Gavinha (District of Torres Vedras) were marked with an 
inactivated calcium carbonate solution at both their ear tips, 
on medial and lateral sides. This compound is inert to the 
animal’s skin, allowing temporary marking visualization in 
both coloured and black and white photographs, disappear-
ing over time.

For monitorization of a subset of wild rabbits (those 
caught at reproduction centers), night (with black light) and 
day monitoring cameras were installed, and the animals were 
observed for five days. Wheat and corn were scattered next 
to the cameras to attract the animals.

Genetic assessment

In order to assess the taxonomic status of the animals 
obtained during this study from the different sampling 
origins and confirm they belonged to the subspecies  
O. c. algirus, a genetic analysis was carried out, allowing the 
distinction from the subspecies O. c. cuniculus (including 
domestic breeds).
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During handling, a small ear biopsy was obtained from 
a subset of the captured rabbits (n = 12) and kept in 96% 
ethanol until further analysis. Additionally, samples from 
five domestic rabbits were obtained for comparative pur-
poses. Genomic DNA was extracted using the EZNA 
DNA purification kit (Omega) following the manufac-
turer’s guidelines. Two molecular markers were amplified 
via PCR to infer the taxonomic status of the analysed rab-
bits: the mitochondrial control region and the first intron 
of the coagulation factor IX (F9) gene (X chromosome). 
Obtained sequences were compared with those published 
in public databases for subspecies inference. The details of 
the protocol are not revealed in this study because they are 
not within its scope.

Statistical analysis

Initially, an exploratory analysis of the data was performed 
using syntax Proc univariate, Proc means and Proc freq of 
SAS 9.4 software (2013) in order to characterize the dif-
ferent variables included/considered in this study. The 
research of extreme outliers was investigated, whenever they 
were below the lower outer fence or above the upper outer 

fence. Extreme outliers were only found in the temperature  
measurement and were not removed due to small sample size 
and clustering. Values biologically non-logical (e.g. heart or 

Figure 1. Sequence of procedures for containment and presentation of the animal for blood collection. First approach (A), lateral decubitus 
(B), dorsal decubitus (C), presentation of the animal for blood collection (D), visualization of external jugular vein (E) and blood collection 
(F). The arrow indicates the beginning of the external jugular vein. Cranially at this point are the linguofacial and retromandibular veins.

Figure 2. Recovery of body temperature in a box with infrared light 
heating regulated by thermostat.
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respiratory rate outside the physiologically possible range) 
were also searched for but were not found. The data for the 
response variables (heart rate, respiratory rate and tempera-
ture) was assessed for normality by observing the QQ plots 
and running the Shapiro–Wilk normality test. The heart and 
respiratory rates showed no normal distribution (p < 0.05) 
so logarithmic transformation of these data was performed. 
To evaluate the evolution of the response variables over 
the three measurement moments: 1) before sedation (BS), 
2) after sedation but prior venepuncture (BC) and 3) after 
venepuncture (AC), the SAS 9.4 PROC MIXED was used. 
A confidence interval of 95% (p-value <0.05 significant) 
was considered.

Results

Morphological parameters

The mean and standard deviations values for the morpho-
logical parameters collected from all animals (weight and 
body length, as well as head, ear and tarsus dimensions) are 
shown in Table 2. The p-values were obtained with t-test for 
equality of means after confirmation of equality of variances 
assumed by the Levene test.

Onset and recovery of sedation

The mean time for the onset of sedation occurred within 
7.6 ± 1.9 min after intramuscular administration of mid-
azolam, as determined by the reaction to handling (calmer 
and more permissive). There was no reaction to sedative 
administration.

On mean ± SD, 17.3 ± 2.2 min after sedation, all animals 
had recovered fully from sedation without the need of antag-
onist use. Animals were considered recovered from sedation 
when there was an escape reaction to handling. Altogether, 
restraint, disinfection and blood collection procedure took 
an mean (SD) 45 ± 20.5 s.

Blood sampling

The sedation and handling method described here 
allowed the collection of 1 ml of blood in all of animals, 
without clot formation. There were no sudden move-
ments of animals that jeopardized their integrity and no 
major haemorrhage or hematomas were seen. The visual-
ization of the vein was performed with relative ease and 
the collection performed without need of repetition of 
the puncture.

Physiological parameters variation

t-test for comparing group means did not reveal differences 
between the juvenile and adult physiological parameters, 
except for respiratory rate after venepuncture (p < 0.05). 
Because the value of F was smaller and significantly supe-
rior to 0.05, equal variance of data between the two groups 
may be assumed. So, data from the two groups of animals  
(juvenile and adults) were analysed together for greater sta-
tistical robustness.

The heart rate, respiratory rate and temperature were gen-
erally higher in the group of animals captured with ferrets 
(Table 3), although the statistical significance was not tested 
given the of the subsample. As expected, heart rate decreased 
with sedation in mean 45 beats per minute (p < 0.0001) 
but remained stable during the venepuncture procedure. 
On mean, after venepuncture, the heart rate decreased in 
adults by 6–57 bpm, while in juveniles a slight increase of 
this parameter was observed. In fact, 15 animals (50% of 
the sample) showed an increase in heart rate during the 
venepuncture procedure. Of these, 40% were adults and  
60% juveniles.

The same was not observed for respiratory rate and rec-
tal temperature. Respiratory rate remained relatively sta-
ble throughout the whole procedure although there was a 
decrease on the mean values obtained at the beginning and 
at the end of the method of 7 bpm (p = 0.0066). Neither 
sedation nor venepuncture caused statistically significant 
changes to the baseline respiratory rate. The variation regis-
tered upon sedation ranged between a reduction of 32 bpm 
to an increase of 24 bpm. Increase in the respiratory rate was 
observed in 10 animals (30% adults and 70% juveniles). 
Regarding the venepuncture, variation in the respiratory 
rate ranged between a reduction of 40 bpm to an increase of 
12 bpm. Increase in the respiratory rate was only observed in 
seven animals.

Rectal temperature decreased gradually throughout the 
whole procedure (p < 0.05), with a mean difference between 
BS and BC of −0.8 ± 0.9 and between BC and AC of 
−0.6 ± 0.7°C.

Considering all the procedure, minimum and maximum 
values observed for heart rate (beats per minute) were 72 and 
207, for respiratory rate (breaths per minute) 28 and 88 and 
for temperature (Celsius grades) 34.3°C and 40.2°C, respec-
tively. All these changes are shown in Table 4 and Fig. 3.

Neither morbidity nor mortality were observed by the 
persons who monitor the areas where the animals were cap-
tured and released, including 14 animals that were camera 
monitored for five days (Fig. 4). Calcium oxide labeling 
revealed no discomfort from the animals during application 

Table 2. Morphological parameters of the adult and juvenile rabbits used in this study. The values presented are the mean ± SD. Same letters 
and different letters indicate, respectively, respectively indicate the absence and existence of a statistically significant differences.

Morphological parameters Juveniles (n = 14) Adults (n = 16) p-value

Weight 568 ± 128a 956 ± 124b 0.000 g
Body length 22.6 ± 1.9a 26.3 ± 2.5b 0.000 cm
Head length 7.3 ± 0.8a 8.1 ± 0.6b 0.002
Ear length 7.5 ± 0.5a 7.8 ± 0.6a 0.064
Tarsus length 3.9 ± 0.3a 4.5 ± 0.6b 0.001

Downloaded From: https://bioone.org/journals/Wildlife-Biology on 18 Nov 2021
Terms of Use: https://bioone.org/terms-of-use



7

and on the following days and allowed rapid and clear iden-
tification in the chambers either day or night.

Genetic analysis

Genetic analysis confirmed that all tested rabbits (n = 12, 
40% of total sampling), belong to the O. c. algirus subspe-
cies (results not shown).

Discussion

The technique described for EJV blood collection in appar-
ently healthy wild rabbits Oryctolagus cuniculus algirus under 
sedation with midazolam has proven to be safe and effective 
for sampling relatively high volumes of blood (1 ml) in this 
wild species.

To correctly execute the procedure, the technician must 
be aware of the morphological and physiological particulari-
ties of this fragile species to minimize the associated risks.

During the procedure, keeping stress to a minimum 
has proven crucial for sedation effectiveness and successful 
venepuncture at first attempt while it is also important to 
prevent heart ischemia induced by coronary vasoconstric-
tion since rabbits have limited collateral coronary circulation  
(Quesenberry and Carpenter 2012).

Also, care was taken to avoid injuring, particularly bone 
fractures. Vertebral fracture, usually observed at the seventh 
lumbar vertebra with spinal cord damage, can occur if the 
animals are not held securely when picked up (Brewer and 
Cruise 1994). More stressed rabbits were carried with their 
head under the handler’s arm to minimize stress by cover-
ing the eyes to limit vision, as recommended in literature 
(Graham 2006). At the time of the sedative administration, 
there were no signs of pain in the animals. After the onset 
of sedation, the animals were handled much more easily, as 
hind limb movements and attempts to escape were drasti-
cally reduced.

As wild rabbits’ veins are extremely thin and the most 
peripheral ones susceptible to hematoma formation  
(Quesenberry and Carpenter 2012), after venepuncture and 
needle withdrawal, enough pressure was applied to limit 
hematomas. Throughout the procedure, both the handler 
and bleeder constantly monitored the animals’ breath-
ing pattern and the colour of the oral mucosa to guarantee 
proper oxygenation.

Blood collection from the EJV can stimulate the vagus 
nerve, resulting in heart arrhythmias that may range in sever-
ity from bradycardia to complete sinoatrial or atrioventricu-
lar block (Hegedus and Shackelford 1965). None of these 
events were observed during the procedures. This was con-
firmed by constant clinical observation of the animal and 
continuous electrocardiogram monitoring. To avoid vagus 
nerve stimulation and carotid artery laceration, the bleeder 
ensured that the attempts to locate the vessel, once the nee-
dle passed the skin, were done superficially, as recommended 
by Nelson et al. (2010).

Data obtained from our work showed that heart rates 
taken prior to sedation ranged between 117 and 292 bpm. 
There is no reference range for the wild rabbit physiological 
parameters in the literature. Considering the interval values 
described for the European rabbit (O’Malley 2005) of 180–
250 bpm as a reference, some of our values detected before 
sedation are relatively low. This can be explained by the fear 
bradycardia mechanism explained below.

The large interval of heart rate observed in the animals 
can be explained by differences among the animals, such 
as environmental responses, sensibility to midazolam, ini-
tial physiologic conditions, social status, alongside others  
(Eisermann 1988). However, in four animals (13.3%), the 
heart rate increased 4–32 bpm after sedation. This can either 
be a result of individual higher sensibility and susceptibility 
to midazolam effects or higher stress due to conservation of 
the animals in the black bag during the sedation onset. The 
time considered as onset of sedation was somehow subjec-
tive, since it was based on the animal’s response to restraint 
and general behaviour. Consequently, measurement of each 
physiological parameter may have taken place at different 
depths of sedation.

The mean increase of heart rate that we observed in juve-
niles can be explained by 1) different metabolic rate that 
can influence the pharmacokinetics of midazolam, 2) major 
stress that these animals are prone to at this age class, 3) indi-
vidual cardiorespiratory response to the effect of benzodiaz-
epines. Furthermore, the continued reduction in heart rate 
observed in the other 15 animals may also be explained by a 
more prolonged sedation in these rabbits.

Table 3. Comparison of the clinical parameters according to the 
capture method used.

Clinical parameters Mean ± SD

Ferrets (n = 5) heart rate 201 ± 97
respiratory rate 51 ± 23
rectal temperature 37.7 ± 3.4

Trap (n = 25) heart rate 164 ± 46
respiratory rate 58 ± 14
rectal temperature 38.2 ± 2.7

Table 4. Physiological parameters collected from rabbitssubmitted to EJV venepuncture. The values of heart rate and respiratory rate are per 
minute and the value of rectal temperature in °C. Same letters and different letters indicate, respectively, respectively indicate the absence 
and existence of a statistically significant difference.

Clinical parameters BS BC AC p-value

Heart rate (mean ± SD) 164 ± 39a 119 ± 27b 121.7 ± 29.5b <0.0001
BC–AC = 0.6

Respiratory rate (mean ± SD) 58 ± 13a 56 ± 15ab 51.0 ± 10.3b <0.0001
BS–BC = 0.5
BC–AC = 0.1

Rectal temperature (mean ± SD) 38.2 ± 1.2a 37.4 ± 1.1b 36.8 ± 1.2c <0.0001
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Besides heart rate variation due to sedation, fear bradycar-
dia was also observed in some animals during manipulation. 
In consequence of the high levels of predation that wild rab-
bits are subject to, their sensory organs are highly developed. 
Rabbits are sensitive to catecholamines and have evolved for 
flight rather than fight, meaning they respond to threat pas-
sively by crouching and hiding (Smith et al. 1981). Animals 
that freeze in situ or drop into a burrow often show a sudden 
and marked fear bradycardia (Smith et al. 1981), a poorly 
understood, widely observed, alternate fear response. In lago-
morphs, fear bradycardia appears to be due to a reduction of 
sympathetic activity and an increased parasympathetic activ-
ity (Smith et  al. 1981). Since it occurs in atropine treated 
animals, it has been suggested that this type of response is, at 
least, partly mediated by removal of sympathetic tone (Smith 
and Worth 1980). Causby and Smith (1981) described a 
decrease in heart rate of 53% at −11.2 bpm s−1 in Sylvilagus 
aquaticus. Keeping our animals in boxes and bags, making 

them unable to flee, probably led to the onset of this mecha-
nism during our study.

The rectal temperature decreased since the beginning 
of the procedure. The reduction of this physiological 
parameter may have resulted from 1) a decrease in the 
metabolism of the animals resulting in a reduction of 
heat production, 2) a reduction in the muscular move-
ments due to containment of the animal, resulting also 
in a lower heat production and 3) the increment of heat 
loss due to use of ethanol to wet the animal’s fur, due to 
evaporation. In this context, ethanol can be replaced by 
another disinfectant with lower heat evaporation effects 
such as chlorhexidine.

The midazolam dose (1 mg kg−1) used in this study was 
considered sufficient for the short duration of the procedure. 
In field conditions, without resuscitation equipment and 
other supporting means available, it is critical to ensure that 
the technique in use has negligible risks associated. When 
using this low dose, individual variation has a greater impact 
on the depth of sedation, with the animals exhibiting dif-
ferent responses. However, given that the safety margin 
between anaesthetic and lethal dose in the rabbit is nar-
rower than in other species, and that individual variation is 
larger (de Vries et al. 2007), the use of this dose (1 mg kg−1  
midazolam) is recommended.

Despite rabbits’ susceptibility to overheating (Wildpro 
2017), during our study a steady decrease of body tempera-
ture throughout the whole procedure was observed, possi-
bly because most of the blood collections were made during 
winter (with temperatures ranging between 7°C and 20°C).

From our experience, restraint of the animal by an expe-
rienced person and correct identification and visualization of 
the EJV proved critical to guarantee the success of the pro-
cedure, in the first attempt. Presenting the animal correctly 
to the person in charge of the venepuncture was essential for 
visualization and less deviation of the EJV, located laterally 
to the midline and overlying the internal jugular vein and 
the carotid artery. Shaving the neck over the midtrachea cra-
nial to the thoracic inlet (Quesenberry and Carpenter 2012) 
can be carried out for a better EJV visualization. If shaving 
must be performed, electric hair clippers with thin blades 

Figure 3. Boxplot graphs depicting heart rate (beats per minute on x-axis), respiratory rate (breaths per minute on x-axis) and temperature 
(°C on x-axis) evolution in three moments for each graph (before sedation-top; after sedation and before sampling – midline; after sedation 
and after sampling-down). X represents mean value. The three graphs only represent different viewing angles.

Figure  4. Photographs taken after release of the rabbits. Left- at 
night (arrow indicates the marking on the ear); right-during the day 
(arrow indicates the marking on the ear).
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(size 50, 1/1 in. [0.2 mm], or 40, 1/100 in. [0.25 mm])  
(Quesenberry and Carpenter 2012) must be used, because 
rabbit fur is very thin, and the animal’s coat must be clean 
and dry.

The technician must also be aware that clipping off large 
amounts of fur or using copious quantities of disinfectant 
during skin preparation potentiate heat loss and the devel-
opment of hypothermia, especially in small rabbits with no 
fat reserves (Varga 2014). Whenever the procedure is to be 
performed in a timely manner, and once the person perform-
ing the procedure has acquired experience, this step can be 
avoided to minimize stressing the animal and prevent skin 
exposure to hives and other aggressive plants.

For most cases, where only 0.5 ml of serum was neces-
sary, 1 ml syringes were used given the low negative pres-
sure on the vein. However, in adult animals, or whenever 
required, a 2 ml syringe can also be used. If this is the case, 
to minimize the vacuum exerted on the wall of the EJV, the 
vacuum was withdrawn from the syringe before the animal 
was punctured.

Whenever the first attempt to collect blood failed, the 
needle should be slowly removed, and the puncture site 
monitored for bleeding. More than two attempts should be 
avoided in case of bleeding due to the risk of vein collapse.

Undoubtedly, in studies involving live animals it is most 
important to safeguard the individual variability among the 
specimens. The use of wild specimens from different geo-
graphical areas, captured by different methods, with differ-
ent levels of habituation to humans, leads to a multiplicity of 
factors that may influence the animals’ physiological param-
eters. In addition, the unknown sanitary condition of the 
animals due to parasitism, or to any underlying subclinical 
infection, may also influence the physiological conditions of 
the animals.

The studies of pathologies in the species are reliant upon 
dead animals or stool samples found in the fields. This study 
represents a breakthrough in this area, by allowing in vivo 
biological sampling of a wild species. Access to blood sam-
pling creates the opportunity for year-round generalised sur-
veys, as well as the evaluation of physiological parameters 
(e.g. blood count and biochemistry analysis) of this species, 
without depending on cadavers either obtained during the 
hunting season or found dead.

Moreover, release of the sampled specimens is critical to 
avoid disturbance of recovery in diminished populations. 
The EJV technique allowed the collection of 1mL of blood 
from both adults and juveniles. However, researchers should 
adhere to institution specific guidelines regarding permit-
ted maximum volumes and frequency of blood collection. 
There was neither significant bruising nor any other injuries 
before, during or after the venepuncture procedure and seda-
tion. Additionally, there were also no injuries inflicted on the 
manipulators.

Complementary procedures to assess the influence of 
the sedation and venipuncture on the physiology of the 
animal by temperature assessment and monitoring of heart 
and respiratory rates, were also described in this manu-
script to validate the method. When complementary moni-
toring is no further necessary, the time needed for sedation 
and blood collection is drastically shortened, as well as the 
stress level.

The method can potentially be adapted to other species, 
especially to other small mammals, allowing longitudinal 
studies and supporting other conservation methods.
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Abstract: Commercial hare and rabbit immortalized cell lines are extremely limited regarding the
many species within the lagomorpha order. To overcome this limitation, researchers and technicians
must establish primary cell cultures derived from biopsies or embryos. Among all cell types,
fibroblasts are plastic and resilient cells, highly convenient for clinical and fundamental research
but also for diagnosis, particularly for viral isolation. Here, we describe a fast and cheap method
to produce primary fibroblast cell cultures from leporid species, using dispase II, a protease that
allows dermal–epidermal separation, followed by a simple enzymatic digestion with trypsin. This
method allows for the establishment of an in vitro cell culture system with an excellent viability yield
and purity level higher than 85% and enables the maintenance and even immortalization of leporid
fibroblastic cells derived from tissues already differentiated.

Keywords: primary fibroblasts; primary cell culture; virus isolation; method; dispase II; Leporidae

1. Introduction

Leporids comprise different species of hares and rabbits that have drawn the attention
of the scientific community (e.g., as human diseases models, to produce immune sera and
monoclonal antibodies, for example), the farming sector, the general public, and conserva-
tionists for very different reasons. These range, from its use as models for human diseases,
livestock for human consumption, pets, game species, and for their notorious role in the
preservation of important ecosystems and biodiversity. Since leporid pathogens can impact
a wide range of areas and sectors, the study of their diseases is of paramount importance.
Viral isolation is a basic tool in the diagnosis of well-described and unknown viruses, as
well as for fundamental research that enables the understanding of the pathogenesis of
several diseases through the study of every step that defines the virus–host cell interactions.
Moreover, these interactions require in vitro cultured cells permissive to the infection,
which allows the binding of viral capsid (for naked viruses) or viral envelope glycoproteins
to the receptors present at the cell membrane, which are specific to each cell phenotype.

Primary cells are obtained regularly from living tissues, most often from embryonic
sources, and are subsequently submitted to in vitro culture procedures. Despite some dis-
advantages when compared to immortalized cell lines, namely the inability to survive after
a limited number of in vitro passages [1], primary cells preserve the same characteristics
as those from the originating tissue, facilitating studies in many research areas, namely in
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virology and cell biology that otherwise would be far more complicated. Additionally, they
are relatively cheap and easy to obtain and may be prepared from any animal species.

The hare and rabbit immortalized cell lines currently available are limited to epithelial-
like kidney cells (RK13 from rabbit and HN-R and a few more from European hare), and to
skin primary fibroblasts from New Zealand rabbits that are also commercially available.
However, the specificity of certain studies requires the preparation of primary cell cultures
from the host under analysis. This is the case, for instance, for skin fibroblasts useful for
investigating Iberian hare (Lepus granatensis) viruses.

Fibroblasts are mesenchymal-derived cell types, involved in the synthesis of extracel-
lular matrixes (ECMs), such as collagen, elastin, fibronectin, and others, and the secretion
of growth factors. They play a central role in maintaining structural homeostasis as water-
holding glycoproteins [2].

Fibroblasts are frequently used to study cellular biological processes, for clinical
research, toxicological studies, microbiological investigations, among others. In the virology
field, cultured fibroblasts are very useful for primary isolation and the adaptation of wild
type virus strains since the number of viral particles in infected tissue samples obtained
from primary or secondary replication organs in field isolates is usually low. Furthermore,
viruses do not grow in cells derived from heterologous species, even when expressing the
appropriate receptor [3,4]. Fibroblasts cell cultures are one of the easiest to be established,
as no complex purification processes are required and, depending on the species of origin,
cells can even be prepared from samples collected from live animals without need of
anesthesia, sedation, or sacrifice. This is the case for Leporidae. There are many protocols
available with different levels of complexity, approaches, and objectives, some of which are
summarized in Table 1. The protocol presented here is the first optimized for obtaining
primary fibroblasts from live wild leporids. The method is simple, low cost and enables
large amounts of cells to be obtained and, therefore, worthy of sharing. The protocol
uses dispase II, a proteolytic enzyme, followed by a simple incubation with trypsine
solution. Despite the method having been implemented and optimized for Iberian hare
(Lepus granatensis) and wild rabbit (Oryctolagus cuniculus algirus) fibroblast cultures, it can
be applied to biological samples of any species, proving to be easy and quick to perform.

Table 1. Available techniques for primary fibroblasts isolation.

Species Used Tissue Type Harvest Technique Notes Reference

Human

Skin biopsies
from anterior

surface of
the forearm

HAM-F10 cell culture
medium with 20% FBS

Adhesion of
fragments to the

flask surface

Large maintenance costs
of culture medium

during initial
fibroblast growth.

[5]

Human Skin biopsy DMEM cell culture
medium with 20% FBS

Adhesion of
fragments to the

well bottom

Estimation of 25–35 days
to second passage.

Large maintenance costs
of culture medium

during initial
fibroblast growth

[6]

Human Skin biopsy Complete DMEM or
complete RPMI

Primary explant
method without/
with epidermis
removal with

0.5% dispase/ PBS
or 0.3% trypsin/PBS

Confluence is generally
reached in ∼3 to 5 weeks. [7]

Mouse Skin from tail
and ear

RPMI: 10% fetal calf
serum (FCS), 50 µM
2-mercaptoethanol,
100 µM asparagine,

2 mM glutamine,
1% penicillin-

streptomycin solution.

Digestion with
collagenase and

D-pronase solution

Euthanasia was used.
The fragments

correspond to epidermis
and dermis to ensure the

grow of keratinocytes
is probable.

[8]
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2. Material and Methods
2.1. Tissue Sample Collection

All biological samples used in this study were collected from wild Leporidae in captive
centers by skin punch biopsy for genetic analysis or during animal marking. The tool
used is commercially available (Figure 1A). This study was conducted in the scope of
a project called +Coelho that operationalizes the Action Plan for the Control of Rabbit
Hemorrhagic Viral disease in Rabbits (Dispatch 4757/17 of 31 May), specifically approved
by the Portuguese National Authority for Animal Health (Authorization 79/ECVPT/20145).
No animals were subjected to housing or handling for the exclusive purpose of this study.
All sampling procedures were performed by veterinarians.
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After collection in the field or in the animal premises, the tissue samples were stored
in culture medium (DMEM/HAMS F12 medium with L-Glutamine and HEPES (3.5 g/L)
(CORNING), supplemented with 200 units/mL of penicillin, 200 µg/mL of streptomycin,
0.5 µg/mL of Gibco Amphotericin B, and 50 µg/mL of gentamicin) at room tempera-
ture (RT) for a maximum of two hours, and then incubated at 37 ◦C for a maximum of
three hours prior to preparation. For longer storages, 50-milliliter Falcon tubes or T25
culture flasks are recommended. During storage at 37 ◦C, the medium should be replaced
every hour.

Ideally, skin samples should be obtained from healthy juvenile animals, rather than
adults. However, this protocol was successfully used with adult skin samples.

Before harvesting, asepsis of the biopsy ear area was carried out by seven washes
with a chlorhexidine solution using swabs, followed by one wash with sterile 0.9% NaCl.
The biopsy of the ear was performed using a biopsy punch (Figure 1B). Samples were
taken from the margin of the ear, avoiding major blood vessels that can easily be visualized
against light. If correctly performed, no hemorrhage, pain, inflammation, or infection is
produced during and after biopsy.

In docile animals (e.g., domestic rabbits) the area can be clipped, but this procedure
should be avoided in wild animals sensitive to clipping noise and vibration.

2.2. Reagents

For this protocol only two reagents are required, namely dispase II (42613-33-2, Sigma-
Aldrich, St. Louis, MO, USA) and a trypsin dissociation solution (0.8% NaCl, 5 mM KCl,
5.5 mM Glucose-Dextrose, 7 mM Na2HPO4, 1.25 g of Trypsin 1:250, Sigma-Aldrich, pH
7.2 ± 0.2, filtered using a 0.22-micrometer mesh).
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2.3. Preparation of Fibroblasts from Skin Biopsy

All steps should be performed in a laminar flow hood using sterile using sterile
disposable material.

(1) Wash the original tissue fragments to remove impurities by placing the sample in
a 50-milliliter Falcon tube containing 30 mL DMEM/HAMS F12 medium with L-
Glutamine and HEPES (3.5 g/L) (CORNING), 5× Antibiotic–Antimicotic solution
(200 units/mL of penicillin, 200 µg/mL of streptomycin, 0.5 µg/mL of Gibco ampho-
tericin B and 50 µg/mL of gentamicin); immediately proceed with vigorous washing,
using a shaking robot or just manual shaking. Change medium seven times after
1-min-long agitation.

(2) Place the original tissue fragments in 50-milliliter Falcon tubes (or alternatively in T25
bottles, or Petri dishes) and fill with DMEM medium prepared as described below.

(3) Remove the medium and add a volume of 0.2 mg/mL dispase II prepared in DMEM
medium enough to cover the tissue fragments. The epidermis–dermis separation
process takes a variable time depending on the dimension, shape, and thickness of
the fragments, generally 1–2 h at 37 ◦C. We recommend shortening this procedure as
much as possible, since hair and epidermis are contaminated by bacteria, fungi, and
yeasts, even after washing, and must be removed from the preparation as soon as
possible. The operator must, therefore, test the detachment every hour, although cells
may be left overnight in this medium with no adverse effects. Remove the epidermis
completely using two tweezers (Figure 2B,C) and wash the epidermis fragment with
DMEM medium as often as necessary until no hairs are visible (Figure 2C).

(4) Cut the original fragments into smaller fragments less than 5 mm wide, using a scalpel
(Figure 2D).

(5) Incubate the fragments with the trypsin dissociation solution (the smallest volume
that covers the fragments), previously warmed to 37 ◦C, in 50-milliliter tubes, T25
culture flasks or Petri dishes, and incubate at 37 ◦C for 10 min. The dissociation
solution becomes cloudy as cells detach. Caution must be taken at this step since
trypsin activity continues beyond 30 min, destroying the cells.

(6) Remove the enzymatic digestion solution containing the cells and centrifuge at 150× g
for 10 min. Resuspend the cells in a conical tube containing DMEM/HAMS F12
medium with L-Glutamine AND HEPES (3.5 g/L), 5× antibiotic-antimycotic solution
(100 units/mL of penicillin, 100 µg/mL of streptomycin, 0.5 µg/mL of Gibco ampho-
tericin B, and 25 µg/mL of gentamicin) and 10% of fetal bovine serum (Sigma-Aldrich,
St. Louis, MO, USA).

(7) Add fresh dissociation solution to the tissue fragments and repeat steps (5) and (6) as
many times as necessary.

(8) Seed the cells in culture flasks. Incubate at 37 ◦C with 5% CO2.
(9) Remove medium after 2–4 h incubation, wash the cells with DMEM, and add

fresh medium.
(10) Remove medium again after 2–4 h of incubation. Wash the cell layer with DMEM and

add fresh medium.
The presence of dead cells in suspension during the first 48 h of incubation is expected.

Due to the normal skin microbiome, some cultures may show signs of contamination
after 24–48 h incubation and, therefore, must be eliminated. In plastic surfaces where the
initial cell density is low, supplementation of the culture media with 20% fetal bovine
serum is recommended in order to assure cell viability and turnover of mitosis. The
percentage of fibroblasts in culture using this technique exceeds 85% (evaluated using
morphological analysis).

Plated cells (Figure 3A,B) assume the typical spindle-shaped morphology and reach 60
to 70% confluence between days 2 and 3 of incubation. Although the purity of these cultures
in fibroblasts reaches proportions of 75% or higher, morphologically distinct cells, namely
epithelioid or stellate-like cells, are observed in the cultures using optical-phase microscopy.
The different morphologies assumed by the fibroblasts are shown in Figure 3C,D.
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Figure 3. Phase contrast microscopy of typical fibroblast cells after step (7) of the Preparation of
fibroblasts from skin biopsy procedure, at day 2, 40× (A) and 100× (B), and at day 4, 40× (C) and
100× (D).

2.4. Subculturing and Harvesting Primary Fibroblast Cells

Fibroblast cells have a high multiplication ratio and must be subcultured when the
cell layer reaches about 90% confluence.
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(1) Remove the medium and wash cells twice with sterile PBS.
(2) Incubate cells with trypsin-EDTA (0.25%), enough to cover the cell layer, and incubate

at 37 ◦C until cell detachment.
(3) Centrifuge the cell suspension at 150× g for 10 min and recover the pellet.
(4) Cells are counted in a Neubauer hematocytometer and plated at 1–2 × 104 cells/cm2

Note: Fibroblasts are not contact inhibited. The primary fibroblasts are particularly
sensible to the trypsinization (comparing with typical immortalized cell lines); therefore,
their viability is generally lower.

2.5. Viability Assay Using Trypan Blue Dye

Viability of cells after cryopreservation was evaluated by cell counting after trypan
blue staining and when necessary, after subculturing and freezing process. Cells were
diluted at 1:10 in Trypan Blue, counted in a Neubauer chamber, and frozen.

2.6. Freezing and Thawing Fibroblast Cells

Cryogenic preservation can maintain fibroblast cells for very long periods [9]. Subcul-
tures with 3 or 4 passages should be used for cryogenic preservation.

(1) Trypsinise cells with 70–80% confluence, as described above in Section 2.4 (steps (1)–(3)).
(2) Centrifuge at 150× g for 10 min and resuspend the cell pellet with 10% DMEM, 10%

DMSO, and 80% FBS (v/v).
(3) Aliquot the cell suspension in cryogenic storage tubes at a density of 1–3 × 106 cells/

vial. We have obtained an average of two vials for every three T25 flasks with 90%
confluence.

(4) Freeze cells at −80 ◦C overnight and then transfer them into liquid nitrogen.

To resuscitate cells after liquid nitrogen freezing, vials must be quickly thawed at
37 ◦C and promptly transferred to cell culture flasks with DMEM medium. After 12–24 h
of incubation, wash cells, and add fresh medium.

If strict asepsis techniques are used, it is possible, and recommended, to maintain
these cultures without the addition of antibiotics.

2.7. Fibroblast Marker by Immunocytochemistry

In order to check the purity of the culture obtained and confirm the evidence given
by the morphological data, immunocytochemistry was performed (Figure 4) using cells
grown in 8-well slides (Thermo Scientific™ Nunc™ Lab-Tek™ Chamber Slide System).
The first, second and third passages were cultivated and evaluated with 8 replicates for
each species (rabbit and hare). Two primary antibodies were used, a monoclonal antibody
anti-Vimentin, Clone V9 (Figure 4A,C) that marks fibroblasts, endothelial cells, lymphoid
tissue and melanocytes and a monoclonal antibody anti-Cytokeratin AE1/AE3 as epithelial
cells marker (Figure 4B,D).

(1) Grow cells in chamber slide system (e.g., (Thermo Scientific™ Nunc™ Lab-Tek™
Chamber Slide System)) until 95% cell confluence is reached.

(2) Remove the medium and wash 2 times with PBS.
(3) Fix cells by adding 100 µL of 100% acetone (we used Acetone, for GC residue anal-

ysis (Scharlab, Barcelona, Spain)) to each well and incubate for 10 min. Remove
the acetone.

(4) Remove the slides from the chamber slide system. Rehydrate the cells in Dako
EnVision FLEX Wash Buffer (Agilent, Santa Clara, CA, USA) with 1% of Triton X-100
for 5 min.

(5) Wash the cells with Dako EnVision FLEX Wash Buffer.
(6) Delimitate the cell wells with a Dako Pen.
(7) Incubate the cells with EnVision FLEX Peroxidase-Blocking Reagent for 10 min.
(8) Wash the cells with Dako EnVision FLEX Wash Buffer.
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(9) Incubate the cells at RT with Monoclonal Mouse Anti-Human Cytokeratin Clones
AE1/AE3 (Dako, M3515) and Monoclonal Mouse Anti-Vimentin Clone V9 (Dako,
M0725), both diluted 1:100 in EnVision FLEX Antibody Diluent.

(10) Wash the slides with Dako EnVision FLEX Wash Buffer, 2 times for 5 min, with manual
shaking. Change the buffer between washes.

(11) Incubate with Envision FLEX/HRP for 30 min (Dako, SM802) at RT.
(12) Wash the slides with Dako EnVision FLEX Wash Buffer, 2 times for 5 min, with manual

shaking. Change the buffer between washes.
(13) Incubate with Envision FLEX DAB and Chromogen dilution in the respective buffer,

for 3–5 min at RT.
(14) Wash in distilled water.
(15) Nuclei counterstaining with hematoxylin solution for 5 min at RT.
(16) Dehydrate the cells by incubation of ethanol in the following sequence: 70, 80%, 95,

and 100%, 1 min each, followed by 2 baths in xylene, 1 min each.
(17) Mount the slides with Slide Mounting Media.
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Figure 4. Immunocytochemistry of the third passage (subculture) (A) Immunocytochemistry using an
anti-Vimentin Clone V9 antibody, of a 20% confluent culture, showing typical spindle cell morphology,
40×; (B) Immunocytochemistry using an anti-Cytokeratin AE1/AE3 antibody, of a 20% confluent
culture, showing typical spindle cell morphology, 40×. Cells were fixated at lower confluence to allow
a better observation of the cell morphology. (C) Immunocytochemistry using an anti-Vimentin Clone
V9 antibody, of a 70% confluent culture, 100× (D) Immunocytochemistry using an anti-Cytokeratin
AE1/AE3 antibody, of a 70% confluent culture, 100×.

3. Discussion and Conclusions

Iberian hare and European wild rabbit are the natural hosts and reservoirs of many
known multiple species-specific (e.g., myxoma virus, Shope fibroma virus) and zoonotic
(e.g., Hepatitis E virus, Francisella tularensis) pathogens, and of others yet unidentified that
need to be characterized. In this manuscript we describe, for the very first time, a simple
protocol for establishing an in vitro model system of fibroblastic cells already differentiated,
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derived from biopsies. Moreover, this methodology can be successfully applied to tissue
samples derived from healthy adult animals, or even shortly after death (up to two hours).

The isolation of fibroblasts from skin biopsies is a fairly common procedure in humans
with a few protocols already available in the literature [6,8,10,11]. However, this approach
is new in the field of Veterinary Medicine, since reports of virus isolation or vaccine
production, including Influenza [12], Newcastle [13], Rabies [14], Pseudorabies [15], among
others, used primary cultures of fibroblasts or epithelial cells, derived from tissue samples
obtained during embryogenesis, or at the start of the postnatal period.

The main novelty of the in vitro model system of fibroblastic cells described here
is its establishment in a short period and, most of all, the great efficiency regarding cell
density, viability, and purity. The trypan blue exclusion test showed a mean cell viability of
95.2 ± 1.1% during the first four subcultures, decreasing afterwards to 73.4 ± 7.1% after
the seventh subculture. No more than eight subcultures were analyzed for this purpose.
The cell proliferation rate using 10 replicates was estimated at 31.8 h during the first
four passages. The purity of these cell cultures was also assessed by phenotype specific
cell markers, namely vimentin (Figure 4) although morphologically the cells are easily
identifiable (especially with low confluence). The absence of labelling by pancytokeratin
(Figure 4), excludes the presence of contaminant epithelial cells. In the first passage, a
fibroblast purity of 85.3 ± 9.5% was obtained. In the second and third passages, the
purity was 99.3 ± 0.6%, considering eight replicates of each passage for each species.
Contamination of the fibroblast cell cultures occurred mainly by keratinocytes and other
epithelial cells, probably from hair follicles and other skin adnexal structures.

The viability and cell proliferation rate of fibroblasts were similar to the values reported
by other authors [10,16]. In addition, differentiated fibroblastic cells may be subcultured
over time with no loss of the morphology or organization of the cell layer. Although there
are some primary fibroblast cell lines from domestic rabbits commercially available, the
genetic differences between both rabbit species of origin and the rabbit species understud-
ied, and between the wild rabbit and the Iberian hare, compelled us to produce primary
fibroblast cell cultures. Fibroblasts are undoubtedly the choice that best allows for the
primary isolation of viruses in a homologous system and the increase in viral loads through
successive replicative cycles, before adaptation to a permissive cell line, which is easier
to manipulate.

In conclusion, the method described in this manuscript is a fast and cheap method to
establish primary Leporidae skin fibroblast cultures, providing an alternative technique
to obtain highly pure primary fibroblast cultures from rabbit and hare skin explants. This
method can also be adapted for the epidermis and can be modified to obtain a pure culture
of keratinocytes derived from the epidermis (results not shown).
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Molecular methods, established in the 1980s, expanded and delivered tools for the
detection of vestigial quantities of nucleic acids in biological samples. Nucleotide
sequencing of these molecules reveals the identity of the organism it belongs to.
However, the implications of such detection are often misinterpreted as pathogenic,
even in the absence of corroborating clinical evidence. This is particularly significant
in the field of virology where the concepts of commensalism, and other benign or
neutral relationships, are still very new. In this manuscript, we review some fundamental
microbiological concepts including commensalism, mutualism, pathogenicity, and
infection, giving special emphasis to their application in virology, in order to clarify the
difference between detection and infection. We also propose a system for the correct
attribution of terminology in this context.

Keywords: host-pathogen, detection, infection, commensalism, mutualism, molecular biology interpretation

INTRODUCTION

For centuries, the diagnosis of an infectious disease was solely based on clinical history and
presentation. The first laboratorial technique used to visualise microbes was microscopy (Gest
et al., 2004). By the 19th century, the relationship between disease and pathogens was established,
triggering a cascade of microbiological lines of research during multiple epidemics such as
smallpox, diphtheria, tuberculosis, cholera, among others. This was pioneered by Robert Koch,
who formulated strict criteria to determine the cause-effect relationship between a microbe and
a disease: (i) The microorganism must be found in diseased but not healthy individuals, (ii) the
microorganism must be cultured from the diseased individual, (iii) the inoculation of a healthy
individual with cultured microorganism must induce disease, and (iv) the microorganism re-
isolated from the inoculated individual may match with the original. This clear set of rules has
since become blurred with increasing understanding of the spectrum of relationships between an
organism and its host, ranging from mutualism to parasitism.

The ambiguity regarding the microbe-host relationship has been further amplified following
the massive explosion of alternative molecular detection methods, such as the polymerase
chain reaction (PCR) (Mullis et al., 1992), which provided the scientific community with new
revolutionary powerful tools to rapidly identify new organisms and genetic diseases. More recently,
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next generation sequencing (NGS) high throughput technology,
which enables rapid sequencing of billions of DNA nucleotides,
has enabled the study of microbiomes through the application
of whole-genome sequencing (WGS) on microbial communities
(metagenomics). The microbiome encompasses all the
microorganisms living in or on any vertebrate animal, and can
be sub-classified into the bacteriome, virome and mycobiome.
The virome is composed of the collection of viruses that
inhabit an organism (Lecuit and Eloit, 2013). In mammals,
this includes viruses that infect the host, endogenous ancient
virus-derived elements inserted in chromosomes, and viruses
that infect members of the host’s microbiome, like the phages that
replicate in bacteria (Virgin, 2014; Cadwell, 2015). Compared to
bacteriomes, human and animal viromes are less well known.
The study of viromes is hindered by several technical limitations,
namely the lack of common markers for viruses, the huge
heterogeneity of the virome components, the difficulties of
working with small samples, the contamination of the samples
by host DNA, the lack of adequate bioinformatic tools for
analysis and the absence of robust, refined and updated databases
(Zou et al., 2016).

Since then, methods such as DNA microarray and genome
sequencing led to the detection of microbes whose pathogenic
potential was unapparent (Young et al., 2015). Some unexpected
viruses have been found in samples from both healthy and
immunosuppressed patients without signs of overt disease
(Sauvage et al., 2011; Kapusinszky et al., 2012). Others have even
been found to have beneficial effects on human and animal health
due to their ability to influence the structure and function of
bacterial communities through prokaryotic viruses (Sandaa et al.,
2018). The ability to detect a tremendous variety of viruses with
unclear pathogenic potential (Table 1) has re-emphasised the
importance of an accurate description of the symbiosis.

Our perception of the role of viruses has shifted from solely
sources of acute, persistent, or latent infections to commensal
or even mutualistic organisms. The intricacy of virus-host
relationships is reflected in the human genome composition, of
which 5–8% is constituted by endogenous retroviruses (ERVs)
(Nelson et al., 2004).

Today, molecular biology is an invaluable tool for diagnosis
and research. However, the molecular detection of a potential
pathogen in an animal or human can be easily misinterpreted.
In the absence of corroborating clinical evidence, molecular
detection often results in the assumption of an infection by
default. This has become increasingly relevant in the field of
virology, since the discovery of commensal and mutualistic
viruses. The isolation and identification of a potential pathogen
must be evaluated alongside the context of the microbial
community to which it belongs to and the clinical evidence to
suggest its interaction with the host.

In this manuscript, we review some fundamental
microbiological concepts and explore how continuous
discoveries in the field of microbiology demand some degree of
re-framing of these concepts. We also discuss the strengths and
weaknesses of several molecular diagnostic methods, exploring
the differing implications of positive results. Finally, we propose a
system for the correct attribution of terminology in this context.

TABLE 1 | Examples of commensal viruses.

Family Evidence of colonisation

Anelloviridae They are ubiquitous within the human species and have not
yet been causally linked to any disease (Hino and Miyata,
2007; De Villiers and Zur Hausen, 2009). These viruses have
been found in various organs, tissues and cell types (Tajiri
et al., 2001; Thom et al., 2003), including plasma where they
can cause persistent viraemia in 70% of worldwide
population (Hino and Miyata, 2007)

Papillomaviridae
Polyomaviridae
Circoviridae

Three predominant families of viruses are found to colonise
the human skin. Similarly to the skin microbiome, the skin
human virome is composed of both resident and transient
viruses (Lecuit and Eloit, 2013). High seropositivity (90%) to
at least one human papilloma virus type has been reported in
the human skin (Antonsson, 2012). Merkel cell polyomavirus,
human polyomavirus 6, 7, and 9, are considered skin-tropic
polyomaviruses existing chronically in healthy individuals
(Feltkamp et al., 2013). Seropositivity of capsid protein VP1,
a major structural component of the polyomavirus, can be
detected in nearly 100% of the human population (Ott et al.,
2000). Cyclovirus and other Circoviridae members are found
in skin surface of both human and animals with cross-species
transmission appearing possible (Li et al., 2011)

Picornaviridae In the gastrointestinal tract, persistent or intermittent
shedding of enteric viruses from healthy people is well
established Human enterovirus Witsø et al., 2006 and
parechovirus Olijve et al., 2018 are excreted by a large
fraction of children under the age of five without any evidence
of association with disease (Witsø et al., 2006; Olijve et al.,
2018). Additionally, human enterovirus type 3 and 4 have the
pig as reservoir Smith and Purdy, 2013

Anelloviridae Kapusinszky et al. (2012) observed nearly constant shedding
of anelloviruses including torque teno viruses Torque teno
virus viraemia can be identified in nearly all individuals

THE SPECTRUM OF HOST-ORGANISM
RELATIONSHIPS

The initial definitions underlying most of the concepts of
microbiology were largely pathogen-centred. Later, the
recognition that many microbial agents may interact with
certain hosts without causing disease led to the establishment of
new terminology to describe the distinct situations where this
might happen. Social relationships between organisms can be
very complex. The same organism can engage in different types
of biological relationships with other organisms or hosts and
follow co-evolutionary paths.

Below, we describe some of the most common symbiotic
relationships between microorganisms and their hosts in which
at least one of the partners involved in the interaction benefits
from this close relationship.

Symbiotic relationships between animals and microorganisms
are common and well-known, although terms like
commensalism, mutualism and parasitism, referring to different
types of symbiotic relationships are sometimes misunderstood.
In virology, these terms are largely underused.

Commensalism
Commensalism describes the relationship between two
organisms where one partner benefits whilst the other remains
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unaffected. Mutualism describes a relationship in which both
partners take advantage (win-win relationship) and the term
“parasitism” refers to the case where one partner takes advantage
over the other (win-lose relationship). This is often applied when
the invading organisms produce harm to the host – infection
(Fierer et al., 2017).

One could argue that viruses are by nature intracellular
parasites, given that they rely on the high-jacking of cellular
processes to replicate. In fact, it was believed that the normal
cellular function would be disturbed in this process, leading
inevitably to emergence of disease (Griffiths, 1999). As such it
is unsurprising that the term “commensal” was never used in
the same way in virology (Mims et al., 1998). However, Griffiths
(1999) proposed the concept of “commensal viruses,” suggesting
they might remain within their host in a low replicative phase
without therefore causing virus-induced cytolysis. For example,
whilst an organism can be part of the natural and healthy
microbiota without triggering any infectious disease, it can still
pose the threat of pathogenicity. Threat as it can increase in
number in the microbial community and lead to the onset of
an infection. Because symbiotic relationships are dynamic and
evolve over time, the imbalance of the bacterial diversity and
load (dysbiosis) can become detrimental to the host (Zhang
et al., 2015), and may promote opportunistic infections. Such
is the case in the onset of pseudomembranous colitis following
antibiotic therapeutic protocols, due to the overgrowth of the
bacterial opportunistic pathogen Clostridium difficile in the
human gut (David et al., 2019; Nogueira et al., 2019). Similarly,
the overgrowth of the commensal yeast Candida albicans can
result in oral thrush and oesophagitis (Deepa et al., 2014).

Mutualism
Microbiota that reside in the epithelial tissue that is exposed
to the external environment in the respiratory, gastrointestinal
and vaginal tracts as well as in the skin since birth are often
called commensal (Tlaskalová-hogenová et al., 2004), suggesting
that neither it, nor its host, benefit or suffer from its presence.
However, extensive research on the effect of microbiota on
human and animal health has highlighted the presence of many
symbiotic relationships between microorganisms and the host,
generally beneficial to the host, and therefore better described as a
type of mutualistic relationship (Macpherson and Mccoy, 2014).

The bacteria composing the human gut microbiota supply
vitamins, aid in digestion of carbohydrates, maintain the integrity
of mucosal barrier, and prevent overgrowth and invasion of
pathogenic bacteria (Zhang et al., 2015).

Microbiota imbalances have therefore been linked to
many human diseases including inflammatory bowel diseases,
cardiovascular disease, obesity, and type 2 diabetes (Malinen
et al., 2005; Frank et al., 2007; Turnbaugh et al., 2009; Larsen
et al., 2010; Gerritsen et al., 2011; Kerckhoffs et al., 2011).

Mutualistic relationships between viruses and their hosts
have also been revealed. Some authors have suggested that
highly prevalent viruses, such as herpesviruses, may actually
play a protective role against bacterial infection by boosting
innate immunity (Dickinson, 2018). Some mouse herpesviruses,
highly similar to the human Epstein Barr virus (EBV) and

cytomegalovirus (CMV), activate the innate immune response
and protect mice against bacteria (Barton et al., 2007). The
γ-herpesvirus 68 (γHV68), for example, was found to protect
against infection by Listeria monocytogenes and Yersinia pestis
by sustaining IFN-γ production and macrophage activation
(Barton et al., 2007). The murine norovirus can replace many
of the benefits provided by commensal bacteria in the intestine
(Kernbauer et al., 2014), and chronically it can lead to low
expression of Atg16L1, an autophagy gene with allelic variants
that predisposes to Crohn’s disease. The surprising finding that
gyroviruses encode a protein that is specifically cytotoxic to
cancer cells, raises the possibility that some viral infections can
be beneficial in controlling the development of tumour cells (Los
et al., 2009), whilst others are directly causative of certain kinds
of cancer, such as Burkitt’s lymphoma and cervical cancer.

PATHOGENICITY, VIRULENCE, AND
INFECTION

A pathogen is a microorganism that can cause damage to its
host. Pathogenicity results from the expression of virulent factors,
proteins which are essential for the invasion and colonisation
of the host, evasion of its immune system and nutrient uptake
at its expense. Infection is the damage inflicted on the host
during this process.

Casadevall and Pirofski (2000) highlighted that a coloniser
organism can cause varying degrees of damage to its host, from
none to substantial. The latter effect induces host responses that
might be successful in eliminating the microbe or might be
unsuccessful, consequently progressing to chronic infection. For
those organisms that, once having colonised the host, induce
no damage, its state is indistinguishable from “commensalism”
(Casadevall and Pirofski, 1999).

SARS-CoV-2, is an example of a pathogen that induces a
range of symptoms. Although a significant proportion of people
infected with this virus do not display any symptoms (Yanes-
Lane et al., 2020), detection of the virus in these individuals is
always referred to as an infection, albeit asymptomatic, given the
clear association between the pathogen and respiratory disease it
is capable of causing. These asymptomatic infections differ from
commensal colonisation due to the complete elimination of the
offending organism by the immune system.

In 1999, Casadevall and Pirofski revised the term “pathogen”
to mean a microbe capable of causing damage to its host, to
highlight what they believed was the most relevant outcome of
the host-pathogen interaction (Casadevall and Pirofski, 2000).
Injury can result from either direct microbial action or the
host immune response, or often both, can usually be identified
through a combination of symptomatology, clinical examination
and histology. However, damage being inflicted at a cellular
level may escape detection by these methods. For example, high-
risk human papillomavirus (HPV) types, responsible for the
vast majority of cervical cancers, inactivate the essential tumour
suppressor genes pRb and p53 in host cells in order to induce
in them a perpetual replicative state, necessary for optimal viral
replication (Buitrago-pérez et al., 2009). Silencing of tumour
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suppressor genes in cervical cells does not immediate cause overt
injury that is clinically or histologically identifiable. In fact, pre-
cancerous dysplastic changes, can take a number of years to
develop (Burd and Burd, 2003; Castle and Fetterman, 2009).
Nonetheless, lack of evidence of damage does not indicate the
offending organism is not a pathogen, when there is substantial
reliable historical scientific evidence to the contrary.

Organisms can be described in terms of virulence and
pathogenicity, which have been defined in various ways
throughout the years, but overall describe the features or
characteristics that enable an organism to cause disease and
the degree or speed at which a pathogen can cause disease,
respectively. Some concepts were recently revised by Casadevall
and Pirofski (1999). These authors critically reviewed the
origin and historical definitions of terms namely infection,
commensalism, colonisation, persistence, infection, and disease
and updated them in order to recognise current knowledge.

According to Lwoff (1957), “infection” is the introduction of a
foreign entity that is capable of multiplying to produce additional
infectious entities into an organism, regardless of whether this
results in a disease. This definition encompasses the concept of
subclinical or unapparent infections, which cause no signs or
symptoms (Mahy, 2009).

Arguably, there are pitfalls to all definitions. Prions, infective
proteins that can cause often devastating disease, might not
technically be classified as microorganisms, and yet their
pathogenicity is undeniable. This is also the case with infectious
nucleic acid and infectious viral particles, which contain partial
or complete viral genome. Some microorganisms pertaining
to the healthy microbiota, although beneficial to their hosts
much of the time, have the potential to cause disease though
opportunistic infection. We rely on our microbiome to perform
many human physiological functions, such as vitamin synthesis.
Should these organisms be thought of as pathogens, as per
Casadevall and Pirofski (1999), because they have the potential
to cause damage? This seems to overlook their potential for
beneficial effects. We do not agree with their revised definition
of “infection,” we would argue that “acquisition of a microbe
by host” should preferably be defined instead as “colonisation”
when the impact on the host is unknown. After this process
of “acquisition,” the pathophysiological sequence, it is often
possible to predict and dependent on the pathotype – a group of
organisms with same pathogenicity on a host. Only with evidence
of pathogenesis caused by the colonisation of this organism, in an
acute, chronic or intermittent manner, can the process be labelled
an “infection.” This distinction better reflects the implications of
this microbiological process in clinical practice.

INEQUALITY OF DIAGNOSTIC TESTS:
DETECTION VERSUS INFECTION

There is a growing range of widely available diagnostic methods
capable of detecting an organism or potential pathogen.

Culture-based methods provide evidence of viable infectious
pathogens in the sample by demonstrating the growth of
organisms in vitro. This is not only applicable to the growth

of bacteria in culture media, but also to the growth of
viruses and intracellular bacteria in susceptible eukaryotic
cell lines. Although the growth of bacteria can be observed
with the naked eye or simple light microscopy, growth of
intracellular bacteria and viruses can be confirmed through
staining techniques or identification of specific virus-induced
cytopathic effects. Electron microscopy (EM) can be used to
identify both mature and immature forms of viral particles
within a cell. The simultaneous presence of both forms
indicates active viral replication. However, it has a much lower
sensitivity than molecular methods and requires specialised
technicians and equipment.

Antigen tests detect certain proteins of a specific organism
through immunoassays. They are quick and achieve a high
specificity by targetting proteins or specific epitopes that are
singular to the pathogen being detected. However, antigen
tests can have low sensitivities, and therefore a higher rate of
false negative results, when compared to PCR. Rapid influenza
diagnostic tests (RIDTs), for example, which detect influenza
virus nucleoproteins, only achieve a sensitivity of around 50–
80% (CDC, 2020b). COVID-19 lateral flow rapid antigen tests
also vary in sensitivity from 79%, when performed by laboratory
scientists, to 58%, when performed by self-trained members of
the public (Mahase, 2020). Rapid antigen tests for pathogens
like group A beta-haemolytic streptococci and Hepatitis B virus,
on the other hand, have substantially higher sensitivities of 90%
and above (Joslyn et al., 1995). The sensitivity of these tests
is dependent on factors such as timing of sample collection,
collection technique and viral load (Tanei et al., 2014).

Importantly, a viable virus is not required for detection of
an antigen. In infections like COVID-19 where viral shedding
continues beyond the resolution of infection, meaning there
is the presence of virus particles but no actual viable virus, a
positive antigen test cannot distinguish between active infection
with transmission potential and resolved infection without
transmission potential (Cevik et al., 2021). Antigen detection
should, therefore, be interpreted as current or recent infection
and should not infer infectiousness.

Antibodies are produced by the humoural immune system
in response to the detection of an antigen and can arise from
either natural infection or vaccination. A positive antibody test
thus indicates that there has been, at some point, an exposure
to the organism.

There are several ways to distinguish between active and past
infection. Detection of IgM antibodies, which are produced as the
first response to a new infection but are only short-term and start
dropping a few weeks after infection, is likely to indicate a current
or recent infection.

IgG antibodies, on the other hand, are produced later, in the
course of the infection, and can remain in the bloodstream for
months to years. Because the lag time between initial infection
and antibody production, timing of this diagnostic test is crucial
to avoid false negative results.

The detection of specific class of antibodies against non-
structural viral proteins is indicative of active viral replication
and is therefore also a useful tool to detect ongoing infection.
Unlike non-structural protein, which are present in much larger
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FIGURE 1 | Schematic representation of scientific process to classification of virus-host interaction.

amounts, the structural proteins are fewer and less immunogenic.
Their antibodies are thus short-lived and consequently un-
detectable soon after the resolution of infection.

They have also been used in Differentiate Infected from
Vaccinated Animals (DIVA) tests, given vaccines (with the
exception of live and attenuated vaccines) do not result in the
production of antibodies against non-structural proteins. This is
the case with Hepatitis B. Surface antibodies can be produced in
response to both active infection and as a result of vaccination,
whereas core (non-structural) antibodies are only produced
following natural infection.

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.

Other group of molecular diagnostic tests detect genetic
material that is specific an organism. The detection of mature
messenger RNA provides evidence of active infection, as it
implies gene expression, contrary to positivity by standard PCR,
where detection may also represent the presence of nucleic acids
from non-viable and therefore non-infectious organisms. The
detection of mRNA can, therefore, help distinguish between viral
latency and active replication (Lecuit and Eloit, 2013).

Although highly sensitive and specific, PCR test results are
not always clear-cut with other interpretation issues such as the
clinical significance of weaker signals, which represent a low copy
number of a particular pathogen (Louie et al., 2000).

In situ hybridisation (ISH) detects viral genome in tissues
or cells, by localisation of specific unique or repeated DNA
and RNA sequences using complementary labelled probes. ISH
demonstrates specific nucleic acid sequences in their cellular
environment. As such, it can provide information regarding the
level and place of mRNA expression, demonstrating the presence

of newly synthesised viral DNA or RNA within cells, hence
confirming the pathogens viability.

Some examples of diverse interpretations of molecular results
have been provided over the years in both the bacteriology
and virology fields. In 2019 the Centre for Disease Control
and Prevention (CDC) alerted to the fact that although rapid
molecular assays including PCR and other alternative nucleic
acid amplification methods can detect viral RNA in respiratory
specimens with high sensitivity and specificity, this result does
not necessarily indicate detection of a viable virus or on-
going influenza viral replication (CDC, 2019). Similarly, the
detection of cytomegalovirus DNA from a patient’s serum
cannot distinguish between active disease or latent infection
(Ljungman et al., 2017), which are distinct situations from a
clinical standpoint. 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).

The nuances of molecular biology result interpretation is a
significant topic of discussion in the context of the recent global
outbreak of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (Suri et al., 2020). Multiple studies have described
a positive RT-PCR result several days after recovery (Lan et al.,
2020; Young et al., 2020). Other cases have reported positive RT-
PCR results following several consecutive negative results. The
clinical and infection-control implications of this are unclear.
However, the general consensus is that viral RNA detection
does not necessarily indicate the presence of active infection or
transmissible viable viral particles (CDC, 2020a). In fact, RT-
PCR detects RNA, not an infectious agent, limiting the ability to
determine the infectiousness of patients or animals with a positive
PCR (Bullard et al., 2020). It has been suggested that quantifying
viral loads may help to clarify the likely clinical picture. One
study correlated the success of viral isolates with viral loads,
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and found that samples containing <106 copies per ml never
yielded an isolate. Thus it concluded that despite the detection
of viral loads long after symptom resolution there would be little
residual risk of infection (Wölfel et al., 2020). Given the general
ambiguity around infective potential of recovered patients, future
focus on detection of mRNA throughout the course of the disease,
rather than RNA, might produce more elucidating results. This
COVID-19 pandemic has highlighted the importance of correct
interpretation of molecular biology test results given its potential
to influence global guidance on appropriate time of patient
discharge and isolation length.

CONCLUSION

Molecular biology, biotechnology, genomics, and bioinformatics
were the basis for one of the most important revolutions in recent
microbiology, providing a boom of different conceptual methods
that quickly replaced most of the classic, time-consuming,
and laborious laboratorial techniques used for the diagnosis of
microbiological diseases. This revolution represented a change
of focus from the agent itself to the simple identification of
nucleic acids. However, contrary to the method of culture and
isolation in cell lines, the detection of nucleic acid does not
necessarily indicate the presence of viable organisms capable of
replication and infection, given viral particles can persist even
after resolution of infection. Other methods aimed at detecting
messenger RNA or non-structural proteins on the other hand can
reliably indicate an active infection.

Molecular biology is not only enabling the identification
of new viruses but also the genotyping and viral load
quantification of these organisms. However, virology has
lagged in the exploration of the different types of virus-
host relationships. For viruses, whose pathogenic virulence
is recognised, the characterisation of virus-host relationships
is simple. Nonetheless, a growing number of non-pathogenic

viruses establish states of commensalism or mutualism with their
hosts. At times, key features of these complex microbiological
states and processes overlap, impairing recognition and
classification. This issue is further exacerbated by the nature of
most investigations, which are not longitudinal and therefore
cannot capture such dynamics.

Thus, we emphasise the importance of combining
physiopathological evidence to the molecular data when
describing the novel presence of a microorganism in a host.
Where this is not possible, we suggest the use of more
conservative language which avoids charged terms such as
“infection” and “pathogen.” To aid the appropriate use of what
should be standardised terminology, we propose a rationale to
characterise microbe-host relationships (Figure 1).

AUTHOR CONTRIBUTIONS

FAAS, SP, and TN: conceptualisation and writing – original
draft preparation. CC: writing – original draft preparation.
RS: writing – review and editing. MD: conceptualisation and
writing – review and editing. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the Fundação para a Ciência e
Tecnologia (FCT) (Grant SFRH/BD/137067/2018 and Project
UIDB/00276/2020), Centre for Interdisciplinary Research in
Animal Health (CIISA), Faculty of Veterinary Medicine,
University of Lisbon (FMV, UL, Portugal), cE3c through contract
UIDP/00329/2020, and Fundo Florestal Permanente also support
this work (Project + Coelho, ref no. 2017014300001). TN was
supported by contract ALG-01-0145-FEDER-028824.

REFERENCES
Antonsson, A. (2012). Review: antibodies to cutaneous human papillomaviruses.

J. Med. Virol. 84, 814–822. doi: 10.1002/jmv
Barton, E. S., White, D. W., Cathelyn, J. S., Brett-mcclellan, K. A., Engle, M.,

Diamond, M. S., et al. (2007). Herpesvirus latency confers symbiotic protection
from bacterial infection. Nature 447, 326–329. doi: 10.1038/nature05762

Buitrago-pérez, Á, Garaulet, G., Vázquez-carballo, A., and Paramio, J. M.
(2009). Molecular signature of hpV-Induced carcinogenesis: pRb, p53
and gene expression profiling. Curr. Genomics 10, 26–34. doi: 10.2174/
138920209787581235

Bullard, J., Dust, K., Funk, D., Strong, J. E., Alexander, D., Garnett, L., et al. (2020).
Predicting infectious SARS-CoV-2 from diagnostic samples. Clin. Infect. Dis.
Off. Publ. Infect. Dis. Soc. Am. 71, 2663–2666. doi: 10.1093/cid/ciaa638

Burd, E. M., and Burd, E. M. (2003). Human papillomavirus and cervical cancer.
Clin. Microbiol. Rev. 16, 1–17. doi: 10.1128/CMR.16.1.1

Cadwell, K. (2015). The virome in host health and disease. Immunity 42, 805–813.
doi: 10.1016/j.immuni.2015.05.003

Casadevall, A., and Pirofski, L. (2000). MINIREVIEW host-pathogen interactions:
basic concepts of microbial commensalism, colonization, infection, and disease.
Infect. Immun. 68, 6511–6518. doi: 10.1128/IAI.68.12.6511-6518.2000.Updated

Casadevall, A., and Pirofski, L. A. (1999). Host-pathogen interactions: redefining
the basic concepts of virulence and pathogenicity. Infect. Immun. 67, 3703–
3713. doi: 10.1128/iai.67.8.3703-3713.1999

Castle, P. E., and Fetterman, B. (2009). Five-Year experience of human
papillomavirus DNA and papanicolaou test cotesting. Obstet. Gynecol. 113,
595–600. doi: 10.1097/aog.0b013e3181996ffa

CDC (2019). Information on Rapid Molecular Assays, RT-PCR, and other
Molecular Assays for Diagnosis of Influenza Virus Infection. Available
online at: https://www.cdc.gov/flu/professionals/diagnosis/molecular-assays.
htm (accessed April 1, 2020).

CDC (2020a). Clinical Questions about COVID-19: Questions and Answers.
Available online at: https://www.cdc.gov/coronavirus/2019-ncov/hcp/faq.html
(accessed August 30, 2020).

CDC (2020b). Overview of Influenza Testing Methods. Centers Dis. Control
Prev. Natl. Cent. Immun. Respir. Dis. Available online at: https:
//www.cdc.gov/flu/professionals/diagnosis/overview-testing-methods.htm
(accessed November 13, 2020).

Cevik, M., Tate, M., Lloyd, O., Maraolo, A. E., Schafers, J., and Ho, A.
(2021). SARS-CoV-2, SARS-CoV, and MERS-CoV viral load dynamics,
duration of viral shedding, and infectiousness: a systematic review and
meta-analysis. Lancet Microbe 2, e13–e22. doi: 10.1016/s2666-5247(20)
30172-5

David, P., Sá-pinto, X., and Nogueira, T. (2019). Microbiomes are important
key players in human health-mutualistic interactions with and between our
microbes. JOJ Int. Med. 1:555556.

De Villiers, E.-M., and Zur Hausen, H. eds (2009). TT viruses: The Still Elusive
Human Pathogens. Berlin: Springer.

Frontiers in Microbiology | www.frontiersin.org 6 May 2021 | Volume 12 | Article 647730

https://doi.org/10.1002/jmv
https://doi.org/10.1038/nature05762
https://doi.org/10.2174/138920209787581235
https://doi.org/10.2174/138920209787581235
https://doi.org/10.1093/cid/ciaa638
https://doi.org/10.1128/CMR.16.1.1
https://doi.org/10.1016/j.immuni.2015.05.003
https://doi.org/10.1128/IAI.68.12.6511-6518.2000.Updated
https://doi.org/10.1128/iai.67.8.3703-3713.1999
https://doi.org/10.1097/aog.0b013e3181996ffa
https://www.cdc.gov/flu/professionals/diagnosis/molecular-assays.htm
https://www.cdc.gov/flu/professionals/diagnosis/molecular-assays.htm
https://www.cdc.gov/coronavirus/2019-ncov/hcp/faq.html
https://www.cdc.gov/flu/professionals/diagnosis/overview-testing-methods.htm
https://www.cdc.gov/flu/professionals/diagnosis/overview-testing-methods.htm
https://doi.org/10.1016/s2666-5247(20)30172-5
https://doi.org/10.1016/s2666-5247(20)30172-5
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-647730 May 15, 2021 Time: 15:15 # 7

Abade dos Santos et al. Molecular Methods and Virus-Host Interactions

Deepa, A., Nair, B. J., Sivakumar, T., and Joseph, A. P. (2014). Uncommon
opportunistic fungal infections of oral cavity: a review. J. Oral Maxillofac.
Pathol. 18, 235–243. doi: 10.4103/0973-029X.140765

Dickinson, A. M. (2018). Potential beneficial effects of cytomegalovirus infection
after transplantation. Front. Immunol. 9:389. doi: 10.3389/fimmu.2018.00389

Feltkamp, M. C. W., Kazem, S., Van Der Meijden, E., Lauber, C., and Gorbalenya,
A. E. (2013). From Stockholm to Malawi: recent developments in studying
human polyomaviruses. J. Gen. Virol. 94, 482–496. doi: 10.1099/vir.0.048462-0

Fierer, J., Looney, D., and Pechère, J.-C. (2017). Nature and Pathogenicity of Micro-
organisms. Infect. Dis. (Auckl). 1, 4–25.e1. doi: 10.1016/b978-0-7020-6285-8.
00002-2

Frank, D. N., St. Amand, A. L., Feldman, R. A., Boedeker, E. C., Harpaz, N.,
and Pace, N. R. (2007). Molecular-phylogenetic characterization of microbial
community imbalances in human inflammatory bowel diseases. Proc. Natl.
Acad. Sci. U.S.A. 104, 13780–13785. doi: 10.1073/pnas.0706625104

Gerritsen, J., Smidt, H., Rijkers, G. T., and De Vos, W. M. (2011).
Intestinal microbiota in human health and disease: the impact
of probiotics. Genes Nutr. 6, 209–240. doi: 10.1007/s12263-011-
0229-7

Gest, H., Leeuwenhoek, A. V. A. N., Of, F., and Royal, T. H. E. (2004). The discovery
of microorganisms by Robert Hooke and Antoni van Leeuwenhoek, Fellows of
The Royal Society. Notes Rec. R. Soc. Lond. 58, 187–201. doi: 10.1098/rsnr.2004.
0055

Griffiths, P. (1999). Time to consider the concept of a commensal virus? Rev. Med.
Virol. 9, 73–74. doi: 10.1002/(sici)1099-1654(199904/06)9:2<73::aid-rmv254>
3.0.co;2-5

Hino, S., and Miyata, H. (2007). Torque teno virus (TTV): current status. Rev. Med.
Virol. 17, 45–57. doi: 10.1002/rmv.524

Joslyn, S. A., Hoekstra, G. L., and Sutherland, J. E. (1995). Rapid antigen detection
testing in diagnosing group A beta-hemolytic streptococcal pharyngitis. J. Am.
Board Fam. Pract. 8, 177–182.

Kapusinszky, B., Minor, P., and Delwart, E. (2012). Nearly constant shedding of
diverse enteric viruses by two healthy infants. J. Clin. Microbiol. 50, 3427–3434.
doi: 10.1128/JCM.01589-12

Kerckhoffs, A. P. M., Ben-Amor, K., Samsom, M., Van Der Rest, M. E., De Vogel,
J., Knol, J., et al. (2011). Molecular analysis of faecal and duodenal samples
reveals significantly higher prevalence and numbers of Pseudomonas aeruginosa
in irritable bowel syndrome. J. Med. Microbiol. 60, 236–245. doi: 10.1099/jmm.
0.022848-0

Kernbauer, E., Ding, Y., and Cadwell, K. (2014). An enteric virus can replace the
beneficial function of commensal bacteria. Nature 516, 94–98. doi: 10.1038/
nature13960

Lan, L., Xu, D., Ye, G., Xia, C., Wang, S., Li, Y., et al. (2020). Positive RT-PCR
test results in patients recovered from COVID-19. JAMA 323, 1502–1503. doi:
10.1001/jama.2020.2783 .

Larsen, N., Vogensen, F. K., Van Den Berg, F. W. J., Nielsen, D. S., Andreasen,
A. S., Pedersen, B. K., et al. (2010). Gut microbiota in human adults with type
2 diabetes differs from non-diabetic adults. PLoS One 5:9085. doi: 10.1371/
journal.pone.0009085

Lecuit, M., and Eloit, M. (2013). The human virome: new tools and concepts.
Trends Microbiol. 21, 510–515. doi: 10.1016/j.tim.2013.07.001

Li, L., Shan, T., Soji, O. B., Alam, M., Kunz, T. H., Zaidi, S. Z., et al.
(2011). Communication Possible cross-species transmission of circoviruses and
cycloviruses among farm animals. J. Gen. Virol. 92, 768–772. doi: 10.1099/vir.0.
028704-0

Ljungman, P., Boeckh, M., Hirsch, H. H., Josephson, F., Lundgren, J., Nichols, G.,
et al. (2017). Definitions of cytomegalovirus infection and disease in transplant
patients for use in clinical trials. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am.
64, 87–91. doi: 10.1093/cid/ciw668

Los, M., Panigrahi, S., Mandal, S., Stetefeld, J., Essmann, F., and Schulze-
osthoff, K. (2009). Biochimica et Biophysica Acta Apoptin, a tumor-selective
killer. BBA Mol. Cell Res. 1793, 1335–1342. doi: 10.1016/j.bbamcr.2009.
04.002

Louie, M., Louie, L., and Simor, A. E. (2000). The role of DNA amplification
technology in the diagnosis of infectious diseases. CMAJ 163, 301–309. doi:
10.1016/s1381-1169(00)00220-x

Lwoff, A. (1957). The concept of virus. J. Gen. Microbiol. 17, 239–253. doi: 10.1099/
00221287-17-2-239

Macpherson, A. J., and Mccoy, K. D. (2014). Standardised animal models of
host microbial mutualism. Mucosal Immunol. 8, 476–486. doi: 10.1038/mi.20
14.113

Mahase, E. (2020). Covid-19: innova lateral flow test is not fit for “test and release”
strategy, say experts. BMJ 371:m4469. doi: 10.1136/bmj.m4469

Mahy, B. W. J. (2009). Dictionary of Virology. London: Elsevier.
Malinen, E., Rinttilä, T., Kajander, K., Mättö, J., Kassinen, A., Krogius, L., et al.

(2005). Analysis of the fecal microbiota of irritable bowel syndrome patients
and healthy controls with real-time PCR. Am. J. Gastroenterol. 100, 373–382.
doi: 10.1111/j.1572-0241.2005.40312.x

Mims, C., Playfair, J., and Roitt, I. (1998). “The host–parasite response,” in Medical
Microbiology, eds I. R. C. Mims and J. Playfair (London: Mosby), 9–20.

Mullis, K., Faloona, F., Scharf, S., Saiki, R., Horn, G., and Erlich, H. (1992). Specific
enzymatic amplification of DNA in vitro: the polymerase chain reaction. 1986.
Biotechnology 24, 17–27.

Nelson, P. N., Hooley, P., Roden, D., Ejtehadi, H. D., Rylance, P., Warren, P., et al.
(2004). Human endogenous retroviruses: transposable elements with potential?
Clin. Exp. Immunol. 138, 1–9. doi: 10.1111/j.1365-2249.2004.02592.x

Nogueira, T., David, P. H. C., and Pothier, J. (2019). Antibiotics as both friends and
foes of the human gut microbiome: the microbial community approach. Drug
Dev. Res. 80, 86–97. doi: 10.1002/ddr.21466

Olijve, L., Jennings, L., and Walls, T. (2018). crossm human parechovirus: an
increasingly recognized cause of sepsis-like illness in young infants. Clin.
Microbiol. Rev. 31, 1-17. doi: 10.1128/CMR.00047-17

Ott, C., Duret, L., Chemin, I., Tre, C., Mandrand, B., Komurian-pradel, F., et al.
(2000). Use of a TT virus ORF1 recombinant protein to detect anti-TT virus
antibodies in human sera. J. Gen. Virol. 81, 2949–2958. doi: 10.1099/0022-
1317-81-12-2949

Sandaa, R. A., Storesund, J. E., Olesin, E., Paulsen, M. L., Larsen, A., Bratbak,
G., et al. (2018). Seasonality drives microbial community structure, shaping
both eukaryotic and prokaryotic host–viral relationships in an arctic marine
ecosystem. Viruses 10:715. doi: 10.3390/v10120715

Sauvage, V., Cheval, J., Foulongne, V., Gouilh, M. A., Pariente, K., Manuguerra,
J. C., et al. (2011). Identification of the first human gyrovirus, a virus related to
chicken anemia virus. J. Virol. 85, 7948–7950. doi: 10.1128/jvi.00639-11

Smith, D. B., and Purdy, M. A. (2013). Genetic variability and the classification of
hepatitis E virus. J. Virol. 87, 4161–4169. doi: 10.1128/JVI.02762-12

Suri, T., Mittal, S., Tiwari, P., Mohan, A., Hadda, V., Madan, K., et al. (2020).
COVID-19 real-time RT-PCR: does positivity on follow-up RT-PCR always
imply infectivity? Am. J. Respir. Crit. Care Med. 202:147. doi: 10.1164/rccm.
202004-1287LE

Tajiri, H., Tanaka, T., Sawada, A., Etani, Y., Kozaiwa, K., Mushiake, S., et al.
(2001). Three cases with TT virus infection and idiopathic neonatal hepatitis.
Intervirology 44, 364–369. doi: 10.1159/000050073

Tanei, M., Yokokawa, H., Murai, K., Sakamoto, R., Amari, Y., Boku, S., et al.
(2014). Factors influencing the diagnostic accuracy of the rapid influenza
antigen detection test (RIADT): a cross-sectional study. BMJ Open 4, 6–11.
doi: 10.1136/bmjopen-2013-003885

Thom, K., Morrison, C., Lewis, J. C. M., and Simmonds, P. (2003). Distribution
of TT virus (TTV), TTV-like minivirus, and related viruses in humans
and nonhuman primates. Virology 306, 324–333. doi: 10.1016/S0042-6822(02)
00049-1

Tlaskalová-hogenová, H., Štˇ, R., Cukrowska, B., Lodinová-žádn, R., Kozáková, H.,
Rossmann, P., et al. (2004). Commensal bacteria (normal microflora), mucosal
immunity and chronic inflammatory and autoimmune diseases. Immunol Lett.
93, 97–108. doi: 10.1016/j.imlet.2004.02.005

Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Ley, R. E., Sogin,
M. L., et al. (2009). A core gut microbiome between lean and obesity twins.
Nature 457, 480–484. doi: 10.1038/nature07540.A

Virgin, H. W. (2014). The virome in mammalian physiology and disease. Cell 157,
142–150. doi: 10.1016/j.cell.2014.02.032

Witsø, E., Palacios, G., Cinek, O., Stene, L. C., Grinde, B., Janowitz, D., et al.
(2006). High prevalence of human enterovirus a infections in natural circulation
of human enteroviruses. J. Clin. Microbiol. 44, 4095–4100. doi: 10.1128/JCM.
00653-06

Wölfel, R., Corman, V. M., Guggemos, W., Seilmaier, M., Zange, S., Müller, M. A.,
et al. (2020). Virological assessment of hospitalized patients with COVID-2019.
Nature 581, 465–469. doi: 10.1038/s41586-020-2196-x

Frontiers in Microbiology | www.frontiersin.org 7 May 2021 | Volume 12 | Article 647730

https://doi.org/10.4103/0973-029X.140765
https://doi.org/10.3389/fimmu.2018.00389
https://doi.org/10.1099/vir.0.048462-0
https://doi.org/10.1016/b978-0-7020-6285-8.00002-2
https://doi.org/10.1016/b978-0-7020-6285-8.00002-2
https://doi.org/10.1073/pnas.0706625104
https://doi.org/10.1007/s12263-011-0229-7
https://doi.org/10.1007/s12263-011-0229-7
https://doi.org/10.1098/rsnr.2004.0055
https://doi.org/10.1098/rsnr.2004.0055
https://doi.org/10.1002/(sici)1099-1654(199904/06)9:2<73::aid-rmv254>3.0.co;2-5
https://doi.org/10.1002/(sici)1099-1654(199904/06)9:2<73::aid-rmv254>3.0.co;2-5
https://doi.org/10.1002/rmv.524
https://doi.org/10.1128/JCM.01589-12
https://doi.org/10.1099/jmm.0.022848-0
https://doi.org/10.1099/jmm.0.022848-0
https://doi.org/10.1038/nature13960
https://doi.org/10.1038/nature13960
https://doi.org/10.1001/jama.2020.2783
https://doi.org/10.1001/jama.2020.2783
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1016/j.tim.2013.07.001
https://doi.org/10.1099/vir.0.028704-0
https://doi.org/10.1099/vir.0.028704-0
https://doi.org/10.1093/cid/ciw668
https://doi.org/10.1016/j.bbamcr.2009.04.002
https://doi.org/10.1016/j.bbamcr.2009.04.002
https://doi.org/10.1016/s1381-1169(00)00220-x
https://doi.org/10.1016/s1381-1169(00)00220-x
https://doi.org/10.1099/00221287-17-2-239
https://doi.org/10.1099/00221287-17-2-239
https://doi.org/10.1038/mi.2014.113
https://doi.org/10.1038/mi.2014.113
https://doi.org/10.1136/bmj.m4469
https://doi.org/10.1111/j.1572-0241.2005.40312.x
https://doi.org/10.1111/j.1365-2249.2004.02592.x
https://doi.org/10.1002/ddr.21466
https://doi.org/10.1128/CMR.00047-17
https://doi.org/10.1099/0022-1317-81-12-2949
https://doi.org/10.1099/0022-1317-81-12-2949
https://doi.org/10.3390/v10120715
https://doi.org/10.1128/jvi.00639-11
https://doi.org/10.1128/JVI.02762-12
https://doi.org/10.1164/rccm.202004-1287LE
https://doi.org/10.1164/rccm.202004-1287LE
https://doi.org/10.1159/000050073
https://doi.org/10.1136/bmjopen-2013-003885
https://doi.org/10.1016/S0042-6822(02)00049-1
https://doi.org/10.1016/S0042-6822(02)00049-1
https://doi.org/10.1016/j.imlet.2004.02.005
https://doi.org/10.1038/nature07540.A
https://doi.org/10.1016/j.cell.2014.02.032
https://doi.org/10.1128/JCM.00653-06
https://doi.org/10.1128/JCM.00653-06
https://doi.org/10.1038/s41586-020-2196-x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-647730 May 15, 2021 Time: 15:15 # 8

Abade dos Santos et al. Molecular Methods and Virus-Host Interactions

Yanes-Lane, M., Winters, N., Fregonese, F., Bastos, M., Perlman-Arrow, S.,
Campbell, J. R., et al. (2020). Proportion of asymptomatic infection among
COVID-19 positive persons and their transmission potential: a systematic
review and meta-analysis. PLoS One 15:e0241536. doi: 10.1371/journal.pone.
0241536

Young, B. E., Ong, S. W. X., Kalimuddin, S., Low, J. G., Tan, S. Y., Loh, J., et al.
(2020). Epidemiologic features and clinical course of patients infected with
SARS-CoV-2 in Singapore. JAMA 323, 1488–1494.

Young, J. C., Chehoud, C., Bittinger, K., Bailey, A., Diamond, J. M., Cantu, E., et al.
(2015). Viral metagenomics reveal blooms of anelloviruses in the respiratory
tract of lung transplant recipients. Am. J. Transplant. 15, 200–209. doi: 10.1111/
ajt.13031

Zhang, Y., Li, S., Gan, R., Zhou, T., Xu, D., and Li, H. (2015). Impacts of gut
bacteria on human health and diseases. Int. J. Mol. Sci. 16, 7493–7519. doi:
10.3390/ijms16047493

Zou, S., Caler, L., Colombini-Hatch, S., Glynn, S., and Srinivas, P. (2016). Research
on the human virome: where are we and what is next. Microbiome 4:32. doi:
10.1186/s40168-016-0177-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Abade dos Santos, Portela, Nogueira, Carvalho, de Sousa and
Duarte. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 8 May 2021 | Volume 12 | Article 647730

https://doi.org/10.1371/journal.pone.0241536
https://doi.org/10.1371/journal.pone.0241536
https://doi.org/10.1111/ajt.13031
https://doi.org/10.1111/ajt.13031
https://doi.org/10.3390/ijms16047493
https://doi.org/10.3390/ijms16047493
https://doi.org/10.1186/s40168-016-0177-y
https://doi.org/10.1186/s40168-016-0177-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles




 International Journal of 

Molecular Sciences

Article

A Quadruplex qPCR for Detection and Differentiation of
Classic and Natural Recombinant Myxoma Virus Strains
of Leporids

Fábio A. Abade dos Santos 1,2,3,* , Carina L. Carvalho 2 , Francisco Parra 3 , Kevin P. Dalton 3 ,
Maria C. Peleteiro 1 and Margarida D. Duarte 1,2

����������
�������

Citation: Abade dos Santos, F.A.;

Carvalho, C.L.; Parra, F.; Dalton, K.P.;

Peleteiro, M.C.; Duarte, M.D. A

Quadruplex qPCR for Detection and

Differentiation of Classic and Natural

Recombinant Myxoma Virus Strains

of Leporids. Int. J. Mol. Sci. 2021, 22,

12052. https://doi.org/10.3390/

ijms222112052

Academic Editor: Sergei A. Subbotin

Received: 30 August 2021

Accepted: 5 November 2021

Published: 7 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centro de Investigação Interdisciplinar em Sanidade Animal (CIISA), Faculdade de Medicina Veterinária,
Universidade de Lisboa, Avenida da Universidade Técnica, 1300-477 Lisboa, Portugal;
mcpelet@fmv.ulisboa.pt (M.C.P.); margarida.duarte@iniav.pt (M.D.D.)

2 Instituto Nacional de Investigação Agrária e Veterinária (INIAV, I.P.), Av. da República, Quinta do Marquês,
2780-157 Oeiras, Portugal; carina.carvalho@iniav.pt

3 Instituto Universitario de Biotecnología de Asturias (IUBA), Departamento de Bioquímica y Biología Molecular,
Universidad de Oviedo, 33003 Oviedo, Spain; fparra@uniovi.es (F.P.); daltonkevin@uniovi.es (K.P.D.)

* Correspondence: fabio.abade@iniav.pt; Tel.: +351-21-440-3500

Abstract: A natural recombinant myxoma virus (referred to as ha-MYXV or MYXV-Tol08/18)
emerged in the Iberian hare (Lepus granatensis) and the European rabbit (Oryctolagus cuniculus)
in late 2018 and mid-2020, respectively. This new virus is genetically distinct from classic myxoma
virus (MYXV) strains that caused myxomatosis in rabbits until then, by acquiring an additional
2.8 Kbp insert within the m009L gene that disrupted it into ORFs m009L-a and m009L-b. To distin-
guish ha-MYXV from classic MYXV strains, we developed a robust qPCR multiplex technique that
combines the amplification of the m000.5L/R duplicated gene, conserved in all myxoma virus strains
including ha-MYXV, with the amplification of two other genes targeted by the real-time PCR systems
designed during this study, specific either for classic MYXV or ha-MYXV strains. The first system
targets the boundaries between ORFs m009L-a and m009L-b, only contiguous in classic strains, while
the second amplifies a fragment within gene m060L, only present in recombinant MYXV strains.
All amplification reactions were validated and normalized by a fourth PCR system directed to a
housekeeping gene (18S rRNA) conserved in eukaryotic organisms, including hares and rabbits. The
multiplex PCR (mPCR) technique described here was optimized for Taqman® and Evagreen® systems
allowing the detection of as few as nine copies of viral DNA in the sample with an efficiency > 93%.
This real-time multiplex is the first fast method available for the differential diagnosis between classic
and recombinant MYXV strains, also allowing the detection of co-infections. The system proves to be
an essential and effective tool for monitoring the geographical spread of ha-MYXV in the hare and
wild rabbit populations, supporting the management of both species in the field.

Keywords: molecular diagnosis; multiplex; quadruplex qPCR; real-time PCR; myxoma virus; MYXV;
natural recombinant MYXV; ha-MYXV; Iberian hare; European rabbit

1. Introduction

Planet Earth has around 34 global diversity hotspots, featuring exceptional concen-
trations of endemic species, of uncountable and indisputable value [1,2]. For the past
several decades, particularly after 1970, these areas have been experiencing an exceptional
loss of habitats [3]. The decline or even disappearance of key species from these hotspots
has been identified as the main threat, leading to catastrophic cascading effects on the
affected ecosystems [4]. The western Mediterranean Basin hotspot holds a particularly
high taxon diversity, at a global level, only overpassed in importance by the tropics [5].
In fact, in this area one can find the same plant richness (30,000 taxa) of all tropical Africa,
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which presents an area four times larger. In the western Mediterranean Basin hotspot
10.8 species/1000 km2 can be found, a much higher value than the homologous number in
countries such as China, Zaire, India or Brazil [6]. The relevance of the wild rabbit (Oryc-
tolagus cuniculus) for the maintenance of the Mediterranean scrubland of south-western
Europe is such, that some ecologists named this ecosystem “the rabbit’s ecosystem” [7].
The wild rabbit and the Iberian hare (Lepus granatensis) are two of the most iconic and
important species of the Iberian Peninsula, where they play a unique ecologic, cultural,
and economic role.

Myxoma virus is a Leporipoxvirus from Chordopoxvirinae subfamily and Poxviridae fam-
ily [8]. The myxoma virus (MYXV) possesses a large, linear double-stranded DNA genome
with terminal inverted repeats (TIRs) and covalently closed hairpin loops at each end [9].
The Lausanne strain, the reference strain of classic Myxoma virus, encodes 158 unique
open reading frames (ORFs), 12 being duplicated in the 11,577 bp-long TIRs [10,11].

In late 2018, a natural recombinant myxoma virus (hereinafter referred to as ha-MYXV,
but also known as MYXV-Tol08/18) emerged in the Iberian hare (Lepus granatensis), af-
fecting several populations in Spain [12–14] and Portugal [15] with an apparent mean
mortality rate of 55.4% [14], and remarkable geographic dissemination, extending to all
the Iberian peninsula in the first year of the emergence [14,16]. The ha-MYXV outbreaks
raised additional concerns on the resilience limit of wild Iberian hare populations, due
to their cumulative effect with the many insidious factors that have been responsible for
the decline of both species in recent decades [17]. Despite the conservation status of the
Iberian hare presently being of “Least Concern” by the International Union for Conserva-
tion of Nature (IUCN), many local populations are currently threatened as the result of a
severe loss of habitat imposed by human activities, or by other infectious agents such as
Leporid gammaherpesvirus 5 (LeHV-5) that causes severe skin lesions with consequences on
reproduction, or the cysticercosis, among others [18,19].

The ha-MYXV was initially detected only in Iberian hares suggesting a species-
specificity for this virus. However, in mid-2020 it was also reported in diseased wild
and domestic rabbits [20,21]. This finding questioned the effectiveness of current commer-
cial vaccines against this new virus as well as the power of cross-immunity conferred by
infection by the classic strains.

Furthermore, the susceptibility of the European rabbit to ha-MYXV brings additional
worries towards the conservation of the species, attributed in 2019 the status “Endangered
of Extinction” by the IUCN for the first time in history [22].

In the present context, the quick diagnosis of myxomatosis in wild leporids is of
paramount importance for the successful management of the disease in the field, highly de-
pendent on an early, prompt, and accurate diagnosis, given the rapid spread of the disease
via direct and indirect contact between sick and healthy animals, the latter mediated by
insects. For example, the laboratory confirmation of myxomatosis in hunting reserves, in-
creases the managers’ awareness to intensify active prospection and removal of sick or dead
animals from the field, thus reducing the sources of infection and contamination. In some
cases, the control of the disease can be accelerated by capturing and vaccinating animals.

The multiplex molecular method (mPCR) here described constitutes an essential
and effective tool for (i) the quick diagnosis of myxomatosis in rabbits and hares, (ii) the
differentiation of classic MYXV strains from recombinant MYXV strains (ha-MYXV), and
(iii) the detection of co-infections by both virus strains while showing the capacity/fitness
to be adapted to Taqman or Evagreen systems, depending on the resources available in the
laboratory and technicians’ preferences.

2. Results
2.1. Multiplex PCR Strategy

To optimize the diagnosis of myxomatosis, and differentiate classic MYXV from ha-
MYXV strains in biological samples from European rabbit and Iberian hare, we developed
a real-time quantitative multiplex PCR system (mPCR) by combining the qPCR system
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previously described by [23], which detects the m000.5L/R duplicated gene, with two other
qPCR systems developed for this study. One of those systems targets the boundaries of
the 2.8 Kbp insertion within gene m009L (that was disrupted in the ha-MYXV genome,
abrogating amplification by this system), and the other (m060L system) targets a small
region within gene m060L, solely present in ha-MYXV strains. The amplification and
fluorescence results expected with the different infection situations were summarized in
Table 1.

Table 1. Expected results for the different targets in the mPCR. * the m009L system may lack the
detection of some classical MYXV strains (see Table S1).

Amplification and Fluorescence Detection

m000.5L/R qPCR m009L qPCR m060L qPCR 18S rDNA qPCR

MYXV yes yes/no * no yes

ha-MYXV yes no yes yes

Non-infected no no no yes

MYXV and
ha-MYXV

(Coinfection)
yes yes/no * yes yes

The Table 2 contains the genomic location of the targets and sequences of the primers
and probes used in the mPCR.

The 2.8Kbp insert, located around 12,335 nt from the left end of the genome (in se-
quence KY548791), comprises a set of six genes, namely m060L, m061L, m064L, m065L and
M066L, some of which are truncated. These genes are transcribed to the left, showing
similarity with genes m060R, m061R, m064R, m065R and m066R, present downstream in the
genome between position 57,321 and 61,760 (in sequence KY548791), which are transcribed
to the right.

The duplicated m000.5L/R gene, located in the inverted terminal repeats (TIR) at the 5′

and 3′ ends of the Myxoma virus genome, is well conserved in all classic strains as well as in
ha-MYXV, conferring high sensitivity to the method developed by Duarte et al., (2014) [23],
which robustness and specificity were revalidated during this study. Interestingly, the
duplicated m000.5L/R gene is absent in the high virulent MSW strain of Californian MYXV,
which also shows a deletion of 845 bp in the 3′ end of the m009L gene (based on the Lu
sequence) [24].

An internal reference targeting the 18S rRNA housekeeping gene was used as a
reliable gene [25] to control the nucleic acid extraction process and the efficiency of each
amplification reaction. The 18S rRNA is largely used as an internal control in diagnostic
tests for the detection of human and animal RNA viruses [26]. The 18S rDNA codes for the
small subunit of ribosomes and is a well-preserved gene among different species within the
vertebrate phylum [27] being recently validated to be used in rabbit and hare’s tissues [28].

The probes’ fluorophores were selected to ensure that the fluorescence of the internal
control (18S) probe would be lower than that of the other probes to reduce, as much
as possible, the interference with the probes directed to viral DNA. Therefore, the CY5
fluorophore was chosen for labelling the 18S probe and the minimum concentrations of the
probe and primers were determined, as long as a clear reading of the results was maintained.
All the quenchers used were Black Hole Quenchers (BHQ™), to avoid fluorescent quenchers
(e.g., TAMRA™).
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Table 2. Genomic location of the targets and sequences of the primers and probes used in the mPCR. Homology against two standard sequences (Lausanne strain (KY548791), and Tol08-18
strain (MK340973)) is marked. Underlined nucleotides represent mismatches.

Location and Conservation of the Primers and Probes’ Target Sequences in the Classic MYXV (Lausanne) and ha-MYXV
(Tol08-18) Strains

qPCR System
Oligomer

(Fluorophore-
Quencher)

Nucleotide
Sequence (5′-3′)

Position in
Sequence
KY548791

(Lausanne Strain)

Homologous Sequence in KY548791
(Percentage of Similarity with

Primer/Probe; Gene Targeted by the
PCR System)

Position in
Sequence
MK340973

(Tol08-18 Strain)

Homologous Sequence in MK340973
(Percentage of Similarity with

Primer/Probe, Gene Targeted by the
PCR System)

m000.5L/R
(duplicated) [23]

Forward Primer CGACGTAGATT-
TATCGTATACC

558 to 537 and
161,220 to 161,241

CGACGTAGATTTATCGTATACC
(100%; m000.5L/R gene)

125 bp

564 to 543 and
163,997 to 164,018

CGACGTAGATTTATCGTATACC
(100%; m000.5L/R gene)

125 bpReverse Primer GTCTGTCTATGT-
ATTCTATCTCC

434 to 456 and
161344 to 161322

GTCTGTCTATGTATTCTATCTCC
(100%; m000.5L/R gene)

440 to 462 and
164,121 to 164,099

GTCTGTCTATGTATTCTATCTCC
(100%; m000.5L/R gene)

Probe
(Fam/BHQ1)

TCGGTCTATCCTCG-
GGCAGACATAGA

483 to 508 and
161,295 to 161,270

TCGGTCTATCCTCGGGCAGACATAGA
(100%; m000.5L/R gene)

489 to 514 and
164,072 to 164,047

TCGGTCTATCCTCGGGCAGACATAGA
(100%; m000.5L/R gene)

m009L

Forward Primer TCCATTTACGATA-
CACGCCGACGC 12,171 a 12,194

TCCATTTACGATACACGCCGACGC
(100%; m009L gene)

146 bp

12,147 to 12,170 TCCATTTACGATACACGCCGACGC
(100%; m009L-a gene)

N
o

am
pl

ic
on

#

Reverse Primer ACAACGTTCTATACT-
GTTTAGGGGGTACG 12,316 to 12,288

ACAACGTTCTATACTGTTTAGGG-
GGTACG

(100%; m009L gene)
15,154 to 15,127

ACAACGTTCTATACTGTTTAGGGG-
TACG

(97%, 1 deletion; intergenic region
m009L-a and m009L-b)

Probe
(TexasRed/BHQ2)

TACGATCTACTGAC-
GAACGAATACAGTT-

TAATGCC
12,254 to 12,220

TACGATCTACTGACGAACGAATAC-
AGTTTAATGCC

(100%; m009L gene)
15,093 to 15,059

TACGATCTACTGACGAACAATGGAT
CACGGAAAGT

(57%; intergenic region m009L-a and
m009L-b)

m060L

Forward Primer GATTCTTTAATCTG-
GTTGAGGCAACTA

57,669 to 57,643
TCTTTAATCTAGTCGTTGCGAGA-

ACAA
(48%; m060R gene)

N
o

am
pl

ic
on

14,723 to 14,749
GATTCTTTAATCTGGTTGAGGCA-

ACTA
(100%; m060L gene)

178 bp
(m060L)

and
no am-
plicon
(m060R)

60,497 to 60,471
GTTTCTTTAATCTAGTCGTTGCG

AGAA
(70%; m060R gene)

Reverse Primer GGATATTATTACGC-
TCCATTATCGGAGG 57,495 to 57,522

GGATATTATTACG-
CTCCTCTGTCGGAGG

(89%; m060R gene)

14,900 to 14,873
GGATATTATTACGCTCCATTATCG-

GAGG
(100%; m060L gene)

60,320 to 60,347
GGATATTATTACGCTCCTCTGTCG-

GAGG
(25/28, 89%; m060R gene)

Probe
(HEX-BHQ1)

CTGATAAGTACC-
CCTTATCTACAAAA-

ACGGGTG
57,639 to 57,607 CTGCCAAATATCCCTTATCCACGCA-

AATGGGAG
(73%; m060R gene)

14,756 to 14,788
CTGATAAGTACCCCTTATCTACAAA-

AACGGGTG
(100%; m060L gene)

60,471 to 60,320 * (No significant similarity; m060R gene)

* Region amplified by the primers, # No signal due to the lack of amplification due to the relative position of the primers 2,946 bp apart; underlined nucleotides indicate no homology between primer sequence
and target sequence.
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2.2. Specificity of the Primers and Probes

The specificity of the three PCR systems (m000.5L/R, m009L and m060L) was first de-
termined in silico, against the representative sequences available in the NCBI database, by
using the BlastN analysis service from NCBI. Despite the evaluation of the specificity based
only on the number and position of oligomers’ mismatches can be misleading [29], in silico
validation of polymerase chain reaction primers and probes is a common procedure [30] to
predict the functionality of the amplification reactions.

Therefore, to further confirm the specificity of these three systems, the nine oligomers
were tested in silico (September, 2021) for potential annealing with the genomes of rab-
bit and hare pathogens with very relaxed temperature conditions (55 ◦C), showing all
matching sites of primer binding, a length of 60 bp to 3000 bp for the amplicon and al-
lowing mismatches in 5 nucleotides of the 3′ end), looking for all possible connection
points using the software FASTPCR 6.7 (PrimerDigital, 2020). The pathogens investigated
included Rabbit fibroma virus (NC_001266), Goatpox virus (NC_004003), Murmansk poxvirus
(NC_03546), Squirrel poxvirus (NC_022563), Yoka poxvirus (NC_015960), Murmansk poxvirus
(MF001304), Teiidae poxvirus (MT712273), Cheloniid poxvirus 1 (MT799800), Bibersteinia
trehalosi (NZ_CP006954), Chlamydophila abortus (CR848038), Coxiella burnetii (CP040059),
Cryptosporidium parvum (CM000436), Escherichia coli (AE014075.1), Encephalitozoon cuniculi
(LFTZ01000003), Enterococcus faecalis (CP045918), Francisella tularensis (CP025778), Kleb-
siella pneumoniae (FO203501), Leptospira interrogans (CP039256), Mannheimia haemolytica
(CP006957), Pasteurella multocida (CP031552), Salmonella enterica (CP003278), Serratia sp.
(CP025085), Staphylococcus aureus (AP017922), Staphylococcus epidermidis (CP043847) and
Toxoplasma gondii (U87145). Despite viral RNA not being amplified by this multiplex PCR,
a few RNA genomes were also evaluated given the possibility, in the future, of including
these primers on a wider multiplex PCR System for RNA and DNA viruses. The three RNA
viruses evaluated included hare lagovirus (KR230102.2 and MK138384), RHDV (MF421574)
and EBHSV (MK440616).

The putative results of the quadruplex system deduced from the BLAST analysis are
shown in Table S1. From a total of 85 genomes, including all the representative strains of
myxoma virus available in the NCBI database since 1949 (until September 2021), only one
strain was not detected by this system, namely the California/San Francisco MSW strain,
isolated in 1950 (KF148065). So far, the recent ha-MYXV strains are unique being detected
by the M060L system.

The low variability of the m000.5L/R gene, and its duplication at the opposite ends of the
genome, makes it an excellent candidate to assure that, if present, all MYXV strains are detected.
On the contrary, the m009L gene is prone to mutations, deletions and additions, making it ideal to
detect the current European MYXV strains and to evaluate genetic variability and virus evolution.

None of the pathogens’ sequences and samples listed in this and 4.4.1 subsections,
analysed in silico and in vitro, respectively, were detected by any of the three methods.
Likewise, in silico analysis of the heterologous vaccines (Shope Fibroma Virus vaccines,
namely Mixohipra FSA, Mixovacina and Lyomyxovax) showed that none of these vaccines
was detected by any of the three systems. In the case of homologous vaccines (Myxo-RHD
Plus, Dervaximyxo, Mixohipra-H, POX-LAP and Dercunimix SG33), none was detected by
the m060L system as expected, all vaccines were detected by the m000.5L/R system, and
only Dervaximyxo and Dercunimix vaccines were detected by the m009L system (Table S1).

Most homologous vaccines underwent genetic modifications in the m009L gene during
cell culture passages, or as a result of natural changes or genetic manipulation of the virus
strains, to attenuate the virus. In fact, during this study we sequenced a few commercial
vaccines, confirming this variability (not shown for confidentiality reasons). Regarding the
European classic field strains, except for one strain from Germany (1985, KP723387), one
strain from Spain (1995, EU552530) and two strains from England (2009, KY548812 and
2011, KY548813), the target regions of the m009L primers and probe are fully conserved
in all the classic strains which sequences are available in the NCBI (Table S1). On the
contrary, in the ha-MYXV strains the m009L region is interrupted by the insertion of a
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2.8 kbp additional sequence, separating the two target sequences of the m009L primers by
around 3.0 kb, and interrupting the probe-target sequence, therefore hampering annealing.
Consequently, the m009L method does not detect these strains, leading to negative results.
The positivity in the m000.5L/R system excludes false-negative results for myxomatosis.

2.3. Limit of Detection and Sensitivity of the Uniplex Systems

The minimum copy number of MYXV DNA detected by the m000.5L/R uniplex PCR
was 3 copies, following the value previously described (2.6 copies) by Duarte et al. [23].
Both the m060L and m009L systems demonstrated to be able of detecting as few as 3 copies
of viral DNA. In the uniplex modality, the amplification efficiency for the m060L, m009L
and 18S rRNA targets was above 98% (Figure 1).
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dality revealed an expected cross-effect between the different systems concerning the con-
centrations of the primers. Figure 2 illustrates the optimization of primer concentration of 
each system to obtain balance in the amplification efficiency of the three systems and Cy-
cle quantification. 

Figure 1. (A) Serial dilution from 3.0 × 107 to 3.0 × 100 copies of m000.5L/R per reaction. Red lines correspond to negative
controls (3.0 × 10−1 copies). (B) Standard curve for the m000.5L/R qPCR, the log starting quantity ranged from 3.0 × 107 to
3.0 × 100 copies in the final reaction. (C) Serial dilution from 3.0 × 107 to 3.0 × 100 copies of m060L per reaction. Black
lines correspond to negative controls (3.0 × 10−1 copies) (D) Standard curve for the m060L qPCR, the log starting quantity
ranged from 3.0 × 107 to 3.0 × 100 copies in the final reaction. (E) Serial dilution from 3.0 × 107 to 3.0 × 100 copies of m009L
per reaction. Red lines correspond to negative controls (3.010−1 copies). (F) Standard curve for the m009L qPCR, the log
starting quantity ranged from 3.0 × 107 to 3.0 × 100 copies in the final reaction.
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Typical standard curve amplification plots and linear regression analyses were found
for the three singleplex (Figure 1). Excellent linearity was observed over 8 orders of
magnitude, from 3 × 107 to 3 × 100 copies. The regression analyses for these intervals
yielded R2 (correlation coefficients) of 0.99. The slopes around 3.3 revealed high qPCR
efficiency (Figure 1B,D,E).

2.4. Determination of the mPCR Optimal Conditions and 3D Plot Analysis for the
Quadruplex System

The initial optimization of the primers and probe concentrations in the mPCR modality
revealed an expected cross-effect between the different systems concerning the concen-
trations of the primers. Figure 2 illustrates the optimization of primer concentration of
each system to obtain balance in the amplification efficiency of the three systems and
Cycle quantification.
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All combinations of variable primers and probes concentrations that generated ampli-
fication efficiencies below 90% for the three systems, or at least for one, were excluded. This
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was the case for combinations number 1, 2, 3, 10, 13, 14, 15, 16, 17, 18 and 20, illustrated in
Figure 2. As shown in Figure 2, combination 4 was chosen based on the good efficiency,
adequate Cq values, and sigmoidal curve shapes (not visible in the figure). This combina-
tion was then extensively tested and optimized for small variations in the concentrations
of primers and probes (results not shown) to balance the fluorescence between the four
systems (avoiding fluorescence saturation).

The selected conditions based on the 3D Plot analysis were annealing temperature of
60 ◦C, the Mg2+ concentration recommend by the kit manufacture (2.5 mM) and the dNTP
concentration kept to the minimum (0.2 mM).

2.5. Primer and Probes—Recommended Concentrations and mPCR Protocol

The final concentrations for the primers and probes and the optimized protocols for
the mPCR are shown in Tables 3 and 4, respectively. However, these conditions should be
optimized for other enzymes and devices.

Table 3. Optimized primers and probes’ concentrations for field samples in the mPCR.

Concentrations in the Amplification Reaction (µM)

Gene Primer Fw Primer Rv Probe

m000.5L/R 0.08 0.08 0.07
m009L 0.12 0.12 0.14
m060L 0.08 0.08 0.1

18S rRNA 0.08 0.08 0.1

Table 4. Optimized protocols for quadruplex PCR with Taqman probes, and triplex PCR using EvaGreen.

Amplification Protocols for mPCR

Taqman System Evagreen System

Step 1: 95 ◦C for 4:00
Step 2: 94 ◦C for 0:30
Step 3: 60 ◦C for 0:30
Step 4: 72 ◦C for 0:30

Go to step 2: Repeat 2×
Step 5: 94 ◦C for 0:30
Step 6: 60 ◦C for 0:30

Plate read
Step 7: 72 ◦C for 0:30

Go to step 5 Repeat 36×

Step 1: 98 ◦C for 2:00
Step 2: 98 ◦C for 0:05
Step 3: 60 ◦C for 0:15

Go to step 2: Repeat 39×
Melt curve: 65–95 ◦C (0.3 ◦C increment,

5 s/step)

2.6. Detection Limit and Sensitivity of the Optimized mPCR

The mPCR system was able to detect as few as 9 molecules of DNA per 50 µL of
PCR reaction of m000.5L/R, m060L and m009L genes. The ten-fold serial dilutions standard
curves generated by the quadruplex system corresponding to 9.0 × 107 to 9.0 × 101 copies
per reaction are shown in Figure 3, resulting from an average of 3 standard curves for each
target. The dilutions of 9.0 × 100 were excluded from the standard curve analysis because
of the scale, curve shape and high coefficient of variation.
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Figure 3. (A) Serial dilution from 9.0 × 107 to 9.0 × 101 copies of each plasmid (pM000.5L/R, pM009L and pM060L)
and a constant 3 × 106 copies of p18S per reaction. Red curves (TexRed) correspond to m060L system, blue curves
(FAM) corresponding to m000.5L/R system, green curves (HEX) corresponding to m009L system and purple curves (CY5)
correspond to 18S system. (B) Standard curve for the quadruplex qPCR. The reaction copies ranged from 9.0 × 107 to
9.0 × 101 copies in the final reaction.

2.7. Intra and Inter-Assay Variation

To evaluate intra-assay variability or repeatability of the qPCR quadruplex, the coeffi-
cient of variation (CV%) was calculated using the Cq values from the quadruplicates of
each dilution. The maximum CV determined was 3.65%, close to the ideal maximum value
of 3.5%. To access plate-to-plate consistency, the inter-assay variation or reproducibility,
the %CV was calculated using the Cq values from duplicates in two different runs. The
inter-assay variability demonstrated the good reproducibility performance of the multiplex
with Cq values generating CVs under 3.52%. The Cq mean standard deviation and CV%
values obtained with the mPCR are summarized in Table 5.

Table 5. Repeatability and reproducibility of the mPCR.

Target N. of
Copies/Reaction

Intra-Assay
(Quadruplicates)

Inter-Assay
(2 Independent Assay

with Duplicates)

Mean SD CV% Mean SD CV%

pM000.5L/R

9.0 × 107 11.74 0.17 1.47 - - -
9.0 × 106 15.23 0.13 0.83 15.13 0.32 2.12
9.0 × 105 19.09 0.02 0.10 - - -
9.0 × 104 22.08 0.10 0.44 22.68 0.45 1.98
9.0 × 103 25.62 0.14 0.54 - - -
9.0 × 102 29.00 0.45 1.55 29.53 0.27 0.91
9.0 × 101 32.86 0.27 0.82 - - -
9.0 × 100 36.04 1.27 3.52 36.24 1.21 3.34

pM060L

9.0 × 107 13.25 0.11 0.83 - - -
9.0 × 106 16.89 0.17 0.99 16.72 0.25 1.50
9.0 × 105 20.55 0.14 0.69 - - -
9.0 × 104 23.09 0.12 0.53 23.32 0.27 1.16
9.0 × 103 27.04 0.08 0.31 - - -
9.0 × 102 30.05 0.06 0.20 30.82 0.32 1.04
9.0 × 101 34.52 0.42 1.21 - - -
9.0 × 100 37.91 1.29 3.40 37.52 1.32 3.52

pM009L

9.0 × 107 11.32 0.41 3.65 - - -
9.0 × 106 14.15 0.35 2.47 14.74 0.36 2.44
9.0 × 105 18.10 0.07 0.40 - - -
9.0 × 104 21.21 0.03 0.16 21.53 0.38 1.76
9.0 × 103 24.32 0.10 0.40 - - -
9.0 × 102 28.21 0.17 0.59 29.14 0.43 1.48
9.0 × 101 32.47 0.63 1.92 - - -
9.0 × 100 35.91 0.92 2.56 35.73 1.13 3.16
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2.8. Eva Green-Based Multiplex Real-Time PCR (EG-mPCR)

The mPCR was adapted to EvaGreen to allow its use without the need of purchasing
expensive Taqman probes. In singleplex amplification, three distinct peaks (Figure 4A)
were observed corresponding to good dissociation curves (Figure 4B). Figure 4A shows
the Evagreen amplification peaks in the Evagreen systems of two out of the eight dilutions
tested of plasmids pM060L, pM000.5 L/R and pM009L.
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Figure 4. (A) Melting peaks of EvaGreen-PCR in singleplex reactions. Red lines, blue lines and green lines correspond to
m060L, m000.5L/R and m009L systems, respectively. (B) Dissociation curves from (A). (C) Melting peaks analysis for the
three systems described in (A,B), superimposed by the respective triplex analysis (three plasmids in the reaction, black
lines), with the correspondent three peaks. (D) Melting peaks analysis for field samples using the EvaGreen-mPCR, where
red lines represent samples positive to ha-MYXV and green lines samples positive for classic MYXV strains.

Triplex analysis using eight tenfold dilutions of the same plasmids generated three
distinct peaks (Figure 4C, black lines), homologous to those observed in the singleplex
reactions (Figure 4A,C).

When field samples ha-MYXV-positive were tested, two peaks were observed cor-
responding to the m060L (left red peak) and m000.5L/R (right red peak) genes specific
amplification. Two peaks were also detected with classic MYXV-positive samples, corre-
sponding to the amplification of the m000.5 L/R (left green peak) and m009L (right green
peak) genes. The melting temperatures of each one of the three amplicons proved to be
highly stable and differentiated, regardless of the modality of the qPCR used (Table 6).

Table 6. Comparison of the melting temperatures obtained for the singleplex and multiplexes.

In Uniplex Format In Triplex Format

PCR system m000.5L/R m060L m009L m000.5L/R m060L m009L

Mean ± SD 80.07 ± 0.08 75.58 ± 0.10 82.54 ± 0.28 80.11 ± 0.24 75.43 ± 0.18 82.34 ± 0.31
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The The melting temperature peak for each system was determined by the mean ±SD
of four duplicates replicated in two different runs.

2.9. Field Sample Analysis

To validate the developed mPCR system for routine diagnosis, the multiplex sys-
tem protocol with Taqman probes was used to test field samples from National Institute
for Agricultural and Veterinary Research—INIAV-biobank, previously classified as pos-
itive or negative for MYXV and ha-MYXV using the clinical and necropsy data, a qPCR
recommended by the OIE Terrestrial Manual [31] and a conventional PCR previously pub-
lished [12]. A sample is considered ha-MYXV-positive (Figure 5A) in the mPCR when the
qPCRs targeting the m000.5L/R, m060L and 18S rRNA genes generate fluorescence signals
with Cq values below 38.0, and the m009L system does not amplify DNA from the sample
(Table 2). On the other hand, a sample is considered classic MYXV-positive (Figure 5B)
when the qPCR targeting the m000.5L/R, m009L and 18S rRNA genes generate fluorescence
signals with Cq values below 38.0, and the M060L system does not amplify DNA from the
sample been tested (Table 2). Classic MYXV and/or ha-MYXV positive samples generate
exponential fluorescence in channels CY5 (18S rDNA amplification, Cq values < 38.0) and
FAM (m000.5 L/R amplification). Using the mPCR system developed, we were able to
confirm the results previously obtained regarding 59 out of the 60 samples tested (98.33%)
(Table 7). For one classic MYXV-positive sample, tested in duplicate, no amplification
was obtained with the m009L system in the quadruplex PCR, probably due to the lower
efficiency of the system compared to the singleplex. Nevertheless, this sample showed
a positive result in the m000.5 L/R system (Cq 35.2, considered as very low viral load),
confirming the presence of MYXV-DNA in the sample. When in uniplex, amplification of
this sample with m009L was successful (Cq 37.1). None of the field samples analysed so far
by our team was simultaneously positive for both viruses, indicating that co-infection by
MYXV and ha-MYXV is not a common event.
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Figure 5. (A) Results in field samples positive to ha-MYXV (red sigmoid curves: m060L, Texas Red
channel; blue sigmoid curves: m000.5L/R, FAM channel; green flat lines: m009L, HEX channel, not
visible due to scale). (B) Results with field samples positive for classic MYXV (blue curves: m000.5L/R,
FAM channel; green curves: m009L, HEX channel, red flat lines: m060L, Texas Red channel, not visible
due to scale). All samples were positive for 18S rDNA amplification (CY5, purple curves).

Table 7. Comparison of the qualitative results obtained with the m000.5L/R singleplex and quadruplex.

Singleplex
(m000.5L/R)

Quadruplex
(m000.5 L/R, 18S rDNA, m060L or m009L)

True positive
41

(24 ha-MYXV positive and
17 classic MYXV positive)

40 *

True negative 19 19
False positive 0 0
False negative 0 1 *

* One sample in the quadruplex analysis was positive for m000.5L/R (Cq 37.2) and 18S rRNA, negative to m009L
and m060L. Results from the singleplex: positive for m009L, negative for m060L).
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The lower fluorescence of the 18S PCR system compared with the fluorescence reached
with the m060L, m000.5 L/R, and m009L qPCRs (Figure 5) was imposed by limiting the
primers and probe concentrations. Despite this, the CY5 low fluorescence does not com-
promise the validity of the extraction and PCR, and minimizes the interference between
channels and fluorescence saturation.

3. Discussions

Wild leporids are an iconic species of the Iberian Peninsula, where they have tremen-
dous ecological, cultural, and economic importance. Myxomatosis has been a severe
menace for the wild rabbit since it emerged on the Iberia Peninsula in 1980. In 2018, the dis-
ease emerged for the first time in the Iberian hare [15,32] causing high mortality in the wild
populations and aggravating the decrease of this species in both Portugal and Spain [19].
In Portugal, myxomatosis accounted for 27.8% of the mortality of wild rabbits verified
in the field between mid-2017 and late 2020 (data from the Action Plan for the control
of RHDV2 in wild rabbits, dispatch 4757/17 of May 31) and for 88% of the mortality of
Iberian hares (after the emergence of ha-MYXV in October 2018), accelerating the reduction
of the wild populations of both species that have been observed in recent decades, also, as
a result of land-use changes.

The impact of myxomatosis in the wild leporids populations makes the existence of a
rapid, less laborious and low-cost tool for laboratory diagnosis of the disease and virus dis-
crimination/characterization in myxomatosis outbreaks in these species imperative. Here
we describe the first real-time PCR 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 mPCR are validated by the amplification
of internal control (18S rRNA gene), 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 m000.5L/R-based system [23] and further classified as recombinant/classic
MYXV by the system developed by [12].

When the four systems were used together in the quadruplex, the mPCR proved to
be robust, highly sensitive and highly specific. The technique has the advantage of being
applied using two different PCR formats, according to the laboratory preferences, namely
by hydrolysis of a Taqman probe or green fluorescent nucleic acid dying (EvaGreen). Theo-
retically, the cycle quantification values in the multiplex (shown in Figure 3 and Table 5)
and uniplex assays (shown in Figure 1) should be superimposable. However, during the
in vitro assays, the efficiency interference and the fluorescence crossover between probes
deviate from these values, despite still being relatively close.

The m060L system is directed to a gene of the ha-MYXV 2.8 kbp insert that is homol-
ogous to m060R gene, located further downstream in both classic MYXV and ha-MYXV
genomes. However, as the primers and probes target sequences within the m060R gene,
present a high number of mismatches (>9) in classic MYXV strains (Lausanne strain,
KY548791) no amplification occurs under the conditions used. Even under very permissive
conditions (such as an annealing temperature of 56 ◦C, and 40 cycles) neither exponential
amplification was detected in the real-time PCR nor amplicon was synthesized using the
primers in a conventional PCR format. We demonstrated the absence of amplification of
the m060R gene with the oligomers of the m060L system in 20 samples from classic MYXV
infected rabbits. The mPCR method has two levels of internal validation, through the
m000.5L/R and 18S rRNA systems. Amplification of the 18S rDNA target [28] validates
the quality of tissue, the extraction and amplification efficiency, while amplification of the
duplicated m000.5L/R target, allows for the presumptive initial diagnosis of the infection.
Furthermore, the amplification of target m000.5L/R allows the exclusion of potential re-
combination in genes m009L and m060L that could lead to false-negative results. m009L
negative results could also occur due to mutations in this gene, as verified in silico for
some strains, namely Australian strains and vaccine strains. Only the Dervaximyxo and
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Dercunimix were detected by in silico analysis using the m009L system (Table S1). Despite
the gene m000.5L/R being duplicated, the copy number must be similar to the other target
genes, meaning that the Cq value should be similar (Cq value of m000.5L/R similar to Cq
value of m009L in animals infected with classic MYXV and Cq value of m000.5L/R similar
to Cq of m060L in animals infected with classic MYXV), apart from the difference in their
efficiencies and threshold line (Table 5).

A Cq value in the 18S rDNA channel ≥ 30.0 could mean problems with the original
sample quality (e.g., degradation or over dilution), in the extraction or during the PCR
(e.g., inhibitors). Simultaneous amplification of m000.5L/R, 18S rRNA, m009L and m060L
could mean co-infection with classic and recombinant MYXV.

Although no leporids were found co-infected by classic and recombinant strains of
MYXV, this situation was simulated in three different ways: (i) with samples containing the
four plasmids (pM000.5, pM060, pM009 and p18S), (ii) with nucleic acids extracted from
a mixture of eyelids from rabbits infected with the two viruses and (iii) with a mixture
of DNA obtained separately from the two strains. In all three situations, simultaneous
amplification of MYXV and ha-MYXV DNA took place either using the Taqman or the
Evagreen system.

m009L is a frequently mutated gene as shown by the BLAST analysis (Table S1), with
some geographic related variations, such as single deletions or substitutions [33] in the
Australian strains. In some strains, these genetic mutations prevent the amplification by the
m009L system (Table S1). The m009L gene is also a target of larger deletions, for example
in strain 6918 [11], despite not affecting the m009L detection. Since m009L was the target
of the main genetic change found in the ha-MYXV strains, it was chosen for the mPCR,
functioning as a monitor of this specific genetic region. In fact, of all the representative
sequences currently available in the NCBI database, all classic MYXV Europe strains (except
the four strains referred to in Section 2.2) would be detected in the m009L system (Table S1).
On the other hand, using the m000.5L/R system in parallel, the detection of the virus is
guaranteed even in the absence of virus detection by the m009L or m060L systems due
to mutations.

The systemic distribution of the MYXV during infection allows the diagnosis to be
performed using different organs, although with variable Cq values (e.g., lower in the
skin with lesions, and higher in spleen and liver). Additionally, given the need to perform
diagnosis in wild animals, often undergoing some degree of degradation and autolysis, we
recommend that samples with Cq values over 38.0 but with a sigmoid shape, be further
investigated by repeating the analysis using the duplex system (18S and target amplicon)
before being considered negative.

To our best knowledge, this is the first real-time PCR method for ha-MYXV diag-
nosis in both rabbits and hares and proved to be a robust technique for differentiation
between classic and natural recombinant strains using two alternative systems, according
to preference.

4. Material and Methods
4.1. Biologic Samples and DNA Extraction

A total of 60 samples from the biobank of the National Reference Laboratory for
Animal Diseases (INIAV I.P.), collected between 2017 and 2021 from wild leporids all over
the Portuguese national territory were used in this study. The samples had been previously
tested for myxomatosis by molecular methods and submitted to the anatomopathological
examination and in vitro virus propagation [16,23,34].

For nucleic acid extraction, fresh or frozen samples of tissues from of the eyelids and
liver/spleen from ha-MYXV or classic MYXV positive leporids were homogenized at 20%
(w/v) with phosphate-buffered saline (PBS) and clarified at 3000× g for 5 min. Total DNA
and RNA were extracted from 200 µL of the clarified supernatants using the MagAttract
96 cador Pathogen Kit (Qiagen, Hilden, Germany) in a BioSprint 96 nucleic acid extractor
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(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. Nucleic acids were
preserved at −20 ◦C until use.

4.2. Primers and Probes Design

During this study, a Taqman probe system was designed to specifically detect ha-
MYXV strains based on the amplification of a 178 bp-long genomic region corresponding
to part of gene m060L, only present in the 2.8 Kbp insert.

For the detection of classic MYXV strains, a Taqman probe system was designed
based on the amplification of an internal region of gene m009L. This 146 bp-long region is
only present in the genome of classic myxoma virus strains since it encompasses the zone
disrupted by the 2.8 Kbp insertion in ha-MYXV strains

Primers and probes were designed with the PCR Primer Design software (Eurofins
Genomics, Ebersberg, Germany) and manually optimized, based on the alignment of
six recombinant MYXV strains’ sequences obtained from Iberian hares (MK340973 and
MK836424), domestic rabbits (MT920563 and MT920564) and wild rabbits (MT940239 and
MT940240). The nucleotide sequences of the nine oligomers used are described in Table 2.

The four systems (m000.5L/R, m009L, m060L and 18S rRNA) were manually optimized
to allow the use of the same annealing temperature in the multiplex assay and to generate
amplicons with differentiable melting temperatures necessary for melting curve analysis.

4.3. Cloning and Sequencing of the qPCR Amplicons

Amplicons were obtained by conventional PCR with the four sets of primers men-
tioned above, using DNA extracted from a ha-MYXV positive hare (for m060L amplifica-
tion), an MYXV-positive rabbit (for m000.5L/R and m009L amplification) and a healthy wild
rabbit (for 18S rRNA amplification). Amplifications were carried out using the FastStart
TaqMan Probe Master Kit (Roche, Roche Diagnostics GmbH, Manheim, Germany), in a
25 µL final reaction volume using 12.5 µL of 2× buffer, 0.5 µL of forward primer (0.2 µM
final concentration), 0.5 µL of reverse primer (0.2 µM final concentration), 5 µL of DNA
template and 6.5 µL of RNase/DNase free water. Denaturation and extension conditions
were carried out according to the instructions in the PCR kit, using an annealing temper-
ature of 60 ◦C. The qPCR reactions were conducted in a Bio-Rad’s CFX96 Dx Real-Time
PCR equipment.

The size of the amplicons was confirmed by agarose gel electrophoresis, and the reac-
tion products were directly cloned into the pCR2.1 TA vector (Invitrogen Corporation, San
Diego, CA, USA) accordingly with the manufacture’s recommendations. Five recombinant
plasmids containing the inserts (pM000.5 L/R, pM060L, pM009L, p18S(hare), p18S(rabbit))
were purified from Escherichia coli recombinants grown in Luria Broth medium, at 37 ◦C
with 220 rotations per minute, using the NZYMiniprep Kit (NZYTech, Lisbon, Portugal).
Both strands of the inserts were cycle sequenced using the M13F and M13R primers and
a 3130 Genetic Analyser (Applied Biosystems, Foster City, CA, USA). Sequences were
assembled and edited using the BioEdit 7.2 software (Bioedit, Manchester, UK).

4.4. Detection Limit, Sensibility, Specificity, Repeatability and Reproducibility
4.4.1. Specificity: In Vitro Analysis

Each one of the three qPCR was optimised individually. While the m000.5L/R system
efficiency, sensitivity and specificity were previously demonstrated (Duarte et al., 2014),
the specificity of the primers and probes for the m060L and m009L qPCR systems, were
tested in vitro against total nucleic acids extracted from animal tissues infected with viruses
including an avian poxvirus (Fowlpox virus) and leporid virus (rabbit haemorrhagic disease
virus, Leporid gammaherpesvirus 5). Healthy rabbit and hare tissues, DNA from isolated
from bacteria (E. coli, P. multocida, and S. aureus), and parasites (Cysticercus pisiformis,
Eimeria stiedae, Eimeria spp. and Passalurus ambiguous), available at the National Reference
Laboratory for Animal Health (INIAV, I.P, Oeiras, Portugal) were also tested. In all qPCR
reactions performed, 20 ng of DNA template were used. Amplifications were performed
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using duplex systems which included the 18S internal control and one specific target at a
time. A relaxed annealing temperature of 55 ◦C was used to decrease the specificity.

Additionally, all the available myxomatosis (with homologous and heterologous virus)
vaccines were tested by in silico and/or in vitro analysis (Table S1). The conditions for in
silico analysis were described above (Section 2.2).

4.4.2. Detection Limit, Sensibility, Repeatability and Reproducibility

The DNA concentration of the purified recombinant plasmids was determined by
A260 measurement (Qubit 4 Fluorimeter by Invitrogen) and the copy number calculated
based on the plasmids molecular weight, where 3929 bp corresponds to the plasmid plus
the insert (amplicon of interest).

After plasmid purification, the DNA concentration and purity of each plasmid (for
each system) was distinct from the others. From each purified DNA, an initial dilution
corresponding to 6 × 106 copies/µL (corresponding to 3.0 × 107 copies of DNA template
in 5 µL, the volume added to the PCR reactions) was prepared and from these 10-fold serial
dilutions were made. All the dilutions were performed using Nuclease-Free Water, for
Molecular Biology (Sigma-Alrich, St. Louis, Missouri, USA). For each system, the standard
curves were constructed using three replicates per dilution by plotting the cycle threshold
(Cq) values against the logarithm of the DNA copy number. The absolute copy number of
plasmid concerning the starting amount of DNA was calculated accordingly to the formula:
Number of copies detected = amount of DNA (g) × 6.022 × 1023/fragment (bp) × 650.

The four singleplex PCRs were performed with the Multiplex PCR NZYTaq 2×
Colourless Master Mix (NZYTech, Lisbon, Portugal) in a final volume of 25 µL, containing
12.5 µL of 2× buffer, 0.5 µL of forward primer (0.2 µM final concentration), 0.5 µL of reverse
primer (0.2 µM final concentration), 0.5 µL of probe (0.2 µM final concentration), 5 µL of
DNA template and 6.5 µL of RNase/DNase free water.

4.5. Optimization of the Multiplex Real-Time PCR Assay (mPCR)

After optimization of the four singleplex qPCR (m000.5L/R, m060L, m009L and 18S
rRNA), the final concentration of each of the eight primers and four probes combined was
optimized in the mPCR to avoid cross-inhibition or interferences between the different
fluorescence signals.

While maintaining the 18S primers and probe concentrations to a minimum (Table 3),
their effect in the efficiency of amplification (comparing assays with or without the 18S
system), average efficiency and Cycle threshold for the other three targets were evaluated
by varying the concentrations of the primers and probes (Figure 2). The efficiency was
estimated using three replicates (the mean value is shown the Figure 2) for three different
concentrations of each target (9 × 105, 9 × 104 and 9 × 103 copies per reaction), using the
respective recombinant plasmids. The p18S plasmid was kept stable at 3 × 106 copies
per reaction. The Cq values shown in Figure 2 correspond to three replicates (average
value presented) using 9 × 105 copies of each plasmid (pM060, pM009, pM000.5) and
3 × 106 copies of p18S.

The response surface method (RSM) was used to evaluate the effects of interactions
between variables (primers, probe and Mg2+ concentration). For this analysis, a fixed
number of copies (3 × 105) of the recombinant plasmid was used. The conditions testes
were dNTP concentration (0.2, 0.3, 0.4 mM), MgCl2 concentration (2.5, 3, 4, 5 and 6 mM),
and annealing temperature (52, 52.7, 54, 55.9, 58.4, 60.3, 61.4, 62 ◦C). The optimal values
were selected to balance the different intrinsic fluorescence of the fluorophores and the
efficiencies of the different systems so that a balanced amplification and near fluorescence
of the various targets occurs.

The final concentrations were still submitted to final optimizations to minimize the
fluorescence differences between the probes and the different efficiency of the systems,
in which the denaturation, annealing and extension times of the Taqman and Evagreen
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systems were also evaluated. All mPCR reactions were prepared in a final volume of 50 µL.
The final conditions are shown in Tables 3 and 4.

4.6. Field Samples Analysis

The sensitivity and specificity of the method were evaluated with 60 field samples
obtained between 2017 and 2021 from the INIAV biobank, comprising 10 hare and 9 rabbit
samples that had tested negative to MYXV and ha-MYXV, 17 rabbit samples that tested
positive for MYXV, and 20 hare and 4 rabbit samples that tested positive to ha-MYXV.
All samples were analysed in duplicate. The initial diagnosis was carried out by real-
time directed to the m000.5L/R gene, a method recommended by the OIE [23] to detect
MYXV, and by a conventional PCR [12], followed by sequencing to confirm the presence of
recombinant strains containing the disruptive insertion within the m009L gene.

4.7. EvaGreen-Based Multiplex Real-Time PCR (EG-mPCR)

The Taqman multiplex system was also optimized for the SsoFast™ EvaGreen® Su-
permix amplification kit (Bio-Rad, Lisbon, Portugal). The conditions were the following for
a final 20 µL reaction: 10 µL of SsoFast EvaGreen supermix, 0.5 µL of each forward primer
(0.08 to 0.12 µM, Table 3), 0.5 µL of reverse primer (0.08 to 0.12 µM, Table 3), 5 µL of DNA
template and 4 µL of RNase/DNase free water.

Amplifications were run on a CFX96 real-time system associated with the C1000
thermal cycle (BIORAD), under the following conditions: an initial denaturation step at
98 ◦C for 2 min followed by 39 cycles of denaturation at 98 ◦C for 5 s, and annealing
and extension at 60 ◦C for 15 s. Finally, the melting curve was analysed at a range of
temperatures of 65–95 ◦C (with 0.3 ◦C increments), 5 s/step. The melting temperature of
each amplicon (m000.5L/R, m009L and m060L) was initially determined by uniplex and
then validated to the multiplex.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222112052/s1, Table S1: In silico and in vitro analyses of the qPCR systems against
representative sequences retrieved from NCBI database.
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Abstract: In late 2019, the first herpesvirus in the genus Lepus, named leporid gammaherpesvirus 5
(LeHV-5) was described. At the time, herpetic typical lesions were observed in hares infected by the
myxoma virus, which is known to induce immunosuppression. Though the real impact of LeHV-5
is still poorly understood, since it affects reproduction, it poses an additional threat to the already
fragile populations of Iberian hare, demanding prevalence investigations. In this article, we describe
the first quantitative molecular method for LeHV-5 detection, using either Taqman or the EvaGreen
systems. This method has excellent sensitivity and specificity, it is able to detect 2.1 copies of LeHV-5
DNA and was validated with an internal control targeting the 18S rRNA gene, allowing monitoring
extraction and PCR amplification efficiencies.

Keywords: herpesvirus; gammaherpesvirus; leporid gammaherpesvirus 5; Lepus granatensis; Iberian
hare; reproduction; qPCR

1. Introduction

The Iberian hare (Lepus granatensis) solely inhabits the Iberian Peninsula and is cur-
rently considered a “least concern“ species by the International Union for Conservation of
Nature, although a declining trend was recognized in the 2019 review [1,2]. The Iberian
hare is the only hare species found in Portugal and in the last years, many local popula-
tions became extinct or significantly reduced due to cumulative changes in the habitat
and emergence of new pathogens. Multidisciplinary approaches to investigate the causes
of mortality and decline of the Iberian hare and European rabbit (Oryctolagus cuniculus),
both key wild species of the Mediterranean ecosystems, is paramount for biodiversity
conservation [1,3].

There are no studies evaluating the different causes of the decline of the Iberian hare
populations, and the health status of this species is less well-known than that of rabbits.
Recently, researchers became more interested in the Iberian hare after the emergence of
myxomatosis [4,5] in 2018. Until then, myxomatosis only affected rabbits, and as reported,
other species of hares [6–8].

Very recently, leporid gammaherpesvirus 5 (LeHV-5), the first herpesvirus found in
hares, was described [9], but its real impact on the population is still difficult to evaluate
or anticipate. However, the occurrence of genitalia necrosis, one of the lesions associated
with LeHV-5 infection, shows its inevitable impact on reproductive activity and birth rate.
LeHV-5 was also detected in apparently healthy hares, suggesting that LeHV-5 is circulating
in the population, as observed with other human gammaherpesvirus (e.g., Epstein-Barr
virus). Additionally, the high number of symptomatic co-infections by LeHV-5 and the
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recombinant myxoma virus (ha-MYXV) [1,9] suggests that immunosuppression caused
by MYXV triggers the necessary mechanisms for reactivation of LeHV-5 in asymptomatic
infected hares. Given the fragile state of Iberian hare populations in Portugal and Spain
after mid-2018, and since ha-MYXV is endemic in the Iberian Peninsula, it is important to
investigate the LeHV-5 geographic spread in wild populations, and to assess the overlap
with areas where MYXV epidemics are recurrent.

To improve the detection of LeHV-5, a real-time PCR system targeting the LeHV-5
glycoprotein B encoding gene was developed, validated, and optimized, to be used by
TaqMan or EvaGreen methods.

To avoid false results, we normalized the qPCR method to detect failures in the
extraction process and amplification reaction due to inhibitor factors. The internal reference
chosen was the 18S rRNA housekeeping gene, widely described as a reliable normalization
gene [10]. The method proved to be a highly sensitive and specific tool to diagnose LeHV-5
in a single analysis, through a fast and simple process.

Monitoring LeHV-5 and MYXV would allow us to understand their mutual inference
and to elucidate the pathophysiology of the two infections.

2. Materials and Methods
2.1. Biological Samples

No animals were scarified for this study as only hares found dead in the field were
used. Carcasses arrived at the Portugal National Reference Laboratory (INIAV, I.P.) within
the scope of the +Coelho Project (Dispatch no. 4757/2017 of 31 May). During the necropsies,
samples of liver and spleen were collected for virology investigations and preserved at
−20 ◦C, until analysis.

2.2. DNA Extraction

For nucleic acid extraction, fresh samples of liver and spleen were homogenised at
20% (w/v) with phosphate buffered saline (PBS) and clarified at 3000 g for 5 min. Total DNA
and RNA were extracted from 200 µL of the clarified supernatants, using the MagAttract
96 cador Pathogen Kit (Qiagen, Hilden, Germany) in a BioSprint 96 nucleic acid extractor
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. The nucleic acids
were preserved at −20 ◦C until use.

2.3. Primer Design

The primers were designed based on LeHV-5 gB nucleotide sequences obtained
previously (Abade dos Santos et al., 2020) (MN557129 to MN557133), using PCR Primer
Design software (Eurofins Genomics, Ebersberg, Germany) but manually optimised. The
nucleotide sequences of the primers and probe are described in Table 1. The target regions
for the primers and probe were preserved in all samples analysed (n = 20, results not
shown). The size of the amplicon generated was 200 bp.

Table 1. Primers and probes designed for the qPCR systems.

Gene Targeted Primers (Name/Nucleotide Sequence (5′–3′)) Probe (Name/Fluorophore/Sequence
(5′–3′)/Quencher)

gB LeHV-5

LeHV-5-gB Fw
GGACTCAGTGAACATTCACCAAAGCC

LeHV-5-gB Rv
CACCCACGATAAAAAAGTGCTCTGCC

LeHV-5-gB_P
[Texas Red]

TGCTCTCCAACACGCAGCTCGAAACATGCC
[BHQ1]

18S rRNA

18S Fw
TATGGTTCCTTTGGTCGCTCGCTC

18S Rv
TCTGATAAATGCACGCATCCCCCC

18S Prb
[CY5]

AGCTAATACATGCCGACGGGCGCTGACC
[BHQ2]
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To be included as a dual internal extraction and amplification control in the duplex
qPCR, we designed two primers within the 18S ribosomal RNA gene, using a partial 18S
rRNA gene sequence of Lepus europaeus (AY150540, GenBank). Primers were validated in
silico and in vitro.

2.4. Cloning

The amplicons generated by the LeHV-5gB and 18S gene conventional PCR systems
(Table 1) were visualized by agarose gel electrophoresis, and the reaction product was
purified and directly cloned into the pCR2.1 TA vector (Invitrogen Corporation, San Diego,
CA, USA), according to the manufacturer’s recommendations.

Transformation of the Escherichia coli competent cells (one-shot TOP 10, Invitrogen)
was carried out as recommended. White colonies were isolated and inoculated in 5 mL
of Luria Broth medium and grown overnight at 37 ◦C with 220 rotations per minute.
Recombinant DNA was obtained using the NZYMiniprep Kit (NZYTech, Lisbon, Portugal).
Three recombinant plasmids containing partial sequences from the LeHV-5 gB, 18S hare,
and 18S rabbit were purified from the bacterial cultures.

Both DNA strands of the pgB, p18S_ha (Lepus granatensis) and p18S_r (Oyctolagus
cuniculus algirus) inserts were sequenced using the M13F and M13R primers and a 3130
Genetic Analyser (Applied Biosystems, Foster City, CA, USA). The 117bp sequences from
p18S_ha and p18S_r were aligned and used to design the probe (Table 1). Sequences were
assembled and edited using the Bioedit 7.2 software (version?).

2.5. Evaluation of the PCR Component Variation

The LeHV-5 and 18S rDNA qPCR systems were first optimized separately by analysing
the impact of variation of several parameters in the PCR performance. The main variables
for qPCR amplification were crossed, to identify each optimal condition, namely the
annealing temperature (52 to 62 ◦C), the dNTP concentration (0.2 mM to 0.4 mM), the
MgCl2 final concentration (2.5 mM to 6 mM), and the primer concentration (0.1 and 0.3 µM).
These combinations were tested using 108 and 10 copies of pgB or p18S_ha. The NZYTaq II
2× Colourless Master Mix (NZYTech, Lisbon, Portugal) was used in these assays, adapting
the dNTP and MgCl2 concentrations with standard solutions.

The final reaction volume was 25 µL, including 0.5 µL of each forward primer (variable
final concentrations), 0.5 µL of each reverse primer (variable final concentrations), 0.5 µL of
each probe (fixed 0.2 µM final concentration) and 5 µL of the DNA template. RNase/DNase
free water was used to make up the final volume. The amplification was run on a CFX96
real-time system associated with C1000 thermal cycle (BIORAD) under the following
conditions—initial denaturation at 95 ◦C for 3 min followed by 39 cycles of denaturation
at 94 ◦C for 30 s; variable annealing temperature for 30 s and extension at 72 ◦C for 30 s.
These combinations were also used for testing the interference between the two pairs of
primers and the two probes, by analysing the effects in the Ct and Fluorescence values.

2.6. Field Samples Analysis

For field samples, the final reaction volume was 25 µL for the Taqman system, which
comprised 12.50 µL of Multiplex PCR NZYTaq 2× Colourless Master Mix, 0.5 µL of each
forward primer (0.2 µM final concentration), 0.5 µL of each reverse primer (0.2 µM final
concentration), 0.5 µL of each probe (0.2 µM final concentration), 5 µL of DNA template
from each sample, and 4.5 µL RNase/DNase free water. The amplification was run on
a CFX96 real-time system associated with the C1000 thermal cycle (BIORAD) under the
following conditions—initial denaturation at 95 ◦C for 3 min followed by 49 cycles of
denaturation at 94 ◦C for 30 s, annealing at 62 ◦C for 30 s and extension at 72 ◦C for 30 s.

For the EvaGreen system, the final reaction volume was 20 µL comprising 10 µL of
SsoFast™ EvaGreen® Supermix, 0.5 µL of forward primer (0.2 µM final concentration),
0.5 µL of reverse primer (0.2 µM final concentration), 5 µL of DNA template from each
sample, and 6.5 µL RNase/DNase free water. The amplification was run on a CFX96
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real-time system associated with the C1000 thermal cycle (BIORAD), under the following
conditions—initial denaturation at 98 ◦C for 2 min followed by 39 cycles of denaturation
at 98 ◦C for 5 s, annealing and extension at 62 ◦C for 5 s. Finally, the melt curve was
analyzed at a range of temperatures of 65–95 ◦C (0.5 ◦C increment), 5 s/step. In this case,
the 18S internal control was not incorporated, in order to avoid confusing the result of the
amplification curve. However, a High Resolution Melt Analysis allowed for its inclusion
(results not shown).

2.7. Detection Limit, Sensitivity, Specificity, Repeatability, and Reproducibility of the qPCR

The specificity of the primers and probes of the LeHV-5 gB and 18S rDNA qPCR
systems were first determined in silico using the BLASTN analysis service from NCBI. To
further extend the specificity evaluation of the method, total genomes (or the glycoprotein
B gene in case of some herpesviruses) of potential rabbit and hare pathogens were tested
against the LeHV-5 primers and probe, with very relaxed temperature conditions (namely
showing all matching sites of primer binding, a length of 60 bp to 3000 bp and allowing
mismatches in 5 nucleotides of the 3′end), looking for all possible connection points using
the software FASTPCR 6.7 (PrimerDigital, 2020).

The genomes tested included Bibersteinia trehalosi (NZ_CP006954), Chlamydophila
abortus (CR848038), Coxiella burnetii (CP040059), Cryptosporidium parvum (CM000436),
Escherichia coli (AE014075), Encephalitozoon cuniculi (LFTZ0100z0003), Enterococcus fae-
calis (CP045918), Francisella tularensis (CP025778), Klebsiella pneumoniae (FO203501), Lep-
tospira interrogans (CP039256), Mannheimia haemolytica (CP006957), Pasteurella multocida
(CP031552), Salmonella enterica (CP003278), Serratia sp. (CP025085), Staphylococcus aureus
(AP017922), Staphylococcus epidermidis (CP043847), Toxoplasma gondii (U87145), Myxoma
virus (KP723389 and KP723390), and ha-MYXV (MK340973), and other species of herpesvirus
that do not affect hares, including Macacine herpesvirus 5 (NC_003401), Human herpesvirus
2 (KU310663), Macaca mulatta rhadinovirus (AF210726), Gorilla rhadinovirus 1 (AY177144),
Rodent herpesvirus (NC_015049), Apodemus agrarius rhadinovirus (AY854168), Mus cervicolor
rhadinovirus 1 (DQ821582), Apodemus flavicollis rhadinovirus 1 (DQ821580), and Microtus
agrestis rhadinovirus 1 (EF128052). Some RNA viruses that might not be amplified by
this DNA-based qPCR system, were also evaluated given that they might be included
in a multiplex RNA/DNA PCR System in the future. These included hare lagovirus
(KR230102, MK138384), RHDV (MF421574), and the European brown hare syndrome virus
(MK440616).

To assess the specificity of the method, the system was also tested in vitro (both as a
uniplex and duplex) using samples of the total nucleic acid extracted from animal tissues
infected with the following species of viruses, bovine herpesvirus (MCFV, BoHV-1 and
BoHV-4), Equine herpesvirus (EHV-1, EHV-2 and EHV-5), Canine herpesvirus (CaHV-1), Felid
herpesvirus (FeHV-1), Gallid herpesvirus 1 (GaHV-1) and 2 (GaHV-2), Psittacid herpesvirus 1
(PDV), myxoma virus (from rabbit and Iberian hare), rabbit haemorrhagic disease virus,
total nucleic acid of rabbit, and hare isolated colonies of E.coli, P. multocida, and S. aureus,
and total nucleic acid from the isolated parasites of Cysticercus pisiformis, Eimeria stiedae,
and Eimeria spp. and Passalurus ambiguous, available at the National Reference Laboratory
for Animal Health (INIAV, I.P, Oeiras, Portugal). In all reactions, 20 ng of the template was
used. The PCRs were performed using the conditions described above in this manuscript,
along with a more relaxed annealing temperature of 55 ◦C.

DNA concentrations of plasmid pgB, p18S_ha, and p18S_r were determined by the
A260 measurement (Qubit 4 Fluorimeter by Invitrogen, California, USA), and the copy
number was calculated based on the plasmid molecular weight (3929 bp). A series of
tenfold dilution of plasmid incorporating the insert were prepared in sterile ddH2O. These
serial dilutions were primarily used to determine the limit of detection (LOD) for each
system.

Standard curves were constructed with the PCR results from three replicates per
dilution, by plotting the crossing point values (Ct value) against the logarithm of the DNA
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copy number. Average values and standard deviation for the crossing point values were
also calculated. The absolute copy number of the plasmid in relation to the starting amount
of DNA was calculated accordingly to the formula: number of copies detected = amount of
DNA(g) × 6.022 × 1023/fragment(bp) × 650.

2.8. Validation of 18S DNA as Internal Control

To evaluate the robustness of the Iberian hare 18S rRNA housekeeping gene regarding
its resistance to degradation, we extracted samples from brain, skin, heart, lung, duodenum,
kidney, liver, and genital samples, and preserved them in different conditions. qPCR tests
were carried out immediately after extraction, two weeks after freezing at −20 ◦C (without
nucleic acids protection solutions), and two weeks after incubation at room temperature
(without nucleic acids protection solutions) to assess the resistance of the internal control
DNA. All tests were performed in duplicates.

2.9. Clinical Samples Validation

To assess the sensitivity and specificity of the method for LeHV-5 DNA detection
in field samples, several hare samples available in the National Reference Laboratory of
Portugal (INIAV, I.P.) were used. These samples were first analyzed with a nested PCR
system [11] using the NZYTaq II 2× Colourless Master Mix (NZYTech, Lisbon, Portugal)
and subsequently tested with the duplex PCR for LeHV-5 gB and 18S rDNA, using the
Multiplex PCR NZYTaq 2× Colourless Master Mix (NZYTech, Lisbon, Portugal).

3. Results
3.1. Specificity of the Method

The tests performed in silico and in vitro did not show amplification for any of the
etiological agents tested (14 bacteria in silico and 3 bacteria in vitro, 3 parasites in silico
and 4 parasites in vitro, and 16 viruses in silico and 13 viruses in vitro), demonstrated the
specificity and robustness of the method (results not shown).

3.2. Efficiency and Sensitivity of the LeHV-5 Taqman System

A typical standard curve amplification plot and linear regression analysis for the LeHV-5
is shown in Figure 1. Excellent linearity was observed over nine orders of magnitude, from 2.2
× 108 copies to 2.1 × 100 copies (Figure 1A). The regression analysis for this interval yielded
an R2 (correlation coefficient) of 0.998 and a y-intercept value of 37.26. The slope of 3.323
revealed a high qPCR efficiency (100.0%) (Figure 1B). The minimum number of copies of
LeHV-5 DNA detected by the qPCR LeHV-5 gB system were 2.1 per 25 µL of reaction.
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3.3. Efficiency and Sensitivity of the LeHV-5 in the EvaGreen System

A standard curve was generated by plotting the threshold cycles of reference standards
versus their log copy number. Linear regression of the reference concentrations yielded a
correlation coefficient of 0.999 (p < 0.001). The minimum number of copies detected by the
system was 2.1 copies per 20 µL reaction for LeHV-5, with an amplification efficiency of
99.7% (Figure 2A,B).
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As shown in Figure 2C, the melt curve analysis for the LeHV-5 gB amplifications
showed a distinct unique peak in all reactions. The medium value for 36 analyses was
84.11 ◦C ± 0.21 ◦C. The variation in this temperature was more evident for the reactions
with a lower number of DNA copies.

3.4. Behavior of 18S rDNA as an Internal Control

In silico analysis of the 18S rRNA gene showed that the designed system efficiently
amplified a fragment of 117nt from Iberian hare and wild rabbit samples, as well as from
several other mammalian species namely cat (Felis catus), harbor seal (Phoca vitulina),
cheetah (Acinonyx jubatus), grizzly bear (Ursus arctos horribilis), Steller sea lion (Eumetopias
jubatus), dingo (Canis lupus dingo), dog (Canis familiaris), ref fox (Vulpes vulpes) among others,
with which a minimum identity of 99.15% was observed, according to the nucleotide
sequences currently available in public databases.
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The qPCR system for 18S amplification was robust when using different primer
concentrations (Figure 3A). The minimum number of copies detected by the system was 12
copies per 25 µL reaction, with an amplification efficiency of 100% (Figure 3B,C).
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The number of DNA copies detected in different field samples, homogenized at 20%
(w/v) in PBS, was relatively consistent, ranging from Cq 9.16 to 16.24 (Figure 3D). When
testing several samples without uniform homogenization (corresponding to 10–30% (w/v)
final dilution in PBS), the 18S amplification Cq value ranged from 8.54 to 22.58.

To determine the robustness of the 18S qPCR, DNA was extracted from fresh hare
samples and from the same samples after 7 days of incubation at 20–25 ◦C (RT) and at
37 ◦C. The Cq results are shown in Table 2, demonstrating that 18S rDNA was stable, even
after one-week at 37 ◦C, showing a higher degradation in the liver, that could be justified
by the parenchymal nature of this organ. The addition of antibiotic/antimycotic (AB/AM)
had no obvious interference in the efficiency of DNA amplification, but the degree of liver
putrefaction after 7 days was visible when compared to the Cq values obtained with the
DNA extracted from a fresh liver sample. However, the putrefaction conditions tested had
no relevant effect in the Cq values obtained in the lung and heart samples (Table 2).

3.5. Intra and Inter-Assay Reproducibility in the LeHV-5 Taqman and EvaGreen Systems

The reproducibility of the qPCR was evaluated with quadruplicates for each dilution
replicated in two different assays. The Cq values for the intra-assay and inter-assay



Viruses 2021, 13, 715 8 of 12

variability evaluations are shown in Table 3. A maximum coefficient of variation (CV) of
2.47% and 2.43% was obtained. These values, both under 3.5%, revealed a high repeatability
and reproducibility. All Taqman assays were performed with a stable quantity of 1.2 ×
106 copies of p18S. In the case of EvaGreen, a singlexplex run was only carried out due to
real-time differentiation limitations. However, a duplex using the EvaGreen system could
be optimized and analyzed through high-resolution melt analysis.

Table 2. Cq values obtained with the 18S rDNA qPCR using European rabbit tissues submitted to
different conservation/preservation conditions.

Fresh RT, 7 Days 37 ◦C, 7 Days

Diluent Liver Lung Heart Liver Lung Heart Liver Lung Heart

PBS 12.29 17.70 15.40 25.05 15.52 16.19 23.29 15.18 16.06

PBS, AB, AM 12.35 17.73 17.78 25.27 15.49 16.06 23.31 15.33 16.10
PBS (phosphate-buffered saline), AB—antibiotic, AM—antimycotic.

Table 3. Summary of statistical analyses of the repeatability and reproducibility results for both qPCR
systems for gB detection.

Copies/Reaction

Taqman System

Repeatability (Quadruplicates) Repeatability (Three Independent Assays)

Mean Cq SD %CV Mean Cq SD %CV

2.1 × 108 10.73 0.181 1.69 10.32 0.185 1.79

2.1 × 107 13.44 0.093 0.69 13.55 0.101 0.75

2.1 × 106 16.31 0.061 0.37 16.10 0.070 0.43

2.1 × 105 20.03 0.086 0.43 19.86 0.084 0.42

2.1 × 104 23.47 0.114 0.49 22.85 0.104 0.46

2.1 × 103 27.31 0.080 0.29 27.44 0.082 0.30

2.1 × 102 30.45 0.222 0.73 30.11 0.256 0.85

2.1 × 101 34.07 0.159 0.47 34.05 0.175 0.51

2.1 × 100 36.36 0.897 2.47 37.13 0.904 2.43

EvaGreen SYSTEM

Copies/reaction Repeatability (Quadruplicates) Repeatability (Three Independent Assays)

Mean Cq SD %CV Mean Cq SD %CV

2.1 × 108 10.19 0.076 0.75 10.67 0.090 0.84

2.1 × 107 13.31 0.074 0.56 13.80 0.114 0.83

2.1 × 106 17.18 0.073 0.42 16.89 0.094 0.56

2.1 × 105 20.70 0.188 0.91 20.14 0.250 1.24

2.1 × 104 24.29 0.269 1.11 23.98 0.314 1.31

2.1 × 103 27.91 0.044 0.16 27.50 0.098 0.36

2.1 × 102 31.30 0.248 0.79 31.05 0.322 1.04

2.1 × 101 34.89 0.177 0.51 34.60 0.198 0.57

2.1 × 100 37.63 0.491 1.30 37.40 0.503 1.34

CV—coefficient of variation.

3.6. Performance in the Diagnosis of Clinical Samples

The qPCR Taqman and EvaGreen systems allowed detection of a panel of positive
samples, pre-diagnosed as LeHV-5 positive by the system described in [11], indicating
a sensitivity of 100%. Likewise, both systems did not amplify any sample that was pre-
classified as negative, showing a specificity of 100% (Table 4). All real-time PCR runs were
validated by successful amplification of the 18S rRNA gene and sequencing.
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Table 4. Comparative final diagnosis between Nested PCR [11] and Taqman rt-qPCR system.

Sample Code
Nested PCR *

Real Time (Cq) Estimated Copies/mg
Tissue *Amplification Sequencing Analysis

39189PT17 N - NA NA

39190PT17 P LeHV-5 20.23 7.43 × 106

39191PT17 N - NA NA

39192PT17 P LeHV-5 22.94 1.14 × 106

39344PT17 P LeHV-5 24.24 4.61 × 105

39351PT17 N - NA NA

39355PT17 N - NA NA

00751PT18 N - NA NA

00807PT18 N - NA NA

00813PT18 P LeHV-5 24.93 2.86 × 105

00814PT18 P LeHV-5 23.87 5.96 × 105

00815PT18 P LeHV-5 22.32 1.75 × 106

00816PT18 P LeHV-5 25.62 1.77 × 105

00817PT18 P LeHV-5 23.62 7.09 × 105

00818PT18 N - NA NA

04971PT18 N - NA NA

0492PT18 N - NA NA

04483PT18 N - NA NA

04985PT18 N - NA NA

26935PT18 N - NA NA

30901PT18 N - NA NA

33014PT18 D unspecific NA NA

33021PT18 D unspecific NA NA

35866PT18 D unspecific NA NA

35867PT18 D unspecific NA NA

38457PT18 N - NA NA

35869PT18 P LeHV-5 21.06 4.18 × 106

38455PT18 P LeHV-5 21.44 3.21 × 106

39375PT18 D LeHV-5 26.10 1.27 × 105

41434PT18 D unspecific NA NA

41439PT18 D unspecific NA NA

41440PT18 D unspecific NA NA

00129FPT19 D unspecific NA NA

03230PT19 D unspecific NA NA

4033PT19 P LeHV-5 25.08 2.58 × 105

22059PT19 P LeHV-5 26.45 9.97 × 104

4037PT19 P LeHV-5 25.02 2.69 × 105

4064PT18 P LeHV-5 14.27 4.63 × 108

24980PT19 D unspecific NA NA

29959PT18 P LeHV-5 25.19 2.39 × 105

1129PT18 P LeHV-5 23.65 6.94 × 105

29973PT18 P LeHV-5 25.71 1.67 × 105

30908PT18 D herpesvirus 28.36 2.65 × 104

33023PT18 P LeHV-5 22.57 1.47 × 106

30903PT18 P LeHV-5 26.59 9.05× 104

P—positive, N—negative, D—doubtful. NA (no amplification). * Estimative using the standard curve
of Taqman system.
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Ten samples were negative in the qPCR, while a weak band of compatible size was
generated in the nested PCR (Table 4). This band was sequenced and confirmed to be
unspecific.

Contrarily, two doubtful bands in the nested PCR, which were positive in the qPCR
were sequenced and confirmed to be gammaherpesvirus.

The performance of the qPCR as a duplex (LeHV-5 and 18S), evaluated by the Ct value
and the fluorescence intensity, did not interfere with the efficiency of the LeHV-5 detection
compared to the singleplex, either using both plasmids (Figure 4A, both efficiencies of
100%) or field samples (Figure 4B). Cross interaction between the two probes and channels
was tested and excluded by analyzing the results obtained in the method described in
Section 2.4. The value of Cq and relative fluorescence showed no significant interference
when comparing singleplex and duplex assays, while using different probe concentrations.
For this reason, we decided to use the minimum concentration of primers and probes
recommended by the commercial kit, making the method cheaper.
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4. Discussion

The Iberian hare is an iconic species of the Iberian Peninsula, which has a tremendous
ecological, cultural, and economic importance. The direct or indirect impact of LeHV-5,
a herpesvirus recently described in this species, on the present and future stability of the
hare populations [9] is unknown, aggravated by the lack of census data.

Given the high prevalence of this virus in the samples analysed so far (46.7%, results
not shown) and the shortness of knowledge on the disease it causes, the understanding of
the true impact and dispersion of the LeHV-5 infection relies on a specific diagnostic method
for monitoring and surveillance. The LeHV-5/18S rRNA gene duplex system developed
and validated (described here), allows for the quantification of this virus in different tissue
samples, and provides a diagnosis tool to perceive its tropism and physiopathology.

The sensitivity and specificity of this method were of 100% when using samples
previously classified as positive or negative from our biobank, tested by a nested PCR for
mammalian and avian herpesviruses [11]. Two samples classified as negative/doubtful
by this nested PCR system, were successfully detected by the LeHV-5 qPCR. Ten samples
were not detected by the LeHV-5/18S rRNA gene system, despite a compatible band
being generated on the nested PCR, but sequencing was found to be interspecific. The
gB gene was previously used as a target for several real-time PCR systems for other
herpesviruses [12,13]. Using the standard curve generated by this method, researchers
would be able to quantify the viral copies presented in the tissues analysed and verify the
extraction and amplification success by the 18S rDNA behaviour.
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To our knowledge, this represents the first method for the molecular diagnosis of
LeHV-5, a virus first reported just some months ago [9].

5. Conclusions

In this article, we present the first rapid and quantitative diagnosis method for leporid
gammaherpesvirus 5 (LeHV-5). This method proved to be robust, highly sensitive and
highly specific, and could be used in two different formats, according to the laboratory
preferences, namely by hydrolysis of a Taqman probe or green fluorescent nucleic acid
dying (EvaGreen). 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. Finally, this study detected LeHV-5 in samples
from 2017, providing evidence of the virus circulation before its first report in 2018.
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Abstract
Rabbit haemorrhagic disease (RHD) is a major threat to domestic and wild 
European rabbits. Presently, in Europe, the disease is caused mainly by Rabbit 
haemorrhagic disease virus 2 (RHDV2/b or Lagovirus europaeus GI.2), the origin 
of which is still unclear, as no RHDV2 reservoir hosts were identified. After the 
RHDV2 emergence in 2010, viral RNA was detected in a few rodent species. 
Furthermore, RHDV2 was found to cause disease in some hare species resembling 
the disease in rabbits, evidencing the ability of the virus to cross the species bar-
rier. In this study, through molecular, histopathologic, antigenic and morphological 
evidences, we demonstrate the presence and replication of RHDV2 in Eurasian 
badgers (Meles meles) found dead in the district of Santarém, Portugal, between 
March 2017 and January 2020. In these animals, we further classify the RHDV2 
as a Lagovirus europaeus recombinant GI.4P-GI.2. Our results indicate that Meles 
meles is susceptible to RHDV2, developing systemic infection, and excreting the 
virus in the faeces. Given the high viral loads seen in several organs and matrices, 
we believe that transmission to the wild rabbit is likely. Furthermore, transmission 
electron microscopy data show the presence of calicivirus compatible virions in 
the nucleus of hepatocytes, which constitutes a paradigm shift for caliciviruses’ 
replication cycle.
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1  | INTRODUC TION

Rabbit haemorrhagic disease virus 2 (RHDV2, also referred to as 
Lagovirus europaeus GI.2 or RHDVb (Le Pendu et  al.,  2017)) is a 
highly contagious Lagovirus of the Caliciviridae family that causes an 
acute infection in wild and domestic European rabbits (Oryctolagus 
cuniculus).

The virion measures from 27 to 40  nm (Capucci et  al.,  1991; 
Ohlinger et al., 1990) in diameter with the icosahedral typical mor-
phology of the Caliciviridae and a surface consisting of regularly 
arranged, cup-shaped depressions (Capucci et  al.,  1991; Ohlinger 
et al., 1990). The genomic material is composed of a single-stranded, 
non-segmented, positive-sense RNA genome of 7,437 nucleotides 
(Meyers et al., 1991). Also, the virus contain a sub-genomic 2.2 kb 
RNA, collinear to the 3′ region of the genome (Ohlinger et al., 1990).

RHDV2 emerged in 2010 in France (Le Gall-Recule et al., 2011) 
and rapidly replaced the former circulating RHDV classical strains 
(GI.1) in several European countries, also expanding to many regions 
in the world (Mahar et al., 2018). Since 2012, no RHDV GI.1 strains 
(former G1 to G6) have been reported in the Iberian Peninsula. 
Furthermore, following the detection of RHDV2 strains, recombi-
nant strains containing the non-structural region of GI.1 or non-
pathogenic RHDV strains (GI.3 and GI.4) and the structural region 
of RHDV2 (GI.2) strains were identified. Several recombination 
breaking points have been described (Silvério et al., 2018). Of these, 
the recombinant hotspot located at the RdRp/VP60 level seems to 
play an important role in the evolution of the new variants (Abrantes 
et al., 2020; Dalton et al., 2018; Silvério et al., 2018).

Another member of the Lagovirus genus, the rabbit calicivirus 
(RCV, GI.5; Capucci et al., 1996) is an asymptomatic virus of the in-
testinal tract. In addition to these, the European RCV-E1 (GI.3) and 
Australian RCV-A1 (GI.4; Le Gall-Reculé et al., 2011; Strive et al., 
2009) are non-pathogenic rabbit viruses. The information on these 
viruses is scarce but can contribute as genetic donors resulting in 
recombinant pathogenic viruses (Silvério et al., 2018).

Other than in the domestic and wild rabbit, RHDV2 has also 
been reported in several hare species, namely the Sardinian Cape 
hare (Lepus capensis mediterraneus; Puggioni et al., 2013), the Italian 
hare (Lepus corsicanus; Camarda et al., 2014), the European brown 
hare (Lepus europaeus; Velarde et al., 2017) and the Mountain hare 
(Lepus timidus; Neimanis et  al.,  2018) and recently in the jackrab-
bit (Lepus californicus; USDA,  2020), desert cottontails (Sylvilagus 
audubonii; USDA, 2020) and eastern cottontail (Sylvilagus floridanus; 
USDA,  2020), causing haemorrhagic disease similar to that of the 
European rabbit.

The concumitant ability of RHDV2 to infect hares, alongside with 
the high fatality rates in both young and adult rabbits (Le Gall-Recule 
et al., 2011), contrasts the epidemiological and pathological pattern 
of RHDV GI.1, which affects only rabbits older than 4 weeks of age 
(Liu et al., 1984), although there is isolated evidence of RHDV-RNA 
presence in hares (Lopes et al., 2014).

In areas where RHDV2 circulates, sympatric Iberian meso-
carnivores come in contact with the virus, either by predation or 

necrophagy of infected leporids or through contact with contami-
nated soil or vegetation (OIE, 2019). RHDV2-RNA was identified in 
pine voles (Microtus pinetorum) and white-toothed shrews (Crocidura 
russula), two rodent species that are sympatric to the European wild 
rabbit (Calvete et al., 2019). The RHDV2 transmission to small mam-
mals could happen due to their scavenging habits, or by ingestion of 
rabbit infected tissues or faeces (Calvete et al., 2019). Additionally, 
it is also known that red foxes (Vulpes vulpes; Chiari et al., 2016) and 
wolf (Canis lupus; Di Profio et al., 2017) play a role as passive carri-
ers of lagoviruses, spreading European brown hare syndrome virus 
(EBHSV) by their faeces after ingestion of infected hares.

Given this possibility, several sympatric species of wild animals 
have been investigated for RHDV2 at our laboratory over the last 
three years (data not shown), namely birds, rodents and carnivores, 
including mustelids such as the Eurasian badger. The Eurasian badger 
(Meles meles) is a gregarious, fossorial, and evasive species. Badgers 
are predominantly nocturnal or crepuscular (Fedriani et  al.,  1999), 
mainly in the spring, when the wild rabbit activity peak coincides 
with the peak of RHD (Mutze et al., 2002). This trophic, opportu-
nistic, generalist species preys on the European rabbit, particularly 
juvenile (Fedriani et  al.,  1999). In the summer and autumn/winter, 
lagomorphs represent about 60% and 22.7% of a badger's diet, re-
spectively (Fedriani et al., 1999), whereas in the spring rabbit may 
account for up to 87.9% of the ingested biomass according to a study 
carried out in Spain (Fedriani et al., 1999).

This study was part of a three years monitoring programme to 
investigate haemorrhagic disease in the wild rabbits and sympatric 
species collected in mainland Portugal. Among several non-leporid 
species investigated, some of the badgers tested RHDV2 positive by 
molecular methods. This finding prompted us to further investigate 
the presence of RHDV2 proteins, viral particles and RHDV2 compat-
ible lesions in this species. To our knowledge, we are reporting for 
the first time the Lagovirus europaeus GI.4P-GI.2 crossing the barrier 
beyond the Lagomorpha order, namely to the Eurasian badger.

2  | MATERIAL S AND METHODS

2.1 | Origin of the animals

A total of 10 European badgers were admitted for this study. All the 
information collected about these animals, namely sex, weight and 
date of collection, among others, is summarized in Table S1.

One badger (B1) found dead on the road and nine others (B2 to 
B10) found dead in agricultural areas were collected during active 
prospection for wild rabbit carcasses and sympatric species, namely 
foxes, insects, birds and rodents, within the scope of an epidemio-
logical evaluation of haemorrhagic disease in rabbit populations. All 
badger carcasses were found in the District of Santarém (Portugal 
NUT III, PT185 area).

The poor quality of the wildlife biological samples posed a major 
challenge to the laboratory diagnosis, which was overcome through 
the establishment of a comprehensive diagnosis strategy resourcing 
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to several molecular, antigen detection methods, sequencing and 
transmission electron microscopy (TEM). Thus, the methodological 
strategy adopted was as follows: samples were tested by RT-qPCR 
(Duarte et al., 2015) and the negatives were excluded from further 
analyses. The RT-qPCR-positive badgers showing milder autolysis 
were selected for RHDV2 sequencing analysis, immunohistochem-
istry (IHC) and TEM.

2.2 | Necropsy sampling and histopathology

B1 was maintained at −20°C until necropsy, while the remaining car-
casses were kept at 4°C for a maximum period of 2 days. No badger 
was necropsied along with other species, namely rabbits, to avoid 
cross- contaminations. Necropsies were performed according to the 
routine implemented practices, as described in the necropsy manual 
(Peleteiro et al., 2016), and carried out at the Faculty of Veterinary 
Medicine, University of Lisbon (FMV-ULisboa, Lisbon, Portugal) or 
at the National Institute for Agricultural and Veterinary Research 
(INIAV I.P., Oeiras, Portugal).

Different samples were collected for molecular diagnosis, histo-
pathology and bacteriology. To avoid faecal contamination, the sam-
ple collection was carried out in the following order: liver, spleen, 
kidney, lung, left ventricle, other organs, duodenum and finally 
faeces. Disposable material was used for each organ to avoid cross-
contamination between matrices. Blood samples were not collected 
due to coagulation and/or autolysis.

For histopathology, liver, spleen, duodenum, stomach, kidney, 
lung, left ventricle, trachea and mesenteric lymph nodes were col-
lected and fixated in 10% (v/v) neutral buffered formalin, routinely 
paraffin-embedded, sectioned at 3 µm and stained with haematox-
ylin and eosin (H&E). Microphotographs were obtained with a DP23 
Olympus digital camera.

Perls Prussian Blue was used to detect the presence of non-
haem iron (ferritin and haemosiderin) in the tissues (Bancroft & 
Stevens, 1990).

2.3 | Immunohistochemistry and dot blotting

Immunohistochemistry was performed as follows: (a) 4 µm sections 
of liver samples were mounted in appropriated glass slides; (b) depar-
affinization and antigen retrieval were performed in a PT Link (Dako) 
at 96°C for 20 min, with low pH EnVision FLEX target retrieval so-
lution (code DM829; Dako); (c) peroxidase block (with Peroxidase 
blocking solution, DAKO) was carried out for 20 min at room temper-
ature; (d) primary antibody (named pAb or Virlab derived from a hy-
perimmune serum collected from a rabbit infected in the facilities of 
the University of Oviedo (UniOvi) with strain RHDV-Ast89 (RHDV)), 
diluted at the optimized concentration (1/1000) in Antibody Diluent 
(DAKO), was incubated for 1  hr at room temperature; (e) incuba-
tion with the secondary antibody (at the concentration indicated by 
the manufacturer (Dako EnVision™+ Dual Link System-HRP, mouse 

anti-rabbit)), for 30 min at room temperature; (f) staining with DAB 
chromogen (DAKO) for 5 min; (g) nuclei counterstain with Gills hae-
matoxylin and finally (h) dehydration in an ethanol gradient. Finally, 
the sections were mounted with a non-aqueous mounting medium. 
The necessary washes between incubations were performed with 
phosphate-buffered saline, pH 7.4 (PBS) twice for 5 min each with 
frequent manual agitation. The pAb was previously validated against 
RHDV and RHDV2 (González, 2019).

Dot blot was carried out using approximately 20% (w/v) homoge-
nates prepared in PBS of liver and lung samples from badgers B5 and 
B6 after clarification at 6,000 g for 5 min. Liver homogenates from 
RHDV2-positive and RHDV2-negative rabbits were used as positive 
and negative controls, respectively. A grid was drawn on a piece 
of nitrocellulose membrane (Thermo Fisher Scientific Inc.) using a 
pencil. 1 μl drops were deposited in the middle of the squares, and 
the membrane was allowed to dry for 15 to 20 min at room tem-
perature. The inhibition of non-specific reactions was performed 
by shaking incubation with 5% milk powder in PBS (w/v) for 45 min 
at room temperature. Two 5-min washes with shaking were per-
formed with 0.05% Tween 20 (v/v) in PBS. Then, the membranes 
were incubated for 1h at room temperature with agitation with pri-
mary antibodies diluted at the optimized concentrations in 0.05% 
Tween 20 in PBS. Two monoclonal antibodies (mAb) were used, 
namely 1A2 (anti-VP60, Ingenasa) and 3A10 (anti-VP60 of RHDV 
and RHDV2, S domain, produced in the Department of Biochemistry 
and Molecular Biology (UniOvi)). The polyclonal antibody (pAb) was 
also used. After incubation, two additional washes were performed 
as described above. The membranes were then incubated in the dark 
under shaking conditions with the secondary antibody, goat anti-
rabbit IgG, conjugated with fluorescein isothiocyanate (FITC; Merck 
Life Science S.L.U. suc) for the polyclonal serum or anti-Mouse IgG 
(whole molecule)—FITC antibody produced in goat (Sigma-Aldrich) 
for the monoclonal antibodies, both diluted at 1:200 in PBS-Tween 
(0.05% Tween 20 (v/v) in PBS) for 1 hr, at room temperature. Finally, 
after two wash steps of 5  min each, visualization of membranes 
was carried out using Odyssey Infrared Imaging System (LI-COR 
Biosciences) and the software Image Studio (LI-COR Inc.).

2.4 | Immunofluorescence

Tissue samples from B5 and B6 were embedded in optimal cutting 
temperature (OCT) compound, and sections were cut onto slides 
using a cryostat at −20°C. The cryostat sections were permeabi-
lized using 0.2% saponin in PBS (w/v) for 20 min before emerged 
in blocking solution (0.02% saponin, 1% BSA in PBS) for 30  min 
at room temperature. Antibody labelling was performed by incu-
bating sections with pAb (polyclonal antibodies) and the mouse 
monoclonal anti-LAMP1 antibody (ab25630, Abcam) in blocking 
solution for 2 hr at room temperature. Secondary antibodies used 
at 1:500 (Goat anti-Rabbit IgG (H  +  L) cross-adsorbed second-
ary antibody, Alexa Fluor 488 (ThermoFisher A-11008) and goat 
anti-mouse IgG (H + L) cross-adsorbed secondary antibody, Alexa 
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Fluor 555 (ThermoFisher A-21422)) and in some cases, fluores-
cent phalloidin (ab176759, Abcam), were added to the sections 
and incubated for 1  hr at room temperature. Finally, coverslips 
were added to the slides using mounting media containing DAPI 
(ab228549, Thermo Fisher Scientific Inc.). Images were acquired 
in a Leica SP8 confocal microscope, and greyscale inverted images 
were produced using ImageJ (NIH). Negative controls were either 
uninfected or infected samples where the polyclonal antibody was 
omitted.

2.5 | Molecular diagnosis of RHDV, sequencing and 
phylogenetic analysis

The tissue and faeces samples were homogenized at 20% in ster-
ile PBS (w/v), using mechanical homogenization with 0.5 mm zir-
conium beads (Sigma-Aldrich) and the FastPrep FP120 Bio101 
Homogenizer (Level 5 velocity, 45s, Savant Instruments). Total 
nucleic acids were extracted from 200  µl supernatant after a 
5  min 6,000g centrifugation. The automatic extraction was per-
formed with the MagAttract 96 cador Pathogen kit (Qiagen) on 
the BioSprint 96 automatic extractor, following the protocol sup-
plied with the kit.

Each tissue and faecal sample was tested for RHDV2-RNA (GI.2) 
by a specific RT-qPCR developed by Duarte et al. (2015) that targets 
a 127 nt region of the VP60 gene, using the OneStep RT-PCR Kit 
(Qiagen).

cDNA was synthesized with the SuperScript™ IV First-Strand 
Synthesis System (InVitrogen) according to the manufacturer's rec-
ommendations, using either oligo(dT)12-18 and random hexamers.

The conventional RT-PCR (Dalton et  al.,  2018) for differen-
tiation of RHDV2 strains from RHDV2 recombinants was car-
ried out using the Phusion Flash High-Fidelity PCR Master Mix 
(Thermo Fisher Scientific Inc.) according to the manufacturer's 
recommendations.

For two positive liver samples (B5 and B6), amplification of the 
partial RdRp gene and full VP1 (VP60) gene sequence was accom-
plished using the primers described in Table S2, where all the primers 
used in this investigation are shown. Regarding the other samples, 
partial sequencing (Table S1) was performed to confirm the presence 
of RHDV2.

The amplicons were purified using the NZY GelPure kit 
(NZYTech), following the manufacturer's instructions, and directly 
sequenced with a 3130 Genetic Analyser (Applied Biosystems). The 
resulting sequences were analysed using Seqscape software v2.7 
(Applied Biosystems). Merged and assembled consensus sequences 
were submitted to GenBank.

The partial sequence of RNA polymerase (RdRp) gene and the 
complete vp60 gene sequence from badger B6 were compared with 
reference strains for all known RHDV and RHDV2 genotypes, and 
variants that infect the European rabbit for which this genomic re-
gion are available in the database. The accession numbers are shown 
in the phylogenetic tree (Figure  16). The alignment was achieved 

using the Mega X, for a total of 2,191 positions (partial RdRp gene 
and complete VP60 gene) and the evolutionary history inferred 
using the Maximum Likelihood method and General Time Reversible 
model (Nei & Kumar, 2000). The model was selected using the Mega 
Function having selected the model GTR + G+I (BIC 37184.06 and 
AIC 36028.07).

The known principal genotypes and variants of Lagovirus that 
can infect the Oryctolagus cuniculus are shown in the figure, as 
reference. The tree with the highest log likelihood (−17929.21) is 
shown.

2.6 | Transmission electron microscopy

Transmission electron microscopy (TEM) was performed in liver 
samples from three badgers (B1, B5 and B6). Briefly, samples were 
fixed for 72 hr with a solution 0.1 M sodium cacodylate (Sigma-
Aldrich) containing 2.5% glutaraldehyde (Sigma-Aldrich). The 
regions of interest were sliced in small ~1 mm3 and washed five 
times in 0.1 M sodium cacodylate buffer, and samples were then 
post-fixed with 1% osmium tetroxide (EMS) for 1 hr, and en bloc 
stained with 1% Millipore-filtered uranyl acetate (Agar Scientific). 
Samples were dehydrated in increasing concentrations of etha-
nol, infiltrated and embedded in EPON 812 (EMS). Polymerization 
was performed at 60°C for 24 hr, and ultrathin sections were ob-
tained in a Reichert ultracut E ultramicrotome (Leica), collected 
to 1% formvar-coated copper slot grids (Agar Scientific), stained 
with 2% aqueous uranyl acetate and lead citrate and examined in 
a Jeol 1400 plus transmission electron microscope at an accelerat-
ing voltage of 120 kV. Digital images were obtained using an AMT 
XR16 bottom mid mount digital camera (AMT). The sections were 
systematically analysed using AMT© software and several high 
and low magnifications were acquired.

2.7 | Other virological analyses

Tissue and faeces samples were homogenized and total nucleic 
acids extracted as described above. Feline and canine Parvoviruses, 
canine distemper virus (morbillivirus), mammal (canine, feline and 
porcine) coronaviruses, type A rotavirus, Ausjesky disease virus and 
other herpesviruses were investigated using the methods and ma-
trixes described in Table S3.

2.8 | Bacteriological analysis

Liver, spleen, kidney and lung from B5, B6, B7 and B8 badgers were 
collected at necropsy for bacteriology using conventional tech-
niques. In the case of B5 and B6, all samples were processed sepa-
rately. A pool of organs from the animal was prepared for B7 and B8. 
The remaining badgers were not sampled for bacteriology due to 
extensive autolysis or faecal contamination.
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Briefly, aerobic bacteria isolation was performed on Columbia 
agar supplemented with 5% sheep blood (BioMérieux) and 
MacConkey agar (Thermo Fisher Scientific Inc.), incubated at 
37°C for 24 to 48 hr. Strict anaerobic bacteria isolation was per-
formed on Schaedler agar supplemented with 5% sheep blood 
(BioMérieux) and incubated for 48  hr at 37°C in the absence of 
oxygen. Afterwards, isolates were identified through their mac-
ro- and microscopic morphology, staining characteristics and bio-
chemical profiling using API (BioMérieux) galleries, according to 
the manufacturer's instructions.

2.9 | Parasitological analysis

Faeces were collected for the flotation method to detect helminth 
eggs or protozoan oocysts. Faeces were mixed with saturated sugar 
solution (1:4), and after pouring the solution into tubes, lamellae 
were placed on their top to allow adhesion to the glass and allowed 
to stand for 15 min. Lamellae were then transferred to slides, and 
preparations were observed with a compound microscope.

Gastrointestinal content was also collected and placed on a tray 
with a black background, filled with warm water and, after stand-
ing for a few minutes, supernatant was removed by decantation. 
This procedure was repeated three times until the liquid became 
clear enough to visualize the presence of helminths by contrast. 
Furthermore, flotation method for egg and oocyst detection was 
also performed as described above.

3  | RESULTS

3.1 | Necropsy data

Necropsy of badger B1 revealed a good overall body condition, mul-
tiple fractures of the skull and lacerations in the liver and spleen, 
interpreted as resulting from a traffic accident. The autolysis limited 
the interest in the identification of the lesions, both grossly and mi-
croscopically. B2, B3, B4, B9 and B10 presented severe autolysis, 
good body condition and no visible lesions. Badgers B5 and B6 were 
emaciated, severely dehydrated, with uncoagulated blood, conges-
tive foci in the lungs and slightly discolorated liver. B7 and B8 pre-
sented similar lesions, however with coagulated blood. Other data 
from the necropsies are shown in Table S1 available as supplemen-
tary data.

3.2 | Histopathological findings

Histopathology data for badgers B5 to B8 are summarized in Table 1, 
and the main findings shown in Figures 1 to 10.

Liver of 3 out of 4 badgers showed areas of hepatocellular hy-
dropic degeneration and individual cell necrosis (Figures  1 and 2). 
In two cases (B7 and B8), generalized moderate oedema of the 

perisinusoidal space (space of Disse) was evident. Kupffer cells con-
taining haemosiderin were identified in B8.

Spleen showed haemosiderin–laden macrophages in the red pulp 
in most cases. This was marked in badgers B5 and B8, posteriorly 
demonstrated with Perls Blue stain for iron (Figure 3) and mild to 
moderate in all others. In two badgers (B5 and B6), white pulp hy-
perplasia was also seen (Figure 4). In one case (B8), not coincident 
with the lymphoid hyperplasia, focal deposits of acidophilic material 
(fibrin-like) were present in germinal centres (Figure 5).

In the lungs, severe congestion of interalveolar septa was present 
in badger B6 and B7 (Figure 6). Small aggregates of haemosiderin-
containing macrophages were detected in the interalveolar septa in 
one case (B6) (Figure  7). In two badgers, interalveolar septa were 
thickened due to marked to moderate infiltration of mononuclear 
inflammatory cells (diffuse interstitial pneumonia; Figure 8).

In the kidneys, vacuolar and granular degeneration of tubular 
cells in the proximal and distal tubules was present in all cases. In 
some of these tubules, necrosis of tubular cells was evident. In the 
heart, cardiomyocyte degeneration consisting of loss of striation and 
granular appearance of the cytoplasm was evident (Figure 9). In one 
case (B6), this was accompanied by focal haemorrhage (Figure 10).

3.3 | Immunohistochemistry and Dot blot

To investigate the presence of the virus in the tissues, detection of 
the viral capsid protein (mainly composed by VP60) was attempted in 
badger and rabbit tissues by immunolabelling techniques using poly-
clonal (pAb) against RHDV and monoclonal antibodies (1A2 and 3A10).

Immunohistochemistry of badgers’ livers carried out with the 
pAb allowed the observation of generalized cytoplasmic staining of 
the hepatocytes of badgers B5 (Figure 11) and B6 (showing similar 
staining, result not shown), contrarily to the absence of staining in 
liver samples from a qPCR-negative badger and a qPCR-negative 
rabbit (results not shown). In addition to cytoplasmic staining in bad-
gers B5 and B6, some hepatocytes also showed nuclear staining.

The same positive reaction for badgers B5 (weaker) and B6 
(stronger) was observed in the dot blot analyses (Figure 12). Like in 
immunohistochemistry, in the dot blot, the pAb generated stronger 
reactions.

3.4 | Immunofluorescence

To further demonstrate replication of RHDV2, indirect immunofluo-
rescence was performed in the liver of badgers B5 and B6 (named 
#1 and #2, respectively, in Figure 13). We observed encapsulated 
virions, recognizable by the FITC antibody directed to VP60, whose 
density is compatible with active replication of RHDV2 in the tissues 
(Figure 13). DAPI staining was used for labelling DNA in fluorescence 
microscopy and phalloidin to stain the actin filaments. Livers from an 
RHDV2-infected rabbit and the RHDV2 non-infected badger were 
used as a positive and negative control, respectively.
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A clear green labelling is observed in both badgers’ livers and in 
the RHDV-2 positive rabbit sample. The badgers’ samples showed 
distinct punctate staining (more evident in the B6), ascribing virus lo-
calization to subcellular compartments. Due to the poor tissue pres-
ervation conditions, DAPI is dispersed by the cytoplasm of cells. For 
the same reason, phalloidin is sometimes also difficult to observe.

To evaluate the presence and increment of lysosomal or 
autophagosome-like structures that are usually associated with viral 
factories, LAMP 1 fluorescence staining was performed. The mem-
brane glycoprotein 1 was detected by direct immunofluorescence 
(Figure 14a) in the cytoplasm of infected hepatocytes. The presence 
of a large number of lysosomes was also confirmed in hepatocytes 

F I G U R E  1   Liver (B6). Mild hydropic degeneration of the 
hepatocytes in the lower centre. Focal infiltration of mononuclear 
cells in the upper left. The hydropic degeneration can be seen at 
higher magnification in the inset. H&E, ×100, inset, ×400

F I G U R E  2   Liver (B8). Hydropic degeneration of the 
hepatocytes. Some cells show pyknosis and karyorrhexis (short 
arrows), as well as hyperchromatosis of the nuclear membrane; 
oedema of the perisinusoidal space and Kupffer cells containing 
haemosiderin (long arrows). H&E, ×400

F I G U R E  3   Spleen (B8). Marked presence in the red pulp of 
haemosiderin containing macrophages. Perls Blue, ×40, inset ×100

F I G U R E  4   Spleen (B6). Hyperplasia of the lymphoid follicles. 
H&E, ×100

F I G U R E  5   Spleen (B8). The centre of some lymphoid follicles 
shows focal deposits of acidophilic material (*). H&E, ×40, inset 
×100
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of RHDV2-infected badgers (B1, B5 and B6) by TEM showing that 
viral particles colocalize with lysosomal structures, indicating that 
the virus is within lysosomes (Figure 14b,c).

3.5 | Molecular diagnosis and sequencing analysis

RHDV2-RNA was detected by RT-qPCR in most of the organs from 
badgers B1, B5–B10 (Table 2), suggesting that the virus was dissemi-
nated systemically. In general, the higher viral loads were observed 
in the liver and spleen (Table 2). None of the badgers tested positive 
for RHDV GI.1-RNA.

Full RHDV2 vp60 sequences were obtained for badgers B5 
and B6 showing these to be RHDV2 strains (GI.2). Despite RHDV2 
vp60 genes from badgers B1, B7 to B10 vp60 genes not being se-
quenced, given the specificity of the RT-qPCR method used for 

F I G U R E  6   Lung (B6). Severe diffuse congestion of the alveolar 
septa some of which are thickened due to inflammatory cell 
infiltration. Granuloma in the lower right. H&E, ×40

F I G U R E  7   Lung (B6). Iron deposits in the alveolar septa and in 
macrophages in the periphery of a granuloma. Perls Blue, ×40, inset 
×100

F I G U R E  8   Lung (B8). Diffuse interstitial pneumonia. The 
pleura is corrugated. H&E, ×100

F I G U R E  9   Myocardium (B5). Striation loss and granular 
appearance of the cardiomyocites. H&E, ×400

F I G U R E  1 0   Myocardium (B6). Focal intercellular haemorrhage. 
Striation loss and granular appearance of the cardiomyocites. H&E, 
×400
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RHDV2 (Duarte el al., 2015) detection to which they were posi-
tive, allowed to conclud that the strains from these badgers were 
also GI.2.

To further investigate the genomic composition of the RHDV2 
badgers’ strains, an upstream genomic region comprising the 3′ end 
of the RdRp gene was amplified by a conventional RT-PCR (Dalton 
et al., 2018) and sequenced.

The partial RdRp nucleotide sequences from badgers 
B1(MW446907), B5(MT610362), B6(MT610363), B7(MW446908), 
B8(MW446909) and B9(MW446910) showed higher identity to GI.4 
strains regarding this non-structural gene.

The final RdRp/VP60 2,188 nucleotide sequences obtained from 
badger B5 (MT610362) and badger B6 (MT610363) were aligned and 
compared, showing 100% identity with each other. BLAST search 
(performed on 5th January 2021) using the VP60 sequence showed 
higher similarities, namely 99.37% and 98.10% with MG763954 (a 
recombinant strain reported in 2018 from a wild rabbit collected 
in Estremoz, south Portugal), and KF442963 (also a recombinant 
strain obtained in 2013 from a wild rabbit from in Barrancos, south 
Portugal), respectively. The BLAST analysis of the RdRp partial se-
quences of B5 and B6 showed higher identity with the same se-
quences, namely 97.54% with sequence MG763954.

The partial RdRp nucleotide sequences (409nt long) from bad-
gers B5 and B6 shared 95% of identity with B1, 83% with B7 and B8, 
and 82% of identity with B9.

The amino acid sequence of the partial RdRp (149 residues long) 
deduced from sequence MT610363 (B5) showed 98.66% identity 

with the homologous region from sequence AIT40572.2 (RHDV2 
collected from a wild rabbit from Estoi, Faro, south of Portugal in 
2013). Also, the complete amino acid sequence of VP60 gene (579 
residues long) deduced from sequence MT610363 showed 99.83% 
identity with the VP60 sequence from a strain collected from 
Valpaços, Vila Real Portugal in 2012 (AJE29738).

When the deduced amino acid (aa) sequences comprising the 
contiguous partial RdRp gene and the complete VP60 gene were 
compared with the sequences available in the GenBank database, 
the greatest identity (99.59%) was found with sequence AIT40572.2. 
With regards to this sequence, three aa substitutions were observed 
in the RHDV2 badger sequence MT610363, namely an Ala1648 to 
Thr1648 (a radical aa residue change) and a Tyr1737 to His1737 (conser-
vative replacement) located in the RdRp protein, and one substitu-
tion in the VP60 protein, namely a Thr2109 to Ser2109 (conservative 
replacement), located in loop L2 of P2 sub-domain (positions indi-
cated refer to the polyprotein). These three aa residues found in the 
B5 and B6 RHDV2 polyprotein are not unique in badgers’ strains, 
being also found in rabbits’ strains.

3.6 | Phylogeny of the badgers’ RHDV2 strains

The 2,191-nt long region containing the partial RdRp gene and full 
VP1 (VP60) gene sequences from badger B5 (MT610362) and B6 
(MT610363) was used to assess the phylogenetic relationships be-
tween these strains and the RHDV and RHDV2 strains from wild 
rabbits by maximum likelihood (ML; Figure 15).

As expected, the RHDV2 badger strains, represented by se-
quence MT610363, were grouped with Portuguese recombinant 
RHDV2 strains, close to the reference strain RCV-A1-like/RHDV2 
(MG763954), with variant of GI.4 of polymerase gene and GI.2 VP60 
genotype. The access numbers of the sequences included in the tree 
are shown in the phylogenetic tree (Figure 15).

3.7 | Transmission Electron Microscopy

Viral particles were identified by transmission electron microscopy 
(TEM) in liver of badgers B1, B5 and B6. Virions showed the typical 
icosahedral morphology and size was of 33.4 ± 4.1 nm (mean ± SE, 

F I G U R E  11   Immunostaining for 
RHDV2 in the liver of badger B5 (left). 
Hepatocytes show cytoplasmic granular 
brown staining. At right, negative control 
of a non-infected badger liver. DAB 
counterstained with Gills haematoxylin, 
×400

(a) (b)

F I G U R E  1 2   Dot blots from B5 and B6 badgers. C + homogenate 
from a RHDV2-positive rabbit. C - Bovine serum albumin



10  |     ABADE DOS ABADE SANTOS et al.

F I G U R E  1 3   Immunofluorescence using Virlab polyclonal antibody to detect viral protein (green), DAPI staining was used to detect DNA 
(blue) and phalloidin staining to detect actin filaments (red). Badger #1 (B5), badger #2 (B6). All the figures present the greyscale/inverted 
contrast at the left and the original view at the right

F I G U R E  14   Immunolabelling of viral 
protein VP60 (a-left, greyscale), LAMP 
1 (a-middle, greyscale) and combined 
(a-right). (b) Transmission electron 
microscopy showing clusters of lysosomal 
like structures (white arrowheads) within 
hepatocytes of badger (B5). (c) Vesicles 
(black arrowheads) were also observed 
in the hepatocytes of badger B5

(a)

(b) (c)
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30 measures, Figure  16) compatible with RHDV particles whose 
diameter range from 27 to 40  nm (Capucci et  al.,  1991; Ohlinger 
et al., 1990).

The virions were detected in the nucleus and cytoplasm of he-
patocytes, in the hepatic interstitium, in the alveolar ephitelial cells, 
in the heart myocytes, and in the cytoplasm of liver Kupfer cells. No 

TA B L E  2   RT-qPCR amplification results and respective estimated viral loads per mg of tissue

Viral copies/mg tissuea 

Organs B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

Liver 1.65 × 104 ND ND ND 2.99 × 106 1.14 × 104 1.69 × 105 2.84 × 104 2.09 × 105 6.02 × 105

Spleen 3.68 × 103 ND ND ND 4.25 × 105 1.66 × 106 5.53 × 105 3.34 × 104 5.01 × 105 1.92 × 105

Heart 7.13 × 104 ND ND ND 1.56 × 103 1.18 × 105 3.16 × 103 ND 8.14 × 102 4.57 × 103

Lungs 1.57 × 106 ND ND ND 1.21 × 106 5.15 × 103 5.78 × 102 1.19 × 103 1.67 × 103 ND

Duodenum 9.78 × 104 ND ND ND 3.31 × 103 4.75 × 105 7.47 × 104 5.50 × 103 8.67 × 103 1.75 × 104

Kidney ND ND ND ND 3.07 × 104 5.15 × 103 7.57 × 104 ND 5.63 × 102 8.90 × 103

Faeces ND ND ND ND 1.10 × 103 1.57 × 105 ND ND 3.66 × 103 1.74 × 104

Mesenteric 
lymph node

NT NT NT N NT NT 3.44 × 104 3.34 × 104 NT NT

aAccording to the quantitative method described by Duarte et al. (2015). NT, not tested; ND, not detected; Darker cells correspond to higher viral 
loads. 

F I G U R E  1 5   Unrooted phylogenetic tree inferred by using the maximum likelihood method and general time reversible model (Nei & 
Kumar, 2000). The tree with the highest log likelihood (−13922.65) is shown. A discrete gamma distribution was used to model evolutionary 
rate differences among sites (5 categories (+G, parameter = 1.4546)). The rate variation model allowed for some sites to be evolutionarily 
invariable ([+I], 50.56% sites). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. This analysis 
involved 32 nucleotide sequences. Codon positions included were 1st + 2nd+3rd + non-coding. There were a total of 2,191 positions in the 
final dataset. The analyses were conducted in MEGA X (Kumar et al., 2018), and the tree was edited with FigTree software V1.4.4



12  |     ABADE DOS ABADE SANTOS et al.

virion-like structures were observed in a badger (unnumbered, used 
as negative control), that tested

RHDV2-negative on the RT-qPCR.

3.8 | Virological analyses besides RHDV2

None of badgers B1, B5 to B10 was positive for all the other viruses 
tested .

3.9 | Bacteriological analysis

Low numbers of Micrococcus sp. and Staphylococcus sciuri were iso-
lated from the liver and lung of badger B5. The remaining organs 
showed no aerobic or anaerobic bacterial growth.

Regarding badger B6, Escherichia coli was isolated from the liver 
and spleen, and low numbers of Clostridium sp. were isolated from 
the liver, spleen and kidney.

In the samples collected from badgers B7 and B8, low quantities 
of Klebsiella oxytoca and Klebsiella pneumonia ssp. pneumoniae were 
isolated, respectively. No Mycobacterium spp. was detected in the 
badgers.

3.10 | Parasitological analysis

No ecto- or endoparasites were found in badgers B1, B7 and B8. In 
Badger B6, fleas were identified as Pulex irritans. For badgers B5 and 
B6, hookworm eggs were found through the flotation method. In the 
later, adult forms of hookworms (family Ancylostomatidae) were also 
detected during the analysis of the gastrointestinal content. Isospora 
spp., Uncinaria criniformis and nematodes from Capillariidae family 
were identified in badger B6, and Capillaria sp. in badger B10.

4  | DISCUSSION

Our work was conducted in the scope of a national surveillance pro-
gramme for RHDV2 in wild rabbits and sympatric species (Action 
Plan for the Control of Rabbit Haemorrhagic Disease Virus, Dispatch 
4757/17 of 30st May MAFDR). As sympatric species, European 
badgers were also included in the monitoring programme, which is 
why those found dead were sampled for investigation. However, the 
poor quality of these opportunistic biological samples poses major 
challenges to the laboratory diagnosis, overcome through the estab-
lishment of a comprehensive diagnosis strategy combining several 
molecular and antigen detection methods, sequencing analysis and 
electron microscopy observation. The serological investigation was 
not possible due to the lack of fresh blood samples.

The methodological strategy adopted for this study was as 
follows: tissue samples were firstly tested by RT-qPCR (Duarte 
et al., 2015) allowing the subsequent selection of the RHDV2 posi-
tive badgers for further analyses. Of these, only the badgers show-
ing milder autolysis were elected for RHDV2 sequencing analysis, 
IHC and TEM. The exception was made for badger B1, the only ma-
terial available for the first two years of this investigation, and for 
which, tissues were used for testing, despite severe autolysis.

F I G U R E  1 6   Transmission electron micrographs of badger 
B5 liver. (a) Low magnification showing the nucleus (N) of an 
hepatocyte, with an eccentric nucleolus (n), with several clusters of 
viral particles (insets). (b) High magnification of the nucleus showing 
clusters of particles (arrow heads), which differ from neighbouring 
chromatin (c) adjacent to nuclear membrane (nM). (c) Detail of a 
viral particle (arrowhead) suggesting an octagonal shape. Bars: 1 µm 
(white bar), 50 nm (black bar). (d) High magnification of an apparent 
intranuclear viral factory, with viral particles measuring from 26 to 
38 nm, compatible with caliciviruses. Bar: 200 nm
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To exclude the possibility of the microscopic lesions being a con-
sequence of other infectious agents rather than RHDV2, samples 
were tested for additional pathogens. Several potential Eurasian 
badger viruses (canine distemper virus, canine and feline parvovirus, 
canine, feline and porcine coronaviruses, type A rotavirus, Ausjesky 
disease virus and other herpesviruses) were investigated by molec-
ular methods in the appropriate tissues. All samples tested negative. 
Although Eurasian badgers can be susceptible to several pathogenic 
bacteria (Franzo et  al.,  2017; Judge et  al.,  2017; Sin et  al.,  2014; 
Wragg et  al.,  2011), the isolates identified in this study probably 
represent contaminants, as histopathological analysis did not show 
any bacteria in the tissues or tissue alterations that could be related 
with the bacterial species isolated. Micrococcus and Staphylococcus 
identified in badger B5 are common skin commensals of animals and 
humans, while Clostridium and Escherichia coli, identified in badger 
B6, belong to their intestinal microbiota (Quinn et al., 2011)). Also, to 
the best of our knowledge, the first three genera have not yet been 
related to bacterial infections in Meles meles, while E. coli was re-
ported in badgers’ bronchoalveolar lavages (McCarthy et al., 2009).

The RHDV2 viral loads found in the tested organs (Table 2) ranged 
from 1.19 × 103 to 2.99 × 106, despite kidney, heart and lungs tested 
negative in some badgers. These values were lower than the ones de-
scribed for domestic and wild rabbit (Carvalho et al., 2017), but are 
compatible with a systemic infection, following the possible ingestion 
of RHDV2-positive rabbits. However, the mere passage of the virus 
through the gastrointestinal tract, without surpassing this barrier, 
would result in faeces and intestine and, at most, the mesenteric lymph 
nodes testing positive to RHDV2, while all the other organs would test 
negative. That was not the case since liver, lungs and spleen showed 
consistent and relatively high viral loads in several badgers.

Amplification and sequencing analysis of a 2,188-nt long frag-
ment comprising part of the RdRp gene and the complete the VP60 
gene, confirmed the presence of RHDV2-RNA in the tissues of bad-
gers B5 and B6. Despite only partial sequences of the RdRp gene 
were obtained for badgers B1, B7, B8 and B9 (as summarized in 
Table S1), they also confirmed the RT-qPCR results,demonstrating 
unequivocally the presence of viral RNA in the badgers’ tissues.

The molecular data was supported by the immunohistochemis-
try, immunofluorescence and dot blot results, alongside the gross 
pathology and histopathological lesions. Dot blot analysis of liver ho-
mogenates from badger B5 and B6 confirmed the presence of RHDV 
or RHDV2 protein in these organs. Curiously, the dot blot signal in 
B6 was stronger than in B5, despite the RT-qPCR results showed 
higher viral loads (deduced from the number of RNA copies) in B5 
tissues. However, dot blot is not a quantitative technique and tissue 
homogenizations for dot blot were not carried out as accurately as 
for RNA extraction.

Gross pathology and histopathology suggest that multiorgan 
failure (heart, kidney and lung) could account for the proximal cause 
of death. The presence of iron deposits in the spleen, liver and lungs 
indicate haemorrhagic events, possibly due to chronic blood losses, 
more severe in the case of badgers B5 and B8, whose spleens were 
highly infiltrated with haemosiderin–laden macrophages. Although 

liver necrosis in badgers was not as evident as normally seen in rab-
bits infected with RHDV2 (Abade dos Santos et al., 2017; Soliman 
et al., 2016; Umer et al., 2017), hepatocytes showed hydropic de-
generation and individual cell necrosis. Another difference from rab-
bits is the lymphoid hyperplasia that was observed in three of four 
analysed badgers. This may indicate a more adjusted response to the 
viral infection, in accordance with the lower viral loads observed in 
the badgers, compared with rabbits.

Altogether, despite not so severe, the lesions observed may be 
accounted for a poor clinical evolution, leading to a moribund status 
incompatible with survival in the wild, taking into account that a weak-
ened animal hardly survives, especially if it need to prey for food.

Additionally, the lower severity of the lesions compared to rab-
bits seems to indicate a less aggressive viral infection in this species. 
Despite different GI.2 strains showing different virulence were de-
scribed, there is no data relating possible differences in the severity 
and type of lesions induced in rabbits with different strains. The pat-
tern and severity of lesions may also change according to the clini-
cal evolution, which in turn could vary due to intrinsic individual or 
species-related resistance and natural or acquired immunity to the 
infection. Nonetheless, if the course of the infection is less fulminat-
ing in badgers than in rabbits, probably because badger is not a usual 
host of this virus, it may favour the dissemination of RHDV2 in the 
wild as a disease with a longer course will allow virus excretion in the 
faeces for longer periods.

Finally, by transmission electron microscopy we demonstrated the 
presence of viral particles compatible with RHDV2 in several badgers’ 
tissues. Despite the poor preservation condition of the tissues, viral 
factories were observed providing evidence of active replication of 
the virus in the cells. Furthermore, the observation of viral factories 
in the hepatocyte nucleus revealed, we believe that for the first time, 
the RHDV2 passage through the nucleus during replication. This ob-
servation had been previously reported in RHDV-infected hepatocytes 
by Marcato et  al.  (1991). The meaning of this finding is still unclear, 
given that a nuclear phase was not described in the replicative cycle 
of Caliciviridae, despite the presence of viral factories in the nucleus 
of infected cells was previously described in feline calicivirus infection 
(Pesavento et al., 2004). Regarding the present study, although the 
breakdown of the cell nuclear membrane may have allowed virions to 
pass into the nucleus as suggested before (Pesavento et al., 2004), since 
virions were exclusively grouped resembling viral factories, this sce-
nario is unlikely. On the other hand, these clusters of virions within the 
nucleus were observed in several cells, where virions were not present 
in the cytoplasm . The presence of virions compatible with RHDV2 has 
already been observed by our team in the nucleus of hepatocyte cells 
from rabbits that died infected with RHDV2 (data not shown).

By immunofluorescence, we confirmed the presence of many 
lysosomes or autophagosome structures in the hepatocyte cyto-
plasm, containing mature virions (Figure 15). As previously described 
(Vallejo et al., 2014), after RHDV infection, the host cells initiate a 
rapid autophagic response that than declines, culminating in apop-
tosis. The vesicles shown in Figure 15 were also observed in RHDV-
infected liver cells by these same authors.
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During the +Coelho project, that operacionalises the Action 
Plan, a total of 25 dead rabbits from the Santarém district were sam-
pled between March 2017 and March 2020, of which 15 (60%) were 
positive for RHDV2.

To the best of our knowledge, no Lagoviruses had ever been de-
scribed in wild badgers, in natural or experimental infections. In this 
study, we provide evidence that RHDV2 may have crossed another 
species barrier from the Leporidae family (order Lagomorpha) to the 
Mustelidae family (order Carnivora), a remarkable paradigm shift for 
the pathogenic potential of this virus.

More studies are now needed to understand whether these 
cases represent a set of individual spillover events or a true species 
jump. The detection of RHDV2 in badgers along three consecutive 
years (2017–2020) supports, in our opinion, the second scenario, but 
further investigations are necessary to confirm the geographic and 
temporal extension of this event.

Another future interesting study concerns the research of other 
calicivirus in this species, namely viruses close to non-pathogenic 
Lagoviruses, which may serve as donors of genetic material and thus 
contribute to the evolution of Lagovirus europaeus and the emer-
gence of new pathogenic strains.

Experimental infections with European badgers would help to 
clarify the baseline level of susceptibility to infection; however, they 
are extremely complicated in protected species. Nonetheless, prior-
ity investigations should include further RHDV2 monitoring in bad-
gers in the Santarém District as well as in other geographical areas, 
to clarify viral evolution within this host species, to evaluate the 
pathogenic impact of RHDV2 strains adapted to badgers towards 
rabbits and to understand the role of the Eurasian badger as a reser-
voir host for RHDV2.
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Simple Summary: We report an unusual clinical case in a pet rabbit vaccinated against rabbit
haemorrhagic disease virus (RHDV, GI.1), that developed a prolonged hepatic disease, and was
diagnosed RHDV2 (GI.2) positive post-mortem. This finding is a warning to all veterinarians that
rabbit haemorrhagic disease should also be considered for differential diagnosis despite the history
of RHDV vaccination and the need to update vaccination programs against the current RHDV2
circulating strains.

Abstract: Rabbit haemorrhagic disease (RHD) is a highly contagious infectious disease of European
wild and domestic rabbits. Rabbit haemorrhagic disease virus (RHDV, GI.1) emerged in 1986 in
Europe, rapidly spreading all over the world. Several genotypes of RHDV have been recognised
over time, but in 2010, a new virus (RHDV2/RHDVb, GI.2) emerged and progressively replaced the
previous RHDV strains, due to the lack of cross-immunity conferred between RHDV and RHDV2.
RHDV2 has a high mutation rate, similarly to the other calivirus and recombines with strains of
RHDV and non-pathogenic calicivirus (GI.4), ensuring the continuous emergence of new field strains.
Although this poses a threat to the already endangered European rabbit species, the available vaccines
against RHDV2 and the compliance of biosafety measures seem to be controlling the infection in the
rabbit industry Pet rabbits, especially when kept indoor, are considered at lower risk of infections,
although RHDV2 and myxoma virus (MYXV) constitute a permanent threat due to transmission via
insects. Vaccination against these viruses is therefore recommended every 6 months (myxomatosis)
or annually (rabbit haemorrhagic disease). The combined immunization for myxomatosis and RHDV
through a commercially available bivalent vaccine with RHDV antigen has been extensively used
(Nobivac® Myxo-RHD, MSD, Kenilworth, NJ, USA). This vaccine however does not confer proper
protection against the RHDV2, thus the need for a rabbit clinical vaccination protocol update. Here we
report a clinical case of hepatitis and alteration of coagulation in a pet rabbit that had been vaccinated
with the commercially available bivalent vaccine against RHDV and tested positive to RHDV2 after
death. The animal developed a prolonged and atypical disease, compatible with RHD. The virus was
identified to be an RHDV2 recombinant strain, with the structural backbone of RHDV2 (GI.2) and the
non-structural genes of non-pathogenic-A1 strains (RCV-A1, GI.4). Although confirmation of the
etiological agent was only made after death, the clinical signs and analytic data were very suggestive
of RHD.

Keywords: European rabbit; Oryctolagus cuniculus; pet rabbit; rabbit haemorrhagic disease;
atypical clinical course; subacute
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1. Introduction

Originating in the Iberian Peninsula [1], the European rabbit was widely introduced
first in Europe, and subsequently in all other continents except Antarctica. The European
domestic rabbit has been used as an important meat and fur resource. Artificial selection of
small breeds of this species (Oryctolagus cuniculus), weighing less than 2 kg, also generated
an increasingly popular pet-rabbit trade. Pet rabbits can be affected by the same diseases
found in the rabbit industry or wild rabbit populations. However, the indoor lifestyle
decreases the risk of contact with common rabbit diseases such as myxomatosis and rabbit
haemorrhagic disease (RHD).

RHD is a highly contagious infectious disease caused by a virus from the Caliciviridae
family, genus Lagovirus, which targets hepatocytes and cells of the mononuclear phagocytic
system (e.g., Kuppfer cells and alveolar macrophages) [2,3]. The disease was first identified
in 1984 in China and quickly spread to other continents, evolving into different genotypes
(GI.1a (RHDVa or G6), GI.1b (G1), GI.c (G2) and GI.1d (G3–G5)) [4,5]. Along with myxo-
matosis, this disease led to an abrupt decrease in the European rabbit wild populations [6].

In 2010, a distinct virus (both genetic and antigenically) related to RHDV emerged in
France [7]. This new virus, referred to as RHDV2 or RHDVb, induced a disease very similar
to that caused by RHDV strains and it became also known as Lagovirus europaeus GI.2 [5].

More recently, natural recombinant RHDV2 strains were identified containing the
structural proteins of RHDV2 (VP60 and minor protein-encoding genes), but the non-
structural proteins from either non-pathogenic calicivirus (NP-CV GI.4 and GI.3)). Fur-
thermore, the non-structural proteins from the RHDV strains (GI.1b) were also found in
RHDV2 recombinants [8]. Figure 1 represents the genomic organization of RHDV2 RNA.
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Figure 1. Simplified schematic representation of the genomic RNA of RHDV2. Nucleotide positions
were calculated from sequence KF442964.2. The genome includes two ORFs. ORF1 encodes a
polyprotein that is cleaved to form the non-structural proteins p16, p23, the helicase, p29, VPg,
a protease and the viral polymerase, and the major structural protein VP60. ORF 2 encodes a minor
structural protein VP10.

Different clinical presentations and disease progression can occur with RHDV2 [9–12]
and those variations can be associated with strain. The incubation period of RHD ranges
between 1 and 3 days. In peracute forms, sudden death may occur within 12 hours
after infection. In acute and subacute forms of RHD, different clinical signs can be ob-
served, such as anorexia, mucosal congestion, neurologic signs, cyanosis, dyspnoea, foamy
haemorrhagic epistaxis, ocular haemorrhage and others [13]. In chronically infected rab-
bits, the onset of anorexia, lethargy and jaundice usually precedes death in about 1 to 3
weeks [13]. Chronic or subclinical courses are more frequent in rabbits infected by RHDV2
than by RHDV.

Haemorrhagic diathesis is found during the disease, with disseminated intravascular
coagulation (DIC), associated with alterations in blood coagulation and terminating in
multi-organ failure and death [14]. The pathogenesis of DIC in RHD is still unknown.
The DIC is assumed to occur by a distortion of both external and internal blood coagulation
activation paths, leading to extended One-Stage Prothrombin Time (OSPT) and Activated
Partial Thromboplastin Time (APTT) [15–17]. During the disease, a thrombocytopenia and
reduced platelet aggregation is observed, alteration of the activity of coagulation factors
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V, VII and X, as well as increased volume of soluble fibrin and its degradation products
(D-dimers) [15–17].

During an RHDV2 outbreak, more than 10% of the infected rabbits may show a
chronic or subclinical evolution of the disease, with severe and generalised jaundice, loss of
weight, and lethargy. These animals often die some weeks later, due to liver disease [18].
Although the study of the disease has been expanded by animal experimentation, the char-
acterisation of natural infection is far less known [10,11,19,20].

The terms peracute, acute and chronic are of clinical use but not always reflected
in distinct necropsy findings and specific histopathological patterns, meaning that it is
possible to find sudden death associated with peracute widespread hepatocellular necrosis
or with more chronic changes such as inflammation or fibroplasia [10].

Veterinarians should be aware that despite necropsy and histopathology findings may
be suggestive of RHD, since microscopic changes are usually present and, in many cases,
macroscopic changes can also be seen [10], laboratory confirmation is always required for a
conclusive diagnosis.

Laboratory testing can be done by molecular methods (e.g., RT-PCR), ELISA or electron
microscopy. However, the rapid and debilitating evolution of the disease, together with
the shortage of direct access to these techniques by clinicians, poor reporting of RHD in
pet rabbits and possible lack of awareness among clinicians, contributes to the almost
non-existent knowledge of the prevalence of RHD in pets in Portugal.

After the emergence of RHDV2 in 2010, this virus rapidly replaced the previous strains
that soon were no longer reported in Europe. The humoral immunity acquired by natural-
or vaccine-induced RHDV strains do not confer proper cross-protection against RHDV2
strains [21,22]. Until 2016, when ERAVAC, Hipra, Girona, Spain was commercialised,
all vaccines available against RHDV2 were directed to the industrial market (sold in multi-
dose bottles), and therefore not adequate for vaccination of pet rabbits. In November 2019,
a new single-dose bottle vaccine against myxoma virus, RHDV and RHDV2 was also made
available in Europe (Nobivac® Myxo-RHD Plus, MSD, Kenilworth, NJ, USA).

2. Clinical Presentation

We present the case of a 2-year-old spayed female Netherland dwarf rabbit. This rab-
bit was dewormed yearly with fenbendazole, (Panacur®, Merck Animal Health, Gi-
ralda Farms, Madison, WI, USA, 20 mg/kg) and twice a year with a 15 mg selamectin
spot-on (Stronghold®, Zoetis, Belgium vaccinated yearly (Nobivac®Myxo-RHD, MSD,
Kenilworth, NJ, USA), and was kept indoors with an owner residing in the Oeiras District,
Portugal. At the age of 18 months, the patient was presented for annual vaccination.
Physical examination at that point was unremarkable and the rabbit was clinically normal.

In February 2020, 2 months after the previous visit, the rabbit presented for anorexia,
coprostasis and lethargy. The physical examination only revealed a painful condition as
the rabbit exhibited bruxism (teeth grinding) after cranial abdominal palpation. The rest
of the physical examination was unremarkable and the rabbit weighed 1580 g at the
time. A complete blood count (CBC, detailed in Table 1) revealed leukopenia (2.53 K/µL)
with heteropenia (0.71 K/µL) and thrombocytopenia (40 K/µL). Alanine aminotransferase
(ALT) levels were elevated (240 U/L), indicating liver damage and radiographs showed a
more radio-opaque cranial abdomen. The patient was admitted and started on standard
intravenous fluid therapy with NaCl 0.9%, was administered buprenorphine (0.03 mg/kg
IV TID) for analgesia and provided nutritional support (Oxbow’s herbivore critical care),
recovering appetite about 6 hours later.
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Table 1. Summary of the rabbit haematological and biochemical parameters and respective reference values retrieved
from Carpenter’s 4th ed of the Exotic animal formulary [23] and Idexx’s reference values of the ProCyte Dx* Haematology
Analyzer (as of IDEXX VetLab* Station software version 4.48) and Catalyst one Biochemistry analyser, the equipment used
in this study.

Haematology February March June
Reference Values

Carpenter, 2018 Idexx Lab., 2017

Haematocrit (%) 30.9 36.3 37.6 30–50 29.4–40.9
Haemoglobin (g/dL) 10.7 11.8 13.3 8–17.5 9.8–13.2

Erythrocytes (×106/µL) 5.21 5.67 6.45 4–8 4.45–6.71
MCV (fL) 59.3 64.0 58.3 58–75 58.1–69.6
MCH (pg) 20.5 20.8 20.6 17.5–23.5 18.9–22.1

MCHC (g/dL) 34.6 32.5 35.4 29–37 31.6–33.6
Reticulocytes (%) 2.4 5.4 1.4 2–4 -

Reticulocytes (K/µL) 122.4 306.7↑ 88.4 - 69.5–242.7
Platelets (103/µL) 40↓ 370 97↓ 290–650 219–521

WBC (103/µL) 2.53↓ 5.15 1.86↓ 5–12 4.54–10.22
Heterophils (%) 28.1↓ 28.8↓ 47.9 35–55 -

Lymphocytes (%) 64.4↑ 60.0 41.9 25–60 -
Monocytes (%) 4.7 5.4 4.8 2–10 -
Eosinophils (%) 0.8 0.8 0.0 0–5 -
Basophils (%) 2.0 5.0 5.4 2–8 -

Heterophils (K/µL) 0.71↓ 1.48 0.89↓ - 0.96–3.34
Lymphocytes (K/µL) 1.63 3.09 0.78↓ - 1.49–5.21

Monocytes (K/µL) 0.12↓ 0.28↓ 0.09↓ - 0.31–0.99
Eosinophils (K/µL) 0.02↓ 0.04↓ 0.00↓ - 0.05–2.12
Basophils (K/µL) 0.05↓ 0.26↓ 0.10↓ - 0.56–2.12

Biochemistry
Glucose 194↑ - 164↑ 75–150 75–145

Creatinine (CREA) 1.0 - 1.2 0.5–2.6 0.8–1.8
BUN 12 - 22 15–50 10–24

BUN/CREA 12 - 18 - -
PHOS - - 3.7 2.3–6.9 1.2–4.9

CA - - 11.7 8–14.8 5.6–12.0
TP 6.6 - 7.7↑ 5.4–7.5 5.5–7.2

ALB 4.4 - 4.4 2.5–5 2.7–4.6
GLOB 2.2 - 3.3↑ 1.5–3.5 1.5–2.8

ALB/GLOB 2.0 - 1.3 - -
ALT 240↑ - 586↑ 14–80 31–53

ALKP 99 - 104 4–70 70–145
GGT - - 2 - -
TBIL - - 0.9 0–0.75 0.3–0.8

CHOL - - 30 12–16 35–53

The values highlighted in bold represent the main deviations observed and the arrows indicate if the values are above (↑) or below (↓)
the references.

Ultrasound revealed a slightly heterogeneous liver with a hypoechoic caudate lobe
and a kidney stone considered meaningless for this case. There were no obvious signs of
vascular compromise. However, shaving the abdomen for the ultrasound exam revealed a
large haematoma that extended from the neck to forelimbs, thorax and upper-half of the
abdomen. This was assumed to have originated from the jugular blood collection carried
out in the previous day, despite the seemingly atraumatic puncture.

Throughout the 5th day of hospitalisation, the patient maintained a pattern of cuta-
neous haemorrhagic dyscrasia, with vascular fragility, easy bruising and requiring the need
for prolonged compression of puncture sites. Coagulation tests were carried out and both
prothrombin time (PT) and activated partial thromboplastin time (aPTT) were prolonged,
at 25 and 195 s, respectively.
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A CT scan showed no signs of hepatic abnormalities or vascular compromise. The pa-
tient was started on injectable vitamin K1 (10 mg/kg SC SID) and kept on buprenorphine
(0.03 mg/kg SC TID) and IV NaCl 0.9% at a rate of 5mL/h. Bruising was fully reabsorbed
by the 8th day and the patient was sent home. Before release, the physical exam was
unremarkable. The rabbit was bright and alert and had fully recovered his appetite, weight-
ing at the time 1500 g. No more blood collections were possible due to lack of venous
accesses, secondary to multiple hematomas and bruising in the previous blood collection
sites. Two weeks later, in March 2020, follow up blood tests were performed, including a
CBC. The revaluation hemogram was unremarkable, as reticulocytosis was considered a
normal finding given the events in the previous hospitalisation. No other clinical follow
up could be performed due to financial limitations and lockdown policies associated with
the COVID-19 world pandemic.

In June 2020, the rabbit was readmitted due to anorexia, lethargy, coprostasis and
abdominal discomfort. The rabbit had lost 80 g, weighting then 1420 g, and for the first time,
mildly hyperthermia (39.4 ◦C) was registered. The blood panel revealed severe leukope-
nia (1.86 K/µL) associated with heteropenia (0.89 K/µL) and lymphopenia (0.78 K/µL).
Thrombocytopenia (97 K/µL) was also observed. ALT was then 586 U/L and there was
also the elevation of total bilirubin (0.9 mg/dL) and total proteins (7.7 g/dL) due to hy-
perglobulinemia (3.3 g/dL) (Table 1). The blood draw resulted once again in cutaneous
haemorrhagic dyscrasia and therefore the rabbit was started on vitamin K1 (10 mg/kg
SC BID), enrofloxacin (5 mg/kg SC SID), buprenorphine (0.03 mg/kg SC TID), metoclo-
pramide (0.5 mg/kg SC BID), lactulose (0.5 mL/kg PO BID) and aggressive fluid therapy.
Ultrasound was compatible with severe hepatitis and peri-lobular peritonitis (Figure 2),
with mesenteric reactivity and free fluid in the abdomen. The rabbit was in the hospital
for 3 days showing no signs of improvement. The temperature kept increasing reaching
a peak of 40.2 ◦C on the second day of hospitalisation, after which it started dropping
and the rabbit became progressively hypothermic. On the 3rd day of hospitalization,
the temperature dropped to 36.9 ◦C, despite the active heating efforts. The rabbit became
lethargic, jaundiced and developed vertical nystagmus. The death occurred about 6 h after
the onset of these symptoms.
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Throughout the clinical evolution of this case, several differential diagnoses were
considered. These included hepatic lipidosis, hepatic coccidiosis, liver lobe torsion, bacte-
rial, fungal, and parasitic hepatitis, Encephalitozoon cuniculi infection, Tyzzer’s disease
and neoplasia. All these possibilities were excluded by the rabbit’s clinical history, semes-
tral coprology results and deworming history, along with the blood works, radiographs,
ultrasounds, CT scan and post mortem data.

The necropsy findings reinforced that the inflammatory and/or infectious process
was the most likely differential diagnosis for this patient.
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3. Material and Methods
3.1. Necropsy and Histopathology

The necropsy was performed according to routine procedures, and samples were
collected for bacteriology (liver, spleen and lung), histopathology (liver, spleen, stomach,
small intestine, pancreas and kidney) and virology (liver). All analyses followed routine
procedures.

Histopathology fragments were fixed in 10% neutral buffered formalin, routinely paraffin-
embedded, sectioned at 4 µm, and stained with Haematoxylin and Eosin (H&E).

3.2. Molecular Analysis

For nucleic acid extraction, a fresh sample of liver was homogenized at 10% (w/v)
with phosphate-buffered saline (PBS) and clarified at 3000 g for 5 min. Total nucleic acids
were extracted from 200 µL of the clarified supernatants, using the MagAttract 96 cador
Pathogen Kit (Qiagen, Hilden, Germany) in a BioSprint 96 nucleic acid extractor (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol.

The rabbit was tested for rabbit haemorrhagic disease virus (RHDV) by conventional
PCR [24] and rabbit haemorrhagic disease virus 2 (RHDV2) and myxomavirus (MYXV)
by real-time PCR [25,26]. Amplifications were carried out in a Bio-Rad CFX96™ Thermal
Cycler (Bio-Rad Laboratories Srl, Redmond, WA, USA), using the One-Step RT-PCR kit
(Qiagen, Hilden, Germany) for RHDV2, and the NZYTaq II 2x Colourless Master Mix
(Nzytech, Lisbon, Portugal) for MYXV.

cDNA was synthesised with the SuperScript™ IV First-Strand Synthesis System (InVit-
rogen, Carlsbad, CA, USA) according to the manufacturer’s recommendations, using either
oligo(dT)12-18 and random hexamers. Amplification of full VP60 gene and partial RdRp
gene was achieved using primers, kits and protocols available in appendix Table S1.

The PCR products were visualised in 2% horizontal electrophoresis agarose gel, puri-
fied using the NZYGelpure kit (NZYTECH), and directly sequenced using the ABI Prism
BigDye Terminator v3.1 Cycle sequencing kit on a 3130 Genetic Analyser (Applied Biosys-
tems, Foster City, CA, USA). Nucleotide sequences were analysed and assembled into
consensus sequences using the Seqscape Software v2.7 (Applied Biosystems, Foster City,
CA, USA)., The final 2176 nucleotide sequence including the VP60 complete gene (1740 nt-
long) and a 436 nt-long region of the RdRp gene, was deposited in GenBank database and
given the accession number MT829254.

3.3. Phylogenetic Analysis

To further investigate the relation of this strain to other recombinants characterised
previously in Portugal [8], a phylogenetic analysis was carried out by Maximum Likelihood
(ML) resourcing to the R software (R Development Core Team, 2009) [27]. Three types of
multiple sequence alignments (msa) were used for phylogenetic inference, encompassing a
436 nt region within the RdRp gene, the complete 1740 nt vp60 gene sequences, and the
2176 nt long sequence comprising the two regions mentioned.

Multiple sequence alignments (msa) were generated by MUSCLE through the R soft-
ware (R Development Core Team, 2009). For each alignment, the appropriate substitution
model for ML analysis was determined using the function modeltest. For RdRp tree,
the Hasengawa–Kishino–Yano (HKY) model [28] an allowance for the incorporation of
invariant sites (I) (HKY+I), showed the lower AIC value and was used to infer phylogenetic
relationships. For the ML phylogenetic tree based on the full vp60 gene (1740 nt long)
the General Time Reversible (GTR) model [29] with a discrete gamma distribution (+G),
(GTR+G) showed the lower AIC value was used to infer phylogenetic relationships. For the
ML phylogenetic tree based on a 2176 nt long sequence comprising the terminal 436 nt
long region within the RdRp gene and the complete vp60 gene the General Time Reversible
(GTR) model [29] with a discrete gamma distribution (+G) and/or an allowance for the
incorporation of invariant sites (+I) (GTR+G+I) showed the lower AIC value and was used
to infer phylogenetic relationships.
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4. Results
4.1. Necropsy and Histopathology

The necropsy revealed liver congestion and marked lobular pattern, presence of a
small amount of free peritoneal fluid and congested lungs with haemorrhagic foci. Both kid-
neys showed areas of surface retraction accounting for about 20% of the total surface.

The following microscopic lesions were observed: Liver: severe generalized perilob-
ular haemorrhagic necrosis (Figures 3 and 4). Discrete infiltration by mononucleated in-
flammatory cells, mainly macrophages and lymphocytes, around portal triads. Fine brown
pigment in the cells of the portal bile ducts. Spleen: diffuse necrosis of the entire red pulp
revealed by deposition of fibrinoid acidophilic material drawing serpiginous patterns in
the parenchyma (Figure 5). The regular presence of lymphoid follicles around central
arterioles. Pancreas: interlobular oedema and necrosis of adipocytes, both intralobular
and interlobular. No changes were present in the secretory cells. Stomach: no significant
changes were observed. Small intestine: Necrotic enteritis, particularly in the duodenum,
with loss of villi and deposition of fibrin in the proximal mucosa (Figure 6). Kidneys:
the areas of surface retraction in both kidneys corresponded to segmental fibrosis affecting
cortex and medulla. In these areas, there was a loss of tubules and glomeruli, which were
moderately congested. No microbial agents were identified in any organ and the results of
the microbiological analysis were also negative.
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Figure 6. Duodenum. Necrotic enteritis affecting the upper mucosa. Note the absence of villi and the
eosinophilic deposits of fibrin in the upper mucosa. The intestinal glands are disorganized and the
inflammatory infiltrate of the mucosal lamina propria by mononuclear cells (lymphocytes mostly)
is scant (H&E, 100×).

4.2. Virology

Investigations for MYXV and RHDV (genotypes GI.1b (former G1) to GI.1a (for-
mer RHDVa or G6)) [19] were negative. However, the RT-qPCR specific for RHDV2
revealed a high viral load in the liver (approximately 9.0 × 1011 copies of RHDV2 RNA per
mg of liver), higher than the usual viral load found in infected rabbit liver, including both
vaccinated and unvaccinated rabbits [30]. The amplification of the RdRp partial gene
and VP60 complete gene was successful, generating amplicons within the expected sizes
(available in access number MT829254).

4.3. Phylogenetic Analysis

BLAST analysis of VP60 nucleotide sequence showed 96.88% similarity with RHDV2
sequences characterised earlier in 2013 from mainland Portugal, namely with three strains
(KF44962, KF44963 and KF44964) collected from wild rabbits originating from the south
region, Alentejo and Algarve. BLAST analysis of the partial RdRp gene showed 96.56%
similarity with a recombinant RHDV2/NP1 strain (MG763952) collected from a wild rabbit
from the north of mainland Portugal in 2015.

BLAST analysis of the 2176 nt long sequence revealed higher similarity with sequence
KF442964, obtained from a wild rabbit from South of mainland Portugal sampled in 2013.
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The tree based on the 3′ end sequence of RpRd gene (fragment 436 bp), confirmed that
the RHDV2 strain from the dwarf rabbit shared high similarity with the homologous
region of the RdRp from other RHDV2 recombinants classified as GI.4 (NP1)/RHDV2
(Figure 7A). The VP60 gene base tree and phylogenetic analysis including the complete
fragment showed that the dwarf sequence RHDV2 is in an isolated branch and does not
group within the defined clusters (Figure 7B) and (Figure 7C).
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Robustness of the tree nodes was assessed by bootstrapping 1000 times. Only bootstrap
(BS) values greater or equal to 70 are shown. The graphical representation and edition
of the phylogenetic trees were performed with FigTree v1.3.1 (http://tree.bio.ed.ac.uk/
software/figtree/).

5. Discussion

Rabbit haemorrhagic disease affects both domestic and wild rabbits causing a systemic
disease usually with a lethal outcome. After its emergence, RHDV2 strains evolved quickly,
with some variation of amino acids in the capsid protein but maintaining the original
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RHDV2 antigenic profile. Despite this, 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 [8]. These include the structural protein (VP60 and
VP10) 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) [8,32,33].

Here we describe an RHDV2 infection in a 2-year-old dwarf rabbit that could have
developed an atypical form of RHD before the eventual fatality, four months after the pre-
sentation of first signs compatible with the disease. The conclusive diagnosis of RHDV2 was
only made post-mortem, making it impossible to claim that the clinical picture observed
between February and June was due to RHDV2 infection. However, 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, hyperglobu-
linemia and poor coagulation (namely severe subcutaneous haemorrhage and increased
prothrombin time (PT) and activated partial thromboplastin time (aPTT)) are all compatible
with Rabbit Haemorrhagic Disease. Moreover, no other possible cause for the clinical
signs was found. Most of the previous clinical signs, along with a normal hemogram,
a leukogram revealing leukopenia and thrombocytopenia have been previously associated
with rabbit haemorrhagic disease in a review by Bonvehí et al., 2019 [34].

The atypical development of the clinical course, much longer than the usual, could have
resulted from deficient cross-immunity conferred by RHDV vaccination, leading to a suba-
cute disease.

Despite RHDV vaccines do not confer full protection against RHDV2, rabbits vac-
cinated with RDHV cannot be assumed as immunologically naive against RHDV2 as
non-vaccinated animals. The cross-immunity between RHDV and RHDV2 is reported
as deficient but not as inexistent [9]. Therefore, it is expected that RHDV-vaccinated ani-
mals 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 re-
sponse, even if deficient.

In fact, the studies on RHDV/RHDV2 cross-immunity are limited to a few strains
that emerged soon after 2010. For this reason, the current circulating RHDV2 strains may
have different pathogenic characteristics that may explain an unusual presentation in
RHDV vaccinated in rabbits. The vaccine used contains a recombinant myxoma virus that
expresses the VP60 protein of RHDV, thus can never be responsible for inducing RHD in
rabbits. Also, the strain isolated in this animal (RHDV2) is completely different from the
one contained in the vaccine (RHDV).

The origin of this infection is unknown. However, in Oeiras district, there are a few
populations of wild rabbit that may have been a source of infection for this animal through
arthropod vectors. Infection in a hospital context is not probable, considering that there
was no case of RHD in that hospital in the last year and that strict disinfection guidelines
for spaces and equipment are followed.

The virus identified in this rabbit was confirmed to be a recombinant strain, with the
structural backbone of RHDV2 and the non-structural genes of non-pathogenic RCV-A1
strains (GI.4). The clinical course was suggestive, but non-pathognomonic, of rabbit
haemorrhagic disease. Post-mortem lesions identified in the liver, spleen and intestine are
compatible with an acute clinical course of the disease with fatal outcome. Kidney lesions,
on the contrary, are typical of a chronic process, but their severity was not enough to
consider renal insufficiency as the cause for the clinical signs.

No studies are evaluating a longer clinical course of the disease caused by RHDV2
recombinant strains such as the one detected in this rabbit. Further studies are necessary
to better understand the possibility of different genotypes generating different clinical
courses of disease. This case is an important warning to all veterinarians drawing attention
to the fact that RHD is an important differential diagnosis to be considered in some clinical
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settings, and that it is critical to revise and update the vaccination programs towards
RHDV2 infection.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-2
615/11/1/40/s1, Table S1: Oligonucleotides and protocols used in this study for amplification
and sequencing.
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Summary
Myxoma virus (MYXV) and rabbit haemorrhagic disease 
virus 2 (RHDV2) are two major pathogens that affect the 
European rabbit (Oryctolagus cuniculus). Between August 
2017 and August 2019, 1166 wild rabbits (971 legally 
hunted and 195 found dead) were tested by PCR-based 
methods for MYXV and RHDV2 within the scope of an 
ongoing surveillance programme on wild leporids in 
Portugal. Despite never having been reported before and 
being considered a rare event, coinfection by RHDV2 and 
MYXV was detected in one juvenile wild rabbit found 
dead in the Évora district located in Alentejo. The relative 
frequency of coinfection in the group of diseased rabbits 
(found dead in the field) was 0.52 per cent (1/195). 
The positivity percentage of each single virus was much 
higher, namely, 14.36 per cent (28/195) for MYXV and 
55.38 per cent (108/195) for RHDV2, within the 2 years 
of sample collection considered.

Background
Myxoma virus (MYXV) and rabbit haemor-
rhagic disease virus 2 (RHDV2) are the two major 
pathogen threats for the European rabbit (Orycto-
lagus cuniculus).1 2

MYXV is a large double-stranded DNA 
Leporipoxvirus of the Poxviridae family.3 In the 
European rabbit, it causes myxomatosis, a systemic 
and usually lethal disease4 endemic in Iberia since 
1953.5 The disease still downregulates the wild 
rabbit populations, affecting mostly newborn and 
juvenile rabbits.2

RHDV2, a Lagovirus of the Caliciviridae family, 
emerged in France in 20106 and induces an acute, 
highly contagious and often lethal systemic disease 
in wild and domestic rabbits.1 6 RHDV2 rapidly 
replaced the former rabbit haemorrhagic disease 
virus (RHDV),7–9 first reported in 1984 in China.10 
Soon after their emergences, nearly 24 years apart, 
both viruses quickly spread throughout Europe,11 12 
causing high economic losses in the industry6 12 and 
high mortality rates in wild rabbit populations.1 12

Serological surveys have demonstrated the 
concomitant presence of MYXV and RHDV/
RHDV2 antibodies in wild rabbits.13–15 Intriguingly, 
coinfections by these viruses were never reported 
in any of the many countries affected by the two 
diseases and were therefore considered rare or 
unexpected events.16

This study reports a coinfection event by MYXV 
and RHDV2 in a juvenile wild rabbit (O cuniculus 
algirus) found dead in Portugal.

Case presentation
A male juvenile wild rabbit from the Évora district, 
Alentejo region, South of mainland Portugal, was 
found dead in the field on 20 February 2019. The 
animal was tested within the scope of an ongoing 
national surveillance programme on wild leporids 
(dispatch 4757/17, 31 May, Portuguese Ministry of 
Agriculture).

Investigations
Postmortem examination and histopathology
Necropsy of this juvenile wild rabbit was carried out 
at the National Reference Laboratory for Animal 
Diseases. During the necropsy, the animal presented 
poor body condition and skin lesions in the eyelids, 
ears, upper lips and genitals, suggestive of the 
nodular form of myxomatosis. Hepatic discolor-
ation and multifocal congestion of the lungs, char-
acteristic of rabbit haemorrhagic disease (RHD), 
were also observed.

For histopathological examination, skin samples 
were fixed in 10 per cent buffered formalin and 
embedded in paraffin using standard procedures. 
Five micrometre-thick sections were stained with 
H&E and examined using light microscopy.17

Histopathological examination of the eyelids 
and the upper lips showed typical myxoid tumours 
(myxomas) (figure 1).

Virological examination
Liver, spleen and lung samples were tested for the 
presence of RHDV, RHDV2 and MYXV by the 
PCR-based methods detailed further below. Skin 
lesions were also used for MYXV investigation.

For the virological screening, each tissue sample 
was homogenised with phosphate-buffered saline 
to a final concentration of 20 per cent (w/v) and 
clarified at 3000 g for 5 minutes. Total DNA and 
RNA were extracted from 200 µl of the clarified 
supernatant, in a BioSprint 96 nucleic acid extractor 
(Qiagen, Hilden, Germany), using the MagAttract 
96 Cador Pathogen kit (Qiagen), according to the 
manufacturer’s instructions.

Samples were tested for RHDV2 RNA by the 
RT-quantitative PCR (qPCR) by Duarte et al18 
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Figure 1  (A) Cross section of the eyelid showing the replacement of 
dermis by M and moderate H. H&E staining (×40 magnification). (B) 
Cross sections of the EL (EL1 and EL2) and ULs (UL1 and UL2) showing 
M nodules, pointed by dashed grey circles. H&E staining, original 
magnification. EL, eyelid; H, hyperplasia of the epidermis; M, myxoid 
tissue; UL, upper lip.

Figure 2  Amplification curves of (A) RHDV2 detection in the liver and 
spleen (1) (Cq value of 17.14) and lungs (2) (Cq value of 22.97), and (B) 
MYXV detection in the liver and spleen (1) (Cq value of 29.09), lungs 
(2) (Cq value of 28.98) and skin (3) (Cq value of 23.37). The negative 
controls (without nucleic acid) are the flat black lines seen below the 
thresholds. Cq, quantification cycle; P, positive control; RHDV2, rabbit 
haemorrhagic disease virus 2; MYXV, myxoma virus; RFU, Relative 
Fluorescence Units,

referred in the World Organisation for Animal Health (OIE) 
manual (https://www.​oie.​int/​fileadmin/​Home/​eng/​Health_​stan-
dards/​tahm/​3.​06.​02_​RHD.​pdf), using the One-Step RT-PCR 
Kit (Qiagen). The presence of MYXV DNA was investigated 
by the qPCR by Duarte et al,19 also recommended in the OIE 
manual (https://www.​oie.​int/​fileadmin/​Home/​eng/​Health_​stan-
dards/​tahm/​3.​06.​01_​MYXO.​pdf), using the FastStart TaqMan 
Probe Master Kit (Roche, Roche Diagnostics GmbH, Manheim, 
Germany). For the real-time systems described, undetectable 
Cq or Cq values of >38.00 were considered negative. Posi-
tive controls were included in each reaction. Negative controls 
contained PCR-grade water.

Both MYXV DNA and RHDV2 RNA were detected in the 
liver, spleen and lungs of the juvenile wild rabbit. For RHDV2, 
as expected, the viral loads found in a pool of liver and spleen 
(9.09×108 copies/mg) were higher than those in the lungs 
(7.37×107 copies /mg).

MYXV DNA was detected in a skin lesion, where higher 
viral loads (2.49×107 copies/mg) were found, when compared 
with a pool of liver and spleen (6.87×105 copies/mg) or lungs 
(7.47×105 copies/mg) (figure 2). The lower viral loads detected 
in the internal organs suggest that MYXV replicates to low titres 
in the liver and lungs or may represent the contamination of 
organs with blood during the viraemic phase.

To rule out any contamination, samples from the juvenile wild 
rabbit were extracted de novo and retested, generating similar 
results.

Screening for the classical strains of RHDV was performed 
by conventional PCR with primers RC-9 and RC-1020 using the 
One-Step RT-PCR Kit (Qiagen). As expected, since the classical 
strains no longer circulate, the animal tested negative.

The full RHDV2 VP60 gene was amplified using the pairs of 
primers 27F21 and 986R22 and 717 F22 and 10 R.20 The fragment 
was excised from agarose gel after electrophoresis, purified using 
the NZYGelpure kit (NzyTech, Genes and Enzymes, Lisbon, 
Portugal) and sequenced in an automated 3130 Genetic Anal-
yser system (Applied Biosystems, Foster City, California, USA) 
using the BigDye Terminator Cycle sequencing kit (Applied 
Biosystems). The sequence was submitted to GenBank database 
and given the accession number MN894670. Using the Basic 
Local Alignment Search Tool BLASTN (https://​blast.​ncbi.​nlm.​
nih.​gov/​Blast.​cgi), our sequence revealed high similarity with 
RHDV2 strains circulating in the Alentejo region in previous 
years (namely, with strain MG763940).

Parasitological and bacteriological examinations
Parasitological examination revealed light coccidian infections 
with Eimeria stidae in the liver and E perforans in the faeces, 
as well as the intestinal nematodes Graphidium strigosum and 
Passalurus ambiguous.

Liver, spleen and lung samples collected from this rabbit 
cadaver were analysed using standard bacteriological methods. 
Staphylococcus xylosus, a commensal bacterium found in 
mammals’ skin and mucous membranes,23 was isolated from a 
pool of organs, including the liver, spleen and lung.

None of these infections explains the animal death.

Discussion
In this study, we report the detection of a juvenile wild rabbit 
coinfected with RHDV2 and MYXV. This animal was found 
dead in the South of mainland Portugal in late winter 2019.

Since RHDV, RHDV2 and MYXV have emerged, hundreds 
of animals were tested worldwide for Leporipoxvirus and Lago-
virus. Interestingly, although both RHD and myxomatosis are 
mechanically transmitted by arthropod vectors and their dissem-
ination is facilitated by an increase in the wild rabbit population 
density, there are no previous reports of coinfection. However, 
interaction between RHD and myxomatosis has been described 
before.13–15 Mutze et al13 proposed, regarding the possible 
mechanisms of the interaction between RHD and myxomatosis, 
that when RHD is most active during spring, RHD outcompetes 
myxomatosis due to the longer incubation time of the latter, 
which could explain the infrequency of such coinfection events. 
Assuming similar likelihood of transmission from infective to 
susceptible animals, RHD would kill most rabbits before they 
became infective for myxomatosis.13 In fact, in Australia, the 
introduction of RHD caused an important change in the timing 
of myxomatosis outbreaks by displacing these occurrences 
to autumn and delaying or eliminating the spring–summer 
outbreaks.13 Additionally, Marchandeau et al14 hypothesised, 
based on serological data, that exposure to one virus could 
increase the probability of developing the other disease. García-
Bocanegra et al24 showed that seropositivity to lagoviruses was 
associated with seropositivity to myxomatosis, as 70 per cent of 
the rabbits that were seropositive to lagoviruses had been also 
exposed to MYXV.

The coinfection event described here required the interaction 
between myxomatosis and RHD either by the contemporary 
overlapping of the two epidemics or a scenario of an endemic 
situation of myxomatosis plus an epidemic wave of RHDV2. 
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None of the nine wild rabbit cadavers collected in the same 
geographical area of the index case between 20 February and 10 
May 2019 were simultaneously positive for both viruses, with 
most of the rabbits testing positive only for RHDV2 (7/9, 77.78 
per cent), which suggests an ongoing RHDV2 outbreak.

The occurrence of an RHDV2 outbreak at that time of the 
year is in accordance with the seasonality of the disease in Iberia. 
In Portugal, RHDV2 mortality is higher in the cooler months 
(December–March), in association with the annual inflow of 
susceptible young rabbits during the breeding season that takes 
place during the winter and spring, reaching a peak of incidence 
in January and February.25 Regarding myxomatosis, the disease 
can occur throughout the whole year in Europe, although season-
ality is observed in Iberia.24 26 27 As with RHDV2, myxomatosis 
outbreaks frequently synchronise with the appearance of a large 
number of susceptible young rabbits, such as the juvenile of 
this case report, and with the abundance of arthropod vectors.2 
Fleas and mosquitoes are mechanical vectors of MYXV28 29 and 
RHDV2,30–33 and in Portugal, the 2018–2019 winter was mild, 
favouring to the presence of these arthropods.

Although the clinical history of the juvenile wild rabbit is 
irretrievable, its poor body condition, compatible with a longer-
lasting infection, is more plausible to be caused by MYXV. The 
severity of the lesions observed in the liver and lungs suggests 
that RHDV2 infection took place when the animal was already 
suffering from myxomatosis. The immunosuppressive effect 
of MYXV increases the risk of other infections,34 making it 
possible that infection with MYXV may have favoured RHD 
virus infection.

In Portugal, viral surveillance of RHD and myxomatosis, both 
endemic in the entire national territory, was recently strongly 
intensified within the scope of a national surveillance programme 
on wild leporids. Since its implementation in August 2017 
until August 2019, 1166 wild rabbits legally hunted (n=971) 
and found dead (n=195) were systematically tested by PCR-
based methods for RHDV, RHDV2 and MYXV. For this 2-year 
period, RHDV2 and MYXV infections were responsible for the 
death of 70.83 per cent of the animals found in the field, and 
no coinfections were detected. This may suggest a viral inter-
ference phenomenon, in accordance with Mutze et al13 results. 
Apart from the coinfected animal, the only wild rabbit from the 
affected area that tested MYXV positive (1/9, 11.11 per cent) 
was RHDV2 negative.

Data produced by the ongoing surveillance programme on 
wild leporids show that the number of positive cases for each 
disease has been higher in Alentejo and Algarve35 (NUT 2 regions 
in the South), compared with the rest of the national territory. 
In the district of Évora, where the coinfected wild rabbit was 
collected, the percentages of positivity (PP) in the sample of 
diseased animals (found dead) for MYXV and RHDV2 were 
9.09 per cent (5/55) and 76.37 per cent (42/55), respectively, 
indicating the contemporary circulation of both viruses in the 
wild populations. For apparently healthy hunted animals, the 
PPs found in that district for MYXV and RHDV2 were 6.91 per 
cent (11/159) and 0 per cent (0/159), respectively.

From August 2017 onwards, apart from the case reported 
here, no other wild rabbits were found simultaneously infected 
by both viruses, confirming that this event is extremely rare 
when compared with single infections by MYXV and RHDV2. 
In the group of diseased wild rabbits found dead in the field, 
sampled between August 2017 and August 2019, coinfection 
represents 0.52 per cent (1/195), much lower than single infec-
tions by MYXV (14.35 per cent, 28/195) and RHDV2 (55.38 
per cent, 108/195). Our results reflect the high pathogenicity of 

both viruses, showing that more than half of the animals found 
in the field died of RHDV2 infection, while MYXV accounted 
for one in seven of the deaths.

As expected, the PPs for the group of hunted animals are much 
lower for both viruses, namely 4.33 per cent (42/971) for MYXV 
and 0.62 per cent (6/971) for RHDV2. The differences in the PP 
ratios (found dead/hunted), 89.9 per cent for RHDV2 and 3.3 
per cent for MYXV, indicate a shorter course disease for RHDV2 
infections and higher mortality compared with myxomatosis.

To our knowledge, viral coinfections were never reported 
in wild rabbits, despite in other species, this event is common. 
Examples of coinfections are provided by MYXV and leporid 
herpesvirus 5 in the Iberian hare,36 feline herpesvirus 1 and 
feline calicivirus in cats,37 or peste des petits ruminants virus and 
foot-and-mouth disease virus in goats.38

Generally, coinfections are believed to exert a negative effect 
on the hosts’ health, but little is yet known about the effect that 
one pathogen has on the other and on the implications of coin-
fection to the host. Viral interference, where one virus compet-
itively suppresses replication of the other coinfecting viruses, is 
the most common outcome of coinfection. It may be mediated 
by various factors, such as interferons, defective interfering 
particles and cellular factors, among others. Nevertheless, coin-
fections of certain viruses may also promote an increase or may 
have no effect on virus replication, allowing, in the latter, for 
coinfecting viruses to coexist (accommodation), (Reviewed in 
Kumar et al).39

Although from an epidemiological point of view the impact of 
the coinfection by RHDV2 and MYXV in the wild rabbit popu-
lations appears minor since it is a rare event, this possibility must 
be taken into account, especially in the context of diagnosis, 
where it is common to attribute a viral disease to the infection 
by a single agent. The contribution of multiple-agent infections 
in the clinical outcome is rarely considered, which may lead 
to failure in the detection of additional agents.39 In the case 
reported here, the molecular diagnosis for MYXV and RHDV2 
were also corroborated by the observation of histopathological 
lesions typical of both diseases.

More than reporting an RHDV2–MYXV coinfection event in 
a wild rabbit, this paper aimed to raise awareness of the need 
to perform both diagnoses in areas where the two diseases are 
endemic, even when skin lesions are not yet present.

Learning points

►► During a 2-year period, starting in August 2017, a national 
ongoing surveillance programme on wild leporids tested 
1166 wild rabbits for myxoma virus (MYXV) and rabbit 
haemorrhagic disease virus 2 (RHDV2).

►► In the sampling group diseased animals found dead, 14.35 
per cent (28/195) and 55.38 per cent (108/195) were found 
positive for MYXV and RHDV2, respectively.

►► A coinfection with MYXV and RHDV2 was detected in one 
juvenile wild rabbit found dead in Alentejo, Évora district, 
South Portugal.

►► MYXV and RHDV2 coinfection is a rare event compared with 
single infections, representing a relative frequency of 0.52 per 
cent (1/195) in the group of diseased animals found dead.
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Summary
Myxomatosis was detected in Iberian hares (Lepus 
granatensis) in Portugal, October 2018, following 
its emergence in Spain 3 months earlier. Here, we 
describe the epidemiological, molecular and anatomo-
histopathological data of the first two cases. Myxoma 
virus DNA was detected in the eyelids, nose and perineal 
region in both hares. It was also detected in the lungs of 
hare 1 and in the spleen and liver of hare 2. The genomic 
insertion identified in strains from Spain was confirmed 
in both strains suggesting a common origin for the 
Iberian viruses. Gross lesions in hare 1 included palpebral 
oedema and conjunctival mucopurulent discharge, 
common in both forms of the disease in rabbits. Hare 2 
presented eyelid thickening with small diffuse nodules. 
Histopathology of the eyelids showed extracellular 
myxoid matrix in hare 1 and purulent dermatitis in 
hare 2. Both animals exhibited good body condition, 
suggesting a short course of the disease and higher 
virulence of the virus towards the Iberian hare.

Background
Myxomatosis is a systemic infection of wild Euro-
pean and domestic rabbits (Oryctolagus cuniculus) 
caused by myxoma virus (MYXV), a large double-
strand DNA Leporipoxvirus (family Poxviridae and 
subfamily Chordopoxvirinae)1 first described in 
Uruguay in 1896.2 The MYXV genome consists of 
163 kbp and the virus replicates in the cytoplasm of 
infected cells.1

MYXV naturally infects some rabbit species of 
the genus Sylvilagus, native from South America 
and California, causing few clinical signs, usually 
an innocuous cutaneous fibroma, which persists 
for some weeks followed by its regression.3–5 Only 
occasionally more generalised disease may occur.4 6 
Conversely, in the European rabbit, MYXV causes 
a generalised, and often lethal, disease characterised 
by swollen head, eyelids and ears, raised cutaneous 
lesions over the body, ears and legs, oedema of the 
external genitalia and anus, blepharo-conjunctivitis 
and mucopurulent ocular and nasal discharge 
(revised in Kerr et al5). Not all MYXV strains 
induce the formation of the typical myxoid tumours 
(myxomas) on the skin, which is the main charac-
teristic of the nodular form of the disease. Amyx-
omatosis or atypical myxomatosis is characterised 
by minor cutaneous signs and intense respiratory 
distress.4 7–9

Initially, the virus caused mortality rates of 
99.8% in the European rabbit populations10 but, 

within a few years, slightly attenuated strains of 
MYXV became more dominant. Their lower viru-
lence allowed for infected rabbits to survive longer, 
hence increasing the probability of mechanical viral 
transmission from skin lesions by mosquito and 
flea vectors.11 12 Simultaneously, natural selection 
acted on the wild rabbit populations, resulting in 
the appearance of animals resistant to myxoma-
tosis,12 13 probably due to an effective cellular 
immune response.14

Since the introduction of MYVX in Europe in 
the early 1950s, and until recently, myxomatosis 
was only sporadically reported in the European 
hare (Lepus europaeus)15 and in mountain hare 
(Lepus timidus)4 10 16 even though it was consid-
ered a rabbits’ disease.17 However, in mid-2018 this 
scenario drastically changed. Events of mortality in 
Iberian hares (Lepus granatensis) were described in 
several provinces of south and central Spain.18 Most 
of the animals were found dead in the same place, 
suggesting direct transmission of the pathogen 
among hares, or in a moribund state with clinical 
signs of blindness, weakness and disorientation.18 19

The genome of the virus identified in Iberian 
hares was recently analysed and sequenced 
revealing a new recombinant MYXV with an inser-
tion of ~2800 bp in the left side of the genome.18 19 
This insertion may have resulted from recombina-
tion within the genome of MYXV20 or between the 
genetic material from MYXV and a capri-poxvirus 
or cervi-poxvirus.19 20 It was mapped within the 
M009 gene with respect to MYXV, harbouring 
four ORFs phylogenetically related to MYXV genes 
M060, M061, M064 and M065.20

From October onward, the disease was also 
registered in South of mainland Portugal . Here, 
we describe the epidemiological, molecular and 
anatomo-histopathological data of the first two 
cases of myxomatosis in Iberian hares detected in 
Portugal.

Case presentation
In late October 2018, an adult female (hare 1) 
Iberian hare (L granatensis) that presented oedema 
of the eyelids and perineal area was hunted in 
a reserve located in the municipality of Évora, 
South of mainland Portugal. A few days later, in 
3 November 2018, an adult male (hare 2) that 
showed nodules in the eyelids, nose and lips was 
found dead in a hunting area of the municipality of 
Beja, located South of Évora.
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Figure 1  Macroscopic lesions found in the Iberian hares. Oedema of the eyelids and conjunctival mucopurulent discharge (A) observed in hare 1. 
Eyelid thickening with small diffuse nodular lesions (B) found in hare 2.

Figure 2  Histopathological features of the eyelid lesions observed in hare 1. (A) Abundant myxoid tissue indicated by black stars (x 40 
magnification) and (B) hyperplasia of the epidermis pointed by arrows and the presence of myxoid tissue in the dermis (x 100 magnification). H&E 
staining.

The two hares were collected and tested within the scope of 
an ongoing national surveillance programme on wild leporids 
within an action plan for the control of RHDV2 in wild rabbits 
(Dispatch 4757/17, 31 May, Portuguese Ministry of Agriculture).

Investigations
Postmortem examination and histopathology
Necropsies of both animals were carried out at the National 
Reference Laboratory for Animal Diseases (INIAV I.P.). Both 
animals were in good body condition.

Hare 1 presented conjunctival mucopurulent discharge and 
oedema of the eyelids (figure 1A), nose, lips and genitalia resem-
bling the lesions observed in infected rabbits. Nodular lesions of 
the anal and genital mucosa were also observed . Traumatic frac-
ture of the ribs and hemothorax were registered and attributed 
to the hunting shot.

In hare 2, eyelid thickening and small diffuse nodular lesions 
were observed in the nose, lips and eyelids (figure 1B). Pulmo-
nary congestion was also registered.

For histopathological examination, skin samples, namely from 
eyelids, nose and perineal region, were fixed in 10% buffered 

formalin and embedded in paraffin using standard procedures. 
Five-micrometre-thick sections were stained with H&E and 
examined using light microscopy.21

In hare 1, eyelid lesions showed moderate epidermal hyper-
plasia, ballooning of epithelial cells and extensive ulceration 
of the epidermis with crust formation. In the dermis, prolifer-
ation of spindle and star cells surrounded by abundant extra-
cellular matrix conferred the typical myxoid aspect. Extensive 
heterophilic cell infiltration in the dermal layer and intradermal 
pustules were also registered. Some of these features are shown 
in figure 2. The eyelids of hare 2 presented extensive epidermal 
necrosis and infiltration of the dermis where pustules with crust 
formation were also present.

Virological examination
For virological examination, liver, spleen, lungs and skin were 
homogenised with PBS and clarified at 3000 g for 5 min. Total 
DNA and RNA were extracted from 200 µl of the clarified 
supernatant, in a BioSprint 96 nucleic acid extractor (Qiagen, 
Hilden, Germany), using the MagAttract 96 Cador Pathogen kit 
(Qiagen), according to the manufacturer’s instructions.
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The presence of MYXV DNA was investigated by using a 
specific qPCR targeting gene M0005R/L described by Duarte et 
al,22 according to the assay description in the OIE manual. The 
FastStart TaqMan Probe Master Kit (Roche; Roche Diagnostics 
GmbH, Manheim, Germany) was used according to the manu-
facturer’s instructions.

Both animals were positive for the presence of MYXV DNA 
in the eyelids, nose and perineal tissues in the qPCR previously 
described.22 In hare 1, MYXV DNA was detected in the lungs 
but not in the liver and spleen, while in hare 2, viral DNA was 
detected in the liver and spleen but not in the lungs. Once 
confirmed, the results were communicated to the OIE.23

The animals were negative for the presence of RHDV and 
RHDV2 RNA by the methods described by Tham et al24 and 
Duarte et al,25 respectively.

A conventional PCR for differentiating the presence of the 
2.8-kb insertion described by Dalton et al20 (supplementary data 
table) allowed us to confirm that the MYXV strains detected in 
these two hares also possessed this additional genetic material in 
their genomes (results not shown).

Bacteriological and parasitological examinations
To rule out other pathogens that might have caused the death 
of the animals, parasitological and bacteriological examinations 
were also carried out by standard methods.

Oocysts of Eimeria media (heavy infestation) and Eimeria 
magna (light infestations) were identified by microscopic exam-
ination of the faeces of hare 1 (after flotation). Adult Passalurus 
ambiguus (light infestation) were detected by the sedimentation 
technique. No external parasites were detected. Only light infes-
tations of oocysts of E media, strongyls eggs and Nematodirus 
species were identified in hare 2. As with hare 1, no external 
parasites were detected.

Bacterial examination was carried out in a pool of organs 
of each animal including liver, spleen and lung. Enterococcus 
faecium and Escherichia coli were isolated from hare 1 and hare 
2 organs, respectively, using the ID 32E kit (Biomerieux). No 
other bacteria were found using the API 20NE kit (Biomerieux), 
the ID 32 STREPT (Biomerieux), the ID 32 STAPH (Biomerieux) 
and the API CORYNE (Biomerieux) commercial kits or stan-
dard bacteriological media (peptone water, Rappaport Vassili-
adis semi solid culture media, agarose SMID2 and XLD culture 
media, MacConkey and blood agar culture media).

None of these results justifies the death of the animals.

Discussion
Lepus granatensis is endemic to the Iberian Peninsula, and it is 
the only hare species found in Portugal and the most abundant 
in Spain.26 Until 2018, no major threats to L granatensis were 
pointed out27 although high hunting pressure, predation and 
diseases, such as tularaemia,28 were identified as relevant factors 
influencing the Iberian hare population dynamics.29 In addition, 
the use of rodenticides in agricultural lands and road traffic were 
also considered threats to this species.30

Here, we report the first two cases of myxomatosis in Iberian 
hares (L granatensis) in Portugal confirmed at the National 
Reference Laboratory in late 2018.

Molecular data gathered within a national surveillance 
network on wild leporids in action in the country since August 
2017, show that the natural recombinant MYXV that affects 
hares was not circulating in Portugal prior to October 2018. 
Until August 2018, 80 Iberian hares were tested for myxoma-
tosis by qPCR.22 Of these, 79 (98.75%) were collected during 

the 2017–2018 hunting season, between September 2017 and 
February 2018, and one (1.25%) was found dead in the field. 
None of these hares tested positive for MYXV.31

The two hares investigated in this study were in good body 
condition, contrarily to what is common in MYXV-positive wild 
rabbits. The good body condition of the animals at the time 
of death is compatible with an acute course of disease. More-
over, the high mortality observed in the field in Iberia18 suggests 
higher virulence of this new virus towards hares.

Clinically, the typical exuberant cutaneous myxomas described 
in rabbits3 4 6 were not observed in the two cases reported here. 
García-Bocanegra et al18 suggested that the form of disease in 
hares in Spain could be atypical amyxomatosis given the lack of 
myxoid tumours and the concomitant presence of pulmonary 
oedema and haemorrhages. However, no relation was estab-
lished between the pulmonary lesions described and the pres-
ence of MYXV DNA in the lungs. Contrarily, Águeda-Pinto et 
al19 observed lesions compatible with myxomas at the base of the 
left ear of one infected hare. This animal was completely emaci-
ated suggesting a more insidious course of the disease, which 
may have allowed the formation of cutaneous myxomas.

Despite myxomas were not present in the two cases reported 
here, the typical myxoid extracellular matrix was confirmed in 
the skin of hare 1 (figure 2). The qPCR showed high viral loads 
in the skin of both hares (Cq values of 17.25 and 19.08). No 
viral DNA was detected in the lungs of hare 2. While the thoracic 
lesions found in hare 1, namely hemothorax and rib fracture, 
were most probably a consequence of the shot, the hemothorax 
and pulmonary congestion in hare 2 may have had other infec-
tious causes than MYXV. In addition, the necrotic and infiltrative 
lesions observed in hare 2 of necropurulent dermatitis are not 
common in myxomatosis and appear to have a different origin.

None of the cases here reported are compatible with the 
chronic typical (nodular) myxomatosis since cutaneous myxomas 
were absent, and do not fit clearly in the atypical (amyxomatous) 
myxomatosis, since the virus was not systematically detected in 
the lungs. Although further investigations are necessary, the clin-
ical presentation of the disease seems to be different in L granat-
ensis and in the rabbit, suggesting therefore differences in the 
physiopathology of the disease in the two species.

The 2.8-kb insertion identified in the MYXV strain that is 
circulating in hares in Spain19 20 was also present in the viruses 
from both hares. Portugal shares with Spain a long uninterrupted 
border of around 1200 km in length, providing many opportu-
nities for natural movement of animals across borders, mainly in 
the South, where the Iberian hare is most abundant.32

The disease emerged in Spain in the Provinces of Cordoba 
(Andalusia Autonomous Community) and Cuenca (Castilla-La 
Mancha) and within the next weeks, the virus spread to other 
provinces.33 By March of 2019, 26 spanish provinces were 
already affected by the disease.33 Given the time frame of the 
disease emergence in both countries, it is most likely that the 
virus entered mainland Portugal from Spain. This may have 
occurred by anthropogenic factors, such as illegal movements 
of infected animals, fomites (namely hunters’ personal equip-
ment and/or vehicles since many hunt in both countries), or 
by flying insects. Arthropods such as fleas and mosquitoes 
are mechanic vectors of MYXV.10 34 The high dissemination 
rate of the virus among the territories of Spain and Portugal 
suggests that flying insects, probably mosquitoes, provided the 
means for the rapid indirect transmission among separate hare 
populations.

In Portugal, from November 2018 onward, several other cases 
of myxomatosis in Iberian hares have been registered. To date, 
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six districts of mainland Portugal are affected, namely Faro, Beja, 
Évora, Setúbal, Santarém and Portalegre.

Although the impact of myxomatosis’ emergence in the 
Iberian hare is yet unknown, the high mortality perceived in 
the field and the large number of laboratory confirmed cases 
may indicate that this natural recombinant MYXV is a relevant 
threat to the species, despite the population still being consid-
ered stable by the IUCN.27 Investigating the physiopathology of 
the disease in this new species is of paramount importance to 
understand the clinical and epidemiological implications of this 
species jump event.

Learning points

►► A recombinant myxoma virus (MYXV) strain was detected for 
the first time in Iberian hares in Portugal.

►► The real-time PCR method targeting the M0005 gene of 
MYXV allows detection of the recombinant virus strain.

►► The strains circulating in Portugal harbour the 2.8-kb 
insertion identified in the isolates from Spain, linking the 
outbreaks to a common source.

►► The apparently distinct clinical signs of infection in the Iberian 
hare and in the rabbit suggest a different physiopathology of 
the disease in the two species.
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Abstract: In late 2018, an epidemic myxomatosis outbreak emerged on the Iberian Peninsula leading 

to high mortality in Iberian hare populations. A recombinant Myxoma virus (strains MYXV-Tol and 

ha-MYXV) was rapidly identified, harbouring a 2.8 kbp insertion containing evolved duplicates of 

M060L, M061L, M064L, and M065L genes from myxoma virus (MYXV) or other Poxviruses. Since 

2017, 1616 rabbits and 125 hares were tested by a qPCR directed to M000.5L/R gene, conserved in 

MYXV and MYXV-Tol/ha-MYXV strains. A subset of the positive samples (20%) from both species 

was tested for the insert with MYXV being detected in rabbits and the recombinant MYXV in hares. 

Recently, three wild rabbits were found dead South of mainland Portugal, showing skin oedema 

and pulmonary lesions that tested positive for the 2.8 kbp insert. Sequencing analysis showed 100% 

similarity with the insert sequences described in Iberian hares from Spain. Viral particles were 

observed in the lungs and eyelids of rabbits by electron microscopy, and isolation in RK13 cells 

attested virus infectivity. Despite that the analysis of complete genomes may predict the 

recombinant MYXV strains’ ability to infect rabbit, routine analyses showed species segregation for 

the circulation of MYXV and recombinant MYXV in wild rabbit and in Iberian hares, respectively. 

This study demonstrates, however, that recombinant MYXV can effectively infect and cause 

myxomatosis in wild rabbits and domestic rabbits, raising serious concerns for the future of the 

Iberian wild leporids while emphasises the need for the continuous monitoring of MYXV and 

recombinant MYXV in both species. 

Keywords: myxomatosis; recombinant myxoma virus; ha-MYXV; European rabbit; Oryctolagus 

cuniculus algirus; species jump; spillover 

 

1. Introduction 

In the Mediterranean ecosystems, wild rabbit is an important prey for more than 40 predatory 

aerial and terrestrial species, some of which are endangered [1]. It also plays a crucial role as a soil 

“architect”, contributing to seed dispersal, and landscaping [2]. Besides its ecological role, the wild 

rabbit is an important game species economically and socially. 
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Myxoma virus (MYXV) and rabbit haemorrhagic disease virus 2 (RHDV2) are the two major 

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

simultaneously [3]. The etiological agent of myxomatosis is MYXV, a double-stranded DNA 

Leporipoxvirus of the family Poxviridae [4]. 

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

laboratory rabbits in 1898 in Uruguay [5]. The disease is characterised 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 [6]. 

Despite these signs being the most commonly found in the classic, nodular or typical form of 

disease, myxomatosis can also be found as a respiratory form (amyxomatous form), with variable 

degrees of severity, where cutaneous signals are minor or not observed [7–9]. The origin of this 

amyxomatous virus is still unclear. Viral mutations and reactivation of subclinical infections are two 

of the hypotheses proposed [10]. 

Regardless, the two disease presentations, myxomatosis was considered a rabbit disease during 

many decades, with some scarce reports in European hares [11,12]. 

Accordingly, during a National Leporid Surveillance Program (Project +Coelho, Dispatch 

4757/17, 31th may), that started in mid-2017, 92 hares and 903 rabbits, collected until October 2018, 

were analysed for MYXV-DNA using a qPCR directed to the diploid gene M000.5L/R, which is 

conserved in MYXV and recombinant MYXV strains. Until this date, no hare was positive for any 

MYXV strain. 

The emergence of myxomatosis in the Iberian hare in mid 2018, was caused by a recombinant 

myxoma virus (first designated as MYXV-Tol, and subsequently ha-MYXV considering its modified 

tropism towards hares), harbouring an insertion of about 2.8 kbp [13–16]. After this, health 

surveillance in the Iberian hare within the scope of Project +Coelho (investigating MYXV [17], RHDV2 

[18] and LeHV-5 [19]) and in the wild rabbit (investigating MYXV and RHDV2 [18]) was extended to 

include screening for ha-MYXV as described by Dalton et al. [15]. 

The detection of a recombinant MYXV in hares, and the apparent segregated circulation of 

classical MYXV in rabbits and ha-MYXV in hares, initially suggested the adaptation of MYXV to hares 

in order to efficiently multiply in this species. Given that hare MYXV, originally considered hare 

specific, is also being detected in rabbits, who succumbed to the disease, a more generalist 

designation, geographic and species independent, such as rec-MYXV (for recombinant myxoma 

virus), may be preferable for the future. 

Until the cases reported here, in all tested samples, classic MYXV was only found in wild rabbits 

and recombinant MYXV in Iberian hares. To our knowledge, we are reporting for the first time, the 

detection of myxomatosis in European rabbit caused by the recombinant MYXV, adding concerns to 

the already fragile conservation state of the wild rabbit, taking into account its threat of extinction 

[20]. 

2. Materials and Methods 

2.1. Sample, Necropsy and Histopathology 

Two adult wild rabbits (Oryctolagus cuniculus algirus), in good body condition, found dead in 

June 2020 (Male, 15758PT20) and July 2020 (female, 20545PT20, from here named Female 1) in the 

same hunting reserve in Moura, district of Beja, and one wild rabbit in good body condition, found 

dead in August 2020 in Samora Correia, district of Santarém (female, 22660PT20, from here named 

Female 2) were collected and investigated within the scope of a national surveillance program in 

action since August 2017. 

Necropsy was performed according to routine procedures, and samples were collected for 

bacteriology (liver, spleen and lung), parasitology (gastrointestinal tract and liver), histopathology 

(lung, liver, spleen, kidney, eyelid and genitalia) and virology (liver, spleen, lung, kidney, eyelid 

andgenitalia). 
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For histopathology, skin and genitalia fragments were fixated in 10% neutral buffered formalin 

(w/v), routinely paraffin embedded, sectioned at 4 µm, and stained with Hematoxylin and Eosin 

(H&E). 

2.2. Parasitological and Bacteriological Examination 

Parasitological examination of the intestine was carried out resourcing to direct wet mount, 

sedimentation and filtration techniques. Liver, spleen and lung samples were analysed using 

standard bacteriological methods. Enterobacteriaceae and non-Enterobacteriaceae were tested using 

the ID 32E (Biomerieux®, Lisbon, Portugal) test and the API 20NE kit (Biomerieux®) test respectively. 

The presence of Streptococcus and Staphylococcus was investigates using the ID 32 STREPT 

(Biomerieux®) and the ID 32 STAPH kits (Biomerieux®), respectively. The API CORYNE 

(Biomerieux®) kit was used for the identification of Corynebacteria and coryne-like organisms. For 

Salmonella, peptone water and Rappaport Vassiliadis semi solid culture media were used. Whenever 

there was a suspicion of Salmonella, the agarose SMID2 and XLD culture media were used. Other 

culture media for bacterial identification in the samples included the MacConkey agar and the Blood 

agar culture media. 

2.3. Virological and Serological Examinations 

For nucleic acid extraction, fresh samples of liver and spleen, kidney, lung, eyelid and genitalia 

were homogenised at 20% (w/v) with phosphate buffered saline (PBS) and clarified at 3000 g for 5 

min. Total DNA and RNA were extracted from 200 µL of the clarified supernatants, using the 

MagAttract 96 cador Pathogen Kit (Qiagen, Hilden, Germany) in a BioSprint 96 nucleic acid extractor 

(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. 

The rabbits were tested for rabbit haemorrhagic disease virus 2 (RHDV2) and MYXV by real 

time PCR targeting the M000.5 L/R gene [17,18]. The 2.8 kbp insert was investigated by the system 

described by Dalton et al. [15] using primers 9A/9B and 9E/9F that flank the insertion, allowing the 

amplification of a 3.1 or 4.6 kbp region in recombinant MYXV or a 300 bp region (absence of insert, 

using the oligomers 9E/9F) in MYXV. Amplification reactions were carried out in a Bio-Rad CFX96™ 

Thermal Cycler (Bio-Rad Laboratories Srl, Redmond, USA), using the One Step RT-PCR kit (Qiagen, 

Hilden, Germany) for RHDV2, and the HighFidelity PCR Master Mix (Roche Diagnostics GmbH, 

Mannheim, Germany), for MYXV and recombinant MYXV. 

A commercial kit (Civtest® Cuni Mixomatosis—Hipra, Girona, Spain) developed for the 

detection of rabbit MYXV antibodies was validated for hare sera [21] and used to detect MYXV 

antibodies, following the manufacturer's instructions. For Female 1, serosanguinolent thoracic fluid 

was used instead of serum due to blood coagulation. 

2.4. Sequencing Analysis 

The initial PCR products (≈3100 bp or ≈4600 bp) encompassing the 2.8 kbp insert, were visualised 

in 2% horizontal electrophoresis agarose gel, purified using the NZYGelpure kit (Nzytech, Lisbon, 

Portugal), and directly sequenced using the ABI Prism BigDye Terminator v3.1 Cycle sequencing kit 

(Thermo Fisher Scientific, Waltham, MA, USA) on a 3130 Genetic Analyser (Applied Biosystems, 

Foster City, CA, USA). Sequencing by primer walking was carried out, with a total of 12 additional 

oligomers designed for the purpose (Table 1). 

The two nucleotide sequences obtained (15758PT20 and 20545PT20) were assembled using the 

Seqscape Software v2.7 (Applied Biosystems, Foster City, CA, USA), and submitted to GenBank 

(MT940239 and MT940240). 

2.5. Isolation 

Isolation of MYXV from the rabbits’ tissues (15758PT20, 20545PT20 and 22660PT20) was 

achieved separately from eyelid, genitalia and lung. Samples were homogenised at 20% (w/v) in PBS 

containing penicillin, streptomycin and amphotericin B (antibiotic-antimycotic), used according to 
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the manufacturer (Gibco,Massachusetts, EUA ). Following centrifugation (3000 g, 10 min), the 

supernatant was filtered through a 0.45-µm-pore-size filter (Millipore Express, Darmstad, Germany) 

and used to inoculate sub confluent (70%) Rabbit Kidney (RK13) cells (ATCC-CCL-37). RK13 cells 

were grown in Eagle´s medium supplemented with 5% foetal calf serum (Gibco), penicillin, 

streptomycin and amphotericin B (antibiotic-antimycotic used at 1:100, Gibco) and 50 µg/mL 

gentamicin (Gibco). Cells were maintained at 37 C under humidified atmosphere with 5% CO2 and 

observed daily for cytopathic effect (CPE) by phase contrast microscopy. The supernatant and cell 

pellet of each passage were tested for the presence of MYXV by qPCR [17]. 

The isolation of the virus allowed verifying its viability in the rabbit tissues, inferred by the 

cytopathic effect and in-house immunofluorescence protocol using MYXV positive hare serum 

(protocol available on request). The photographs were taken using an Inverted research microscope, 

Nikon Eclipse Ti (Nikon Instruments Europe, Amsterdam, Netherlands). 

Table 1. Summary of oligomers used for amplification and sequencing. 

Primer Name Sequence (5’-3’) Position in MK340973 (nt)  Reference 

9B (forward) CGCAGGTCCACGTATAAACC 11458-11477 and 153103-153084 

[15] 
9A (reverse) CGAACGTATCATTAGACAATG 16060-16040 

9E (forward) CTTCGTCTACGCCTCCTACG 12116-12135 

9F (reverse)  GCGTCGTTGTGGTCAGACAGAG 15256-15243 

305R (reverse) AACCCGCACAACGTAAAGTACC 12420-12399 

This 

manuscript 

448F (forward) GTCATATTCCTGATTTGGGTAATC 12563-12587 

796R (reverse) AGGAGGAAAAGAACCTATGACAC 12911-12889 

1003F (forward) GTGTGTACCTGGTGCAGAACC 13118-13138 

1302R (reverse) TGAAGATGATAATGATGATGAATATCG 13417-13391 

1467F (forward) TTCATCGTTTATGGGAAAATCTATG 13582-13606 

1819R (reverse) GAGGGGACAGTTATGGATGTAC 13934-13913 

2028F (forward) AAGATGCGTCTGTGTAACAATCC 14143-14165 

2325R (reverse) AACAATGTATACACTCATGACAGTAC 14440-14415 

2458F (forward) ATGGCCATCGTAAGTTGCCATG 14573-14594 

2847R (reverse) CAGAGTACTTAGATTTTCTGCTAG 14962-14939 

2954F (forward) ATCCATTGTTCGTCAGTAGATCG 15069-15091 

2.6. Electron Microscopy 

The fragments selected (eyelid and lung) for transmission electron microscopy (TEM) were 

placed in 10% buffered formalin (w/v). Samples were then washed and transferred to 0.05M 

cacodylate buffer containing 2.5% glutaraldehyde, and post-fixed with aqueous 1% osmium tetroxide 

(EMS) for 1 hour, fragments were then stained in block with ready-to-use UA-zero (Agar Scientifics, 

Essex, United Kingdom), after which they were dehydrated in increasing concentrations of ethanol, 

infiltrated and embedded in Araldite resin (Agar Scientifics). Polymerisation was performed at 60 °C 

for 2 days. Ultrathin sections were cut using a Reichert ultracut E ultramicrotome (Leica, Wetzlar, 

Germany), collected to 1% 200 mesh copper grids (Agar Scientifics), and examined in a Jeol 1400plus 

transmission electron microscope at an accelerating voltage of 120 kV. Digital images were obtained 

using an AMT XR16 bottom mount digital camera (AMT©, Woburn, MA, USA). The sections were 

systematically analysed using AMT© software and several high and low magnifications were 

acquired. 

3. Results 

3.1. Necropsy and Histopathology 

The Male wild rabbit had mild swelling of the eyelids (Figure 1), Female 1 mild swelling of the 

eyelids and vulva (Figure 2) and Female 2 nodular thickening of the right ear and erosive lesions in 

the muzzle. Histopathology of the lungs showed focal alveolar oedema with hyaline substance 

deposits in the alveolar septa in the Male (Figure 3) and infiltration of alveolar septa by 

mononucleated cells and focal necrosis of alveolar septa with deposits of hyaline substance in Female 
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1. There was bacterial infiltration in the lung parenchyma of the Male rabbit. The eyelid of the Male 

presented oedema with epidermal detachment (Figure 4). Due to autolysis, the histopathologic 

analysis of Female 2 was impaired. 

 

Figure 1. Mild oedema of the eyelid and presence of serous discharge (Male). 

 

Figure 2. Oedema of the vulva (Female 1). 

 

Figure 3. Microscopic finding in Female 1. Infiltration of alveolar septa by mononucleated cells and 

focal necrosis of alveolar septa with deposits of hyaline substance (H&E, 100×). 
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Figure 4. Microscopic finding in Male. Eyelid presenting oedema with epidermal detachment (H&E, 

40×). 

3.2. Virological, Bacteriological and Parasitological Results 

The three animals tested negative for RHDV, RHDV2 and LeHV-5. The Cq values obtained with 

the qPCR targeting the diploid MYXV gene M000.5L/R in the tissues from both rabbits revealed high 

viral charges in the liver/spleen (Male = 2.01 × 109 copies/mg; Female 1 = 1.88 × 109 copies/mg; Female 

2 = 1.83 × 1010), lung (Male = 1.3 × 1010 copies/mg; Female = 1.53 × 109 copies/mg; Female 2 = 2.31 × 109), 

eyelid (Male = 1.13 × 1010 copies/mg; Female 1 = 2.41 × 1010 copies/mg; Female 2 = 1.25 × 1011), genitalia 

(Male = 7.47 × 109 copies/mg, Female 1 = 1.30 × 1010 copies/mg; Female 2 = 3.05 × 109) and kidney (Male 

= not tested; Female 1 = 2.92 × 108 copies/mg; Female 2 = not tested). Only the 4.6 kbp fragment was 

obtained with the PCR directed [18] to the 2.8 kbp insertion, indicating the presence of recombinant 

MYXV in the tissues of the rabbits and the absence of classical MYXV. 

Serology using a commercial kit (Civtest® Cuni Mixomatosis-Hipra) according to the 

manufacturer's instructions, showed a high antibody titer in the Male rabbit (RI10 of 19.6) and in the 

Female 2 (RI10 of 9.2), similar to the RI values of hare positive control serum. Despite that the RI value 

(< 1.0) obtained for the Female 1 suggests no seroconversion, considering that blood serum was not 

available, no robust conclusions can be taken. 

Bordetella bronchiseptica and Escherichia coli were isolated from the lungs of the Male and Female 

1, respectively. Faeces from rabbits showed small infestations of Eimeria spp. oocysts. 

3.3. Molecular Characterisation 

Around position 61,000 nt of the complete MYXV genome (Lausanne strain), ORFs M060R, 

M061R, M062R, M063R M064R, M065R and M066R are sequentially located and close together, in 

different frames, with ORFs M065R and M066R overlapping by 100 nt (Figure 5A). 

Sequencing analysis of the 4.6 kbp amplicon confirmed the presence of an additional 2.8kbp 

region within the M009L gene around nucleotide position 12,336 in the reference MYXV strain 

AF170726. M009L split into ORF M009L-a containing the original 5’ end, and ORF M009L-b 

corresponding to the original 3’ end. 
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In silico analysis of the 4600/2800 bp sequence showed the presence of five ORFs with some 

degree of similarity with genes M060R, M061R, M064R, M065R and M066R of MYXV strains, but 

with inverted orientation (Figure 5B).  

ORF M066R encodes a 185 aa long protein and is found in MYXV (e.g. AAF14954.1). ORF M066L 

(the remaining of the complete gene M066R) encodes a putative partial protein of 70 amino acids in 

the recombinant MYXV from Portugal. Despite being present in MYXV-Tol and ha-MYXV strains 

from Spain [13,15], this ORF was not annotated previously. M066L is recognised between ORF M065L 

and ORF M009L-b, sharing 80% similarity with the homologous sequence of ORF M066R in the ha-

MYXV. This small ORF overlaps the M009L-b ORF by 21 nucleotides and M065 by 101 nucleotides 

(Figure 5C). 

 

Figure 5. (A) Linear genomic organisation of the reference Lausanne strain with the location of ORFs 

M009L and ORFs M061R and M66R. (B) Schematic representation comparing the uninterrupted 

receptor ORF M009L in the Lausanne strain with the insert in ha-MYXV. (C) Detail on the flaking 

regions of the insert and relative position of the ORFs. 

The two nucleotide sequences obtained from the Male and Female 1 wild rabbits were identical 

to each other and to the homologous sequences from other MYXV-Tol/ha-MYXV (MK836424 and 

MK340973). The differences between the truncated ORF M066L and the homologous M066R ORFs 

from MYXV-Tol and ha-MYXV obtained from hares (MK836424 and MK340973), and classical MYXV 

obtained from rabbits (MK388144, MK388143, MK388142 and MK388141 (MYXV) are shown in 

Figure S1. In particular, the percentage of similarity between ORF M066L and ORFs M066R despite 

its species of origin is around 79%. 

The M066L sequences obtained are 100% similar to correspondent sequences of recombinant 

MYXV strains described before (MK836424 and MK340973) in Spain. About 79% of similarity was 

observed between the M066L and the M066R sequences from other ha-MYXV and MYXV strains. 

The putative M066L protein obtained presented 80% identity with M066R protein of MYXV-Tol 

and ha-MYXV strains described before (MK340973 and MK836424). The same similarity was also 

observed between the M066L and the M066R sequences from classic rabbit MYXV strains (Figure S2). 

3.4. Isolation of the Virus in Cell Culture 

The successful isolation of the recombinant MYXV in RK13 cells from a separate eyelid, genitalia 

and lung samples from the Male rabbit and from the eyelid of the Females rabbits, confirmed its 

viability and infectiousness, proving that the virus was multiplying in the rabbits’ tissues. Viral 

isolation was confirmed by cytopathic effect (CPE) at day 5 in RK13 subconfluent infected cells, by 

indirect immunofluorescence of the cells (protocol available on request) and by conventional PCR of the 

cell supernatant. 

The characteristic CPE at late stage of infection was observed from day three after inoculation 

(Figure 6A, C). By qPCR we demonstrated the progressive decrease of the Cq value in DNA samples 

extracted from cell culture supernatant aliquots, collected at day 1, 5 and 10 (results not shown). To 
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demonstrate the presence of the viral protein in the RK13 cells, an indirect immunofluorescence test 

was performed at day 3 (Figure 6B) and day 6 post inoculation, allowing to confirm Myxoma virus 

foci (Figure 6D). 

 

Figure 6. (A) Cytopathic effect in RK13 cells infected with an eyelid homogenate of the rabbit Male, 

three days after the infection, consisting of smaller aggregates of round and refringent cells, 

surrounded by normal cells (100×). (B) Positive indirect immunofluorescence staining (IFI) of 

recombinant MYXV infected RK13 cells three days after the inoculation (100×) (C) Cytopathic effect 

in RK13 cells infected with an eyelid homogenate of the rabbit male, six days after the infection, 

consisting of large aggregates of round and refringent cells forming cords over the normal cell layer 

(100×). (D) Positive immunofluorescence staining of the recombinant MYXV infected RK13 cells, six 

days after the inoculation (100×). Images in B and D (IFI staining) do not correspond to the same zone 

of the non-stained cells (A and C). 

3.5. Transmission Electron Microscopy 

Analysis by electron microscopy allowed observing poxvirus-compatible particles in the lung 

and eyelid. In the eyelid, a higher number of viral particles was observed, especially in epithelial cells 

(Figure 7). The degree of advanced autolysis of the tissues did not allow a more detailed evaluation 

of the type of cells mostly infected. 
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Figure 7. Transmission electron microscopy (TEM) micrographs. On the left, a lung cut from Female 

1. At right, an eyelid epithelium cut from Female 1. White arrow heads indicate immature viral 

particles and green arrow heads indicate apparently mature viral particles. The black bar indicates 

the scale (800 nm). 

4. Discussion 

The external signs of myxomatosis in three adult rabbits found dead between June and August 

2020 in Alentejo that arrived to the National Reference Laboratory for Animal Diseases (INIAV, I.P.) 

for investigation corresponded to mild to moderate swelling of the eyelids and genitalia.  

Both male and females tested positive to MYXV-DNA by the M000.5 L/R gene qPCR, and by the 

2.8 kbp insert PCR, showing infection by the natural recombinant MYXV. None of the rabbits were 

co-infected with classical MYXV strains, RHDV2, RHDV or LeHV-5. 

Most of the wild rabbits that died of myxomatosis, generally arrived to the laboratory with 

severe swelling of the eyelids and genitals, often accompanied by ocular purulent discharge and very 

frequently in a state of thinness or cachexia. The high viral loads found in several tissues, and the 

good body condition of these three wild rabbits, suggest that a shorter course of disease may have 

taken place. Although further testing is necessary to support this relation, this may imply a possible 

higher virulence of the natural recombinant MYXV strain towards wild rabbits. With regards to the 

MYXV strains, the national surveillance plan of wild leporids in action in Portugal since 2017 allowed 

for the testing of more than 57 infected wild rabbits [22]. A total of 73% of the rabbits found dead 

with myxomatosis (infected with classic MYXV strains) presented median/poor corporal condition 

or even cachexia, reflecting the ability of the animals to survive infected for longer periods [22]. A 

lower adaptation of the recombinant MYXV strains to rabbits, comparing the MYXV classic strains 

with which rabbits have evolved for more than 50 years [23], may eventually account for these 

apparent differences. 

The detection of a recombinant MYXV circulating in hares, and its apparent segregation from 

MYXV circulating in rabbits, initially suggested the adaptation of MYXV-Tol and ha-MYXV to hares 

in order to efficiently multiply in this species. 

Sequencing of the 2.8 kbp insert from the two rabbits showed that both recombinant MYXV 

strains have the same poxvirus gene “cassette” previously described in Iberian hares [3,13,15].  

However, we described a putative truncated gene similar to the M066R gene of the myxoma 

virus that is also present, though not annotated, in the Myxoma virus sequences obtained previously 

from Iberian hares. 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 the BeAn 
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58058 virus, appointed previously [13] as a potential donor, or sharing an ancestral donor, of the 

genetic material found in the insert. On the other hand, the higher similarity of putative protein 

encoded by 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. 

During the three months in which the three rabbits were collected, only a small number of found 

dead rabbits with myxomatosis arrived at the laboratory from mainland Portugal, limiting any 

inference about the prevalence, frequency and distribution of the recombinant MYXV in the wild. 

However, since the natural recombinant MYXV emergence in 2018, and according to data collected 

under the +Coelho project, Beja was the district from which more hares were sampled (52 out of 170) 

and tested, and was also one of the districts most affected by myxomatosis (34.6% of positivity in the 

sample). 

The detection of the recombinant MYXV in wild rabbits raises serious concerns at different 

levels, constituting an additional treat to the already fragile wild rabbit, which entered to the IUCN's 

endangered conservation status last year [20]. 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. However, 

the ability to infect the wild rabbit, may lead the recombinant MYXV to prefer the rabbit host, taking 

into account the greater dispersion and higher density compared to the Iberian hare, which would 

facilitate their environment maintenance. Further concerns include the rabbit industry, and the need 

to evaluate if MYXV or Shope Fibroma virus attenuated vaccines are protective against the 

recombinant MYXV. 

Although vaccination is highly effective in the industry, inducing generally the seroconversion 

of almost 100% of the animals [24], parenteral vaccination of wild populations is almost impossible. 

Another major concern arises from the emergence and circulation of this new strain in wild rabbit 

populations, in which virus-host co-evolution regarding classical MYXV strains occurred over the 

years [25]. The emergence of new MYXV strains theoretically poses a great risk to the rabbit 

threatened of extinction. 

Since the complete genome sequences were not obtained in this study, there are no certainties 

that the recombinant MYXV strains found in the three rabbits are identical to MYXV-Tol or ha-MYXV. 

Therefore, we cannot exclude the existence of other mutations that may have contributed to the ability 

of the recombinant MYXV to cause disease in rabbits. 

5. Conclusions 

Almost two years after the emergence of a recombinant MYXV in Iberian hares, our findings 

bring one new piece into the model of host-myxoma virus co-evolution by demonstrating the 

pathogenicity of this recombinant virus towards rabbits. It is important to continue monitoring the 

disease in wild rabbits and hares in order to ascertain the geographic dimension of the spillover 

phenomena or the spread of this jump of recombinant hare MYXV back to the European rabbit. 

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/12/10/1127/s1, 

Figure S1: Nucleotide alignment between the M066L from sequence MT940239 with the homologous sequences 

of M006L from other hare recombinant strains (MK836424 and MK340973) (first to third sequences) and with the 

M066R from hare and classic MYXV strains from rabbit (fourth to ninth sequences). Figure S2. Alignment of the 

truncated M066L protein sequence from a natural recombinant MYXV (deduced from sequence MT940239) with 

the homologous regions of M066R proteins deduced from hare recombinant MYXV strains (MK836424 and 

MK340973) and classic MYXV strain (MK388144). 
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1  | INTRODUC TION

The myxoma virus (MYXV) is a Leporipoxvirus from the Poxviridae 
family that causes an infectious and systemic disease, often fatal 
in the European rabbit, called myxomatosis. This enveloped virus 
possesses a brick-shaped morphology and a large double-stranded 

DNA genome, replicating in the cytoplasm of infected cells (Murphy 
et al., 1995). After the introduction of the virus in France, in 1952, 
MYXV spread throughout all of Europe, reaching mortalities rates 
as high as 90% (Fenner & Ratcliffe, 1965). Over the years, the vir-
ulence of the strains decreased significantly due to the increase 
of genetic resistance by the host, development of immunity and 
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Abstract
Myxomatosis is an emergent disease in the Iberian hare, having been considered a 
rabbit disease for decades. Genome sequencing of the strains obtained from Iberian 
hares with myxomatosis showed these to be distinct from the classical ones that cir-
culated in rabbits since the virus introduction in Europe, in 1952. The main genomic 
difference in this natural recombinant hare myxoma virus (ha-MYXV) is the presence 
of an additional 2.8 kb region disrupting the M009L gene and adding a set of genes 
homologous to the myxoma virus (MYXV) genes M060R, M061R, M064R, M065R 
and M066R originated in Poxviruses. After the emergence of this recombinant virus 
(ha-MYXV) in hares, in the summer of 2019, the ha-MYXV was not detected in rabbit 
surveys, suggesting an apparent species segregation with the MYXV classic strains 
persistently circulating in rabbits. Recently, a group of six unvaccinated European 
rabbits (Oryctolagus cuniculus cuniculus) from a backyard rabbitry in South Portugal 
developed signs of myxomatosis (anorexia, dyspnoea, oedema of eyelids, head, ears, 
external genitals and anus, and skin myxomas in the base of the ears). Five of them 
died within 24–48 hr of symptom onset. Molecular analysis revealed that only the re-
combinant MYXV was present. This is the first documented report of a recombinant 
hare myxoma virus in farm rabbits associated with high mortality, which increases 
the concern for the future of both the Iberian hare and wild rabbits and questions the 
safety of the rabbit industry. This highlights the urgent need to evaluate the efficacy 
of available vaccines against this new MYXV.
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natural selection of less virulent strains (Fenner & Fantini,  1999; 
Kerr, 2012). Nowadays, the disease persists (Carvalho et al., 2020b, 
2020; Duarte et al., 2018) and is considered one of the main reasons 
behind the fragile conservation status (endangered) of the European 
rabbit (Villafuerte & Delibes-Mateos, 2019).

The development and production of heterologous and homologous 
vaccines against myxomatosis in rabbits proved to confer seroconver-
sion in almost 100% of rabbits (Hipra, 2003), and, along with the appli-
cation of biosafety measures, allowed for the control of the disease in 
industrial rabbit farming and small rabbitries, contrarily to wildlife.

For almost seven decades, myxomatosis, considered to be a rab-
bit disease, has only rarely been reported in European brown hares 
(Collins, 1955; Wibbelt & Frolich, 2005) and, to the best of our knowl-
edge, has never bee reported in the Iberian hare. However, in late 2018, 
a natural recombinant MYXV (ha-MYXV) emerged in the Iberian hare, 
leading to the first epidemic outbreaks in this species throughout Spain 
and Portugal ( Bocanegra et al., 2019; Carvalho et al., 2020). The change 
in host tropism (rabbit to hare) was attributed to a genomic modifica-
tion comprising a 2.8 kb insertion (Dalton et al., 2019; Pinto et al., 2019) 
containing genes with homology to the MYXV M060R, M061R, M064R, 
and M065R and M066R genes (Abade dos Santos et al., 2020), which 
are located around position 60 kb in the genome. The 2.8 kb insert dis-
rupted the M009L gene located around position 12 kb in the MYXV 
genome, which became divided in two smaller ORFs, flanking the insert.

Recently, this natural recombinant virus (ha-MYXV) was reported 
in wild rabbits with myxomatosis (Abade dos Santos et al., 2020). To 
date, no cases of mortality due to this recombinant MYXV in domestic 
European rabbits have been documented. The cases of myxomatosis 
in wild and domestic rabbits continue to be monitored and genotyped 
in Portugal, under the scope of a national surveillance programme 
(+Coelho Project, dispatch 4575, 31 May 2017, MAFDR).

Here, we report an outbreak of high mortality (≈83%) in a small 
backyard rabbitry. Genotyping confirmed the presence of a recom-
binant virus, similar to the ha-MYXV previously identified in Iberian 
hares and the absence of classical MYXV strains. None of the rabbits 
were vaccinated, impeding any inference to the degree of protection 
against the recombinant MYXV conferred by commercial vaccines. 
However, the confirmation that ha-MYXV induces severe disease in 
rabbits, raises new concerns for the wild and domestic leporid species, 
emphasizing the need for continuous monitoring and genomic charac-
terization of viruses circulating in these species in the Iberia.

Given that hare MYXV is being detected simultaneously in hares 
and rabbits, a more generalist designation, non-specific to geo-
graphic area or species, such as rec-MYXV (for recombinant myxoma 
virus) may be more appropriate in the future.

2  | MATERIAL AND METHODS

2.1 | Case presentation

In July 2020, a small rabbit farm (Aljustrel, South Portugal) con-
taining one adult male (two years old), two adult males (one year 

old, 22388PT20 and 22391PT20), one adult female (one year old, 
22390PT20) and two juveniles (5 months old, a male and a female) 
European rabbits reported signs compatible with myxomatosis. The 
six rabbits presented clinical signs of disease on the same day, al-
though with different degrees of severity. Admittedly, the animals 
were not under daily vigilance by the producer.

The two-year-old adult male showed mild signs of illness, with a 
very slight swelling of the eyelid and slight serous discharge, recover-
ing from disease in around one week. After the clearance of the clinical 
symptoms, a blood sample was collected from this rabbit by jugular 
venepuncture (Abade dos Santos et al., 2019) to evaluate the serologi-
cal response to MYXV infection using the CIVTEST Cuni Myxomatosis 
Kit (Hipra, Girona, Spain) according to the manufacturer indications. 
The other five animals died 24–48 hr after the onset of the symptoms, 
which included oedema of the eyelids (Figure 1), the base of the ears 
and genitals, dyspnoea and anorexia.

2.2 | Necropsy and histopathology

After death, three (22388PT20, 22390PT20 and 22391PT20) of the five 
rabbits were necropsied according to routine procedures. Tissue sam-
ples were collected for virology (liver, spleen, lung, eyelid and genitalia).

For histopathology, liver, spleen, kidney, eyelid, ear, muzzle and 
lung fragments were fixated in 10% (w/v) neutral buffered formalin, 
routinely paraffin-embedded, sectioned at 4 µm, and stained with 
Haematoxylin and Eosin (H&E).

The other two rabbits were autolysed and therefore only submit-
ted to virological examination using a pool of organs.

2.3 | Molecular analysis

For nucleic acid extraction, fresh samples of liver and spleen, 
lung, eyelid and genitalia were homogenized at 20% (w/v) with 

F I G U R E  1   One year adult male (22388PT20). Purulent 
blepharoconjunctivitis and muzzle oedema.
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phosphate-buffered saline and clarified at 3,000 g for 5 min. Total 
nucleic acid was extracted from 200  μl of the clarified superna-
tants, using the MagAttract 96 cador Pathogen Kit in a BioSprint 
extractor (Qiagen, Hilden, Germany), according to the manufac-
turer's protocol.

In the Scope of Project + Coelho, all the rabbits were tested for 
RHDV, RHDV2 and MYXV due to possible co-infections (Carvalho 
et al., 2020b, 2020). The rabbits were tested for rabbit haemorrhagic 
disease virus 2 (RHDV2) by qPCR (Duarte et al., 2015), and for RHDV 
by conventional PCR (Tham et al., 1999), using the AgPath (Thermo 
Fisher Scientific, Massachusetts, USA) and One-step RT-PCR kit 
(Qiagen, Hilden, Germany), respectively. MYXV was initial tested by 
the qPCR method described by (Duarte et al., 2014), which detects 
both MYXV and ha-MYXV virus, using the FastStart TaqMan Probe 
Master Kit (Roche, Mannheim, Germany).

For viral quantification, qPCR was performed in duplicate with 
three negative controls (water instead of DNA) and a positive control 
corresponding to a standard concentration of recombinant plasmid 
containing a fragment of the M000.5 L/R gene. The assay was val-
idated if the positive control was amplified with the expected Cq, 
no signal was obtained in the negative controls, and the duplicate 
amplification curves of the sample were similar.

The preliminary analysis for ha-MYXV DNA was performed 
with the conventional PCR system 9E/9F described by Dalton et al. 
(Dalton et al., 2019), using the High-Fidelity PCR Master Mix (Roche), 
according to manufacturer protocol. Amplifications were carried 
out in a Bio-Rad CFX96™ Thermal Cycler (Bio-Rad Laboratories, 
Redmond, USA).

The PCR products were visualized in 2% horizontal elec-
trophoresis agarose gels, purified with the NZYGelpure kit 
(Nzytech, Lisbon, Portugal), and directly sequenced using the 
ABI Prism BigDye Terminator v3.1 Cycle sequencing kit on 
a 3130 Genetic Analyser (Applied Biosystems, Foster City, 
CA, USA). Sequencing of an 859  nt long fragment within the 
2.8  kb insert, which includes the partial M064L and M061L 
genes, was performed with primers designed in this work, 
namely 1467F (5′- TTCATCGTTTATGGGAAAATCTATG-3′), 
1819R (5′- GAGGGGACAGTTATGGATGTAC- 3′), 2028F 
(5′-AAGATGCGTCTGTGTAACAATCC-3′) and 2325R (5′- 
AACAATGTATACACTCATGACAGTAC-3′). The nucleotide se-
quences obtained were assembled using the SeqScape software 
v2.7 (Applied Biosystems, Foster City, CA, USA) and submitted to 
GenBank (MT920563 and MT920564).

3  | RESULTS

3.1 | Necropsy and histopathology

The cadavers of all three necropsied rabbits were in good body 
condition suggesting an acute course of the disease. Necropsy con-
firmed the presence of 1 cm nodules at the base of the ears in one 
male rabbit (Figure 1), together with oedema of the nose, lips and 

external genitalia, purulent blepharitis and lung densification foci. 
The other adult male showed white ocular discharge (Figure 2) and 
focal lung congestion. Along with oedema of left eyelid, another rab-
bit also presented thickening foci of ears.

Histopathology of the skin lesions revealed marked epidermal 
hyperplasia, frequent ballooning degeneration of keratinocytes and 
myxoid change of the dermal connective tissue (Figure  3). In the 
lung, thickening of inter-alveolar septa was observed due to infiltra-
tion of heterophils and mononucleated inflammatory cells, confirm-
ing interstitial pneumonia (Figure 4).

3.2 | Virological results

All animals tested negative for RHDV and RHDV2. The two-year-old 
male rabbit was seropositive for MYXV antibodies, showing a high 
antibody titre of 18.4 (RI10). No serum was available from the five 
dead rabbits due to blood coagulation.

The Cq values (and correspondent viral load/mg tissue) obtained 
with the qPCR-MYXV targeting the diploid gene M000.5 L/R in the 

F I G U R E  2   One year adult male (22391PT20). Skin nodules on 
the ear basis (myxomas)

F I G U R E  3   Histopathology analysis of rabbit 22391PT20. (Left) 
nodular thickening corresponding to the accumulation of myxoid 
tissue in the dermis auricular cartilage (arrowhead, digitalized slide, no 
magnification, H&E). (Right) Detail of the previous figure in which the 
myxoid tissue (M) and the star-shaped cells (arrowheads) are visible; 
epidermis hyperplasia and follicular epithelium (E) (100×, H&E)
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tissues from three rabbits revealed high viral loads in a pool of liver 
and spleen (1.49E + 07 to 4.48E + 09 copies/mg), lungs (6.44E + 07 
to 4.44E + 09 copies/mg), eyelid (2.45E + 10 to 8.45E + 10 copies/
mg) and genitalia (1.51E + 09 to 2.48E + 09 copies/mg). The viral 
load distribution in four different organs is presented in Figure 5. 
The other two rabbits tested positive for organ pools. The viral loads 
from five other wild rabbits, diagnosed with classic MYXV strains in 
our laboratory, are presented in Figure 5 for comparing.

The amplicon size obtained with the 9E/9F system (≈3,100 bp) 
confirmed that the rabbits were infected with ha-MYXV and not 
with classic MYXV strains. Further nucleotide sequencing of an 
859nt fragment from two rabbits 22390PT20 (MT920563) and 

22391PT20 (MT920564) revealed 100% of similarity between 
the two sequences. BLAST analysis showed also 100% of identity 
with the homologous region encompassing M061L and M064L of 
sequence MK340973 (ha-MYXV), confirming that rabbits were in-
fected by the recombinant myxoma virus.

4  | DISCUSSION

The presence of external signs of myxomatosis in four adults and 
two juveniles farm European rabbits during an outbreak registered 
in Aljustrel (Alentejo, South Portugal) in August 2020; the clinical 
outcome (83% mortality, 100% morbidity), along with the histo-
pathological and molecular data, confirmed that five out of six in-
fected rabbits died from this disease and that the virus involved was 
the recombinant myxoma virus (ha-MYXV), thus demonstrating the 
susceptibility of rabbits to this new virus.

The mortality found in this small backyard rabbitry was appar-
ently higher than what was estimated in previous Iberian hares’ out-
breaks (55.4%) (García-Bocanegra et  al.,  2020), although the small 
number of animals involved may have biased this evaluation.

Lesions described in the three necropsied rabbits, particularly the 
skin lesions, were fully comparable to the lesions of classical myxoma-
tosis also found in hares (Abade dos Santos et al., 2020; Bocanegra 
et al., 2019; Carvalho et al., 2020b,2020), such as ballooning degen-
eration of keratinocytes and myxoid change of the dermal connective 
tissue.

The viral loads found in these three rabbits are within the ranges 
seen in other rabbits infected with classic MYXV diagnosed in our 
laboratory. The values are highest in the eyelids and genitals, as ex-
pected, and values about 10–100× higher (comparing with classic 

F I G U R E  4   Histopathology analysis of rabbit 22388PT20. 
Thickening of inter-alveolar septa by infiltration of mononucleated 
cells (arrowheads); pulmonary alveoli (A) (200×, H&E)

F I G U R E  5   Viral loads distribution 
within different organs. The three rabbits 
reported in this study (three adults) are 
represented in orange and compared 
with five wild rabbits infected with classic 
MYXV (blue), diagnosed in our laboratory 
with the same method
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MYXV-infected rabbits) in the eyelid of the three rabbits infected with 
ha-MYXV were found (Figure 5). The absence of published studies de-
scribing viral loads in different tissues hampers further comparisons.

Interestingly, the oldest of the rabbits (the 2-year-old male) de-
veloped very mild symptoms and survived the infection developing 
high antibody titre (RI10 = 18.4). The owner reported no previous 
vaccination but as the oldest animal in the group, we cannot exclude 
that it may have had previous contact with classic MYXV strains, 
acquiring some degree of cross-immunity which may have resulted 
in its survival. This previous exposure may explain the high titre, 
although it may just be the result of the infection that victimized 
the co-habitant rabbits. Unfortunately, the commercial kit used to 
detect antibodies does not distinguish classes of immunoglobulins.

Despite the biosecurity measures adopted in the rabbit industry, in-
troduction of a virus from the outside is always at risk. The rabbit indus-
try is one of the largest expanding meat industries in the world, having 
had a growth of 85% between 1998 and 2017 (Trocino et al., 2019). In 
fact, around 1,483,000 tons of rabbit meat was produced in the world 
in 2017 (Trocino et al., 2019), China, Democratic People's Republic of 
Korea and Spain being the bigger producers. In China, the research 
funding for rabbit science reaches values of 2,443 million of Euros, and 
in France and Germany, the research in this area is funded with around 
600–700 millions of Euros a year (Trocino et al., 2019).

From the emergence of myxomatosis in Europe around the 
1950s until the development of vaccines, millions of domestic rab-
bits have died resulting in incalculable economic losses. In Great 
Britain alone, tens of millions of rabbits have died (Bartrip, 2008). 
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). Given the impact that viral infectious diseases may have 
in this sector, it is critical to monitor the sanitary status of the indus-
try and the wild populations.

Very recently, cases of disease and mortality from myxomatosis 
in wild rabbit have spread in southern Portugal (Abade dos Santos 
et  al.,  2020), and ha-MYXV DNA (García-Bocanegra et  al.,  2020) 
has been found in two rabbits in Spain. All these reports suggest 
that the virus is infecting the rabbit frequently, which increases the 
probability of its maintenance, and to become responsible for more 
outbreaks in European rabbit and Iberian hare.

To the best of our knowledge, this is the first documented de-
scription of myxomatosis in domestic rabbits by recombinant MYXV 
(also referred to as ha-MYXV or MYXV-Tol) infection. It is crucial 
to verify whether commercial vaccines protect rabbits effectively 
against this recombinant virus. It is also important to monitor the 
spread of this recombinant virus to the populations of wild and do-
mestic rabbits to understand whether it has survival advantages 
over and pathological differences to the classical strains.
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ABSTRACT

Myxomatosis is an emergent disease in the Iberian hare (Lepus granatensis). In this

species, the disease is caused by a natural recombinant virus (ha-myxoma virus

[MYXV]) identified for the first time in 2018 and has since been responsible for a large

number of outbreaks in Spain and Portugal. The ha-MYXV, which harbours a 2.8 Kb

insert-disrupting gene M009L, can also infect and cause disease in wild and domestic

rabbits, despite being less frequently identified in rabbits.

During the laboratory investigations of wild leporids found dead in Portugal carried

out within the scope of a Nacional Surveillance Plan (Dispatch 4757/17, MAFDR), co-

infection events by classic (MYXV) and naturally recombinant (ha-MYXV) strains were

detected in both one Iberian hare and one European wild rabbit (Oryctolagus cunicu-

lus algirus). These two cases were initially detected by a multiplex qPCR detection of

MYXV and ha-MYXV and subsequently confirmed by conventional PCR and sequenc-

ing of theM009L gene, which contains an ha-MYXV-specific insertion.

To our knowledge, this is the first documented report of co-infection by classic MYXV

and ha-MYXV strains either in Iberian hare or in Europeanwild rabbit. It is also the first

report of infection of an Iberian hare by a classicMYXV strain. These findings highlight

the continuous evolution of theMYXVand the frequent host range changes that justify

the nonstop monitoring of the sanitary condition of wild Leporidae populations in the

Iberian Peninsula.

KEYWORDS

European wild rabbit, ha-MYXV, Iberian hare, Lepus granatensis, myxoma virus, myxomatosis,
MYXV,Oryctolagus cuniculus algirus

1 INTRODUCTION

Myxoma virus (MYXV) is a Leporipoxvirus from the Poxviridae fam-

ily that causes an infectious and systemic disease, often fatal in the

European wild rabbit, called myxomatosis. This enveloped virus has a

brick-shaped morphology and a large, double-stranded DNA genome

and replicates in the cytoplasm of infected cells (ICTV, 2011). After

the introduction of the virus in France, in 1952, MYXV spread across

Europe, resulting in mortality rates as high as 90% (Fenner & Ratcliffe,

1965). Currently, the disease persists in the Iberian Peninsula (Duarte

Transbound Emerg Dis. 2022;1–7. © 2022Wiley-VCHGmbH 1wileyonlinelibrary.com/journal/tbed
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et al., 2018, 2021) and is considered one of the main causes behind the

fragile conservation status (endangered) of the European wild rabbit

(Villafuerte &Delibes-Mateos, 2019).

For almost seven decades, myxomatosis was considered to be a rab-

bit disease, only rarely reported in European brown hares (Collins,

1955; Wibbelt & Frolich, 2005). Myxomatosis was not reported in the

Iberian hare until 2018,when anatural recombinantMYXV (ha-MYXV)

likely emerged in Spain, leading to epidemic outbreaks in this species

throughout the Iberian Peninsula (Carvalho et al., 2020; Dalton et al.,

2019; García-Bocanegra et al., 2019). The change in host tropism (rab-

bit to hare) was attributed to a genomic modification comprising a

novel region of∼2.8 kb (Dalton et al., 2019; Pinto et al., 2019) and pos-

sibly other mutations found throughout the genome. The additional

region contains genes with homology to the MYXV M060R, M061R,

M064R andM065R (Dalton et al., 2019; Pinto et al., 2019) andM066R

genes (Abade dos Santos et al., 2020), which are located around posi-

tion 60 kb in the complete genome of the Lausanne strain (KY54879).

The ∼2.8 kb insert disrupts the M009L gene (located around position

12 kb in the Lausanne strain KY54879), which becomes divided into

two smaller open reading frames (ORFs) flanking the insert. Recently,

the natural recombinant virus (ha-MYXV)was also reported inwild and

domestic rabbits with signs of myxomatosis (Abade dos Santos, et al.,

2020; Abade dos Santos, Carvalho, Pinto, et al., 2020).

In addition to the ∼2.8 kbp insertion, the genome of ha-MYXV con-

tains an additional 110 mutations when compared to MYXV. It is not

yet known how many of these mutations are stable in ha-MYXV or

required for the infection of the Iberian hare. Onemutation that seems

important due to the nature of the gene it affects is a single nucleotide

polymorphism (SNP), namely, a cytosine insertion at position 147,868

bp (Lausanne strain), that disrupts ORF M152R (Dalton et al., 2019;

Pinto et al., 2019).

Here, we report the detection of co-infection events by classic

MYXV and ha-MYXV in one Iberian hare (Lepus granatensis) and one

European wild rabbit (Oryctolagus cuniculus algirus). To the best of our

knowledge, this is also the first report of a classic MYXV strain infect-

ing an Iberian hare.

2 MATERIALS AND METHODS

2.1 Case presentation, necropsy and sample
collection

This study focuses mainly on two wild leporids, an Iberian hare

(31402PT21, hereafter referred to as hare-1) and a European wild

rabbit (31401PT21, hereafter referred to as rabbit-1) admitted to the

Wildlife Rehabilitation and Research Centre of Ria Formosa and sub-

mittedwithin the scopeofProject+Coelho for laboratorial diagnosis at

the National Reference Laboratory of Animal Health, Portugal (INIAV,

I.P.). Hare-1was a juvenile female captured in SantaMaria, Tavira (Faro,

Algarve), admitted alive on 26May 2021, with average body condition

(1.075 kg) and signs of head trauma (blood contamination of the nasal

region and bleeding of the right eye), dying 48 h later. Rabbit-1 was an

adult female found in Luz de Tavira, Tavira (Faro, Algarve), with poor

body condition (0.781 kg), oedemaof eyelids, lips and external genitalia

admitted alive on 20 September and euthanized at admission given its

severe condition. Seven other European wild rabbits and one Iberian

hare were found dead or sick in the same geographic region during the

spring and summer of 2021.

All the animals were necropsied according to routine procedures in

the Portuguese INIAV, I.P. Tissue samples (spleen, lung, eyelid and gen-

italia) were collected for virological examination. Lung, liver and spleen

samples were collected for bacteriology, which was performed accord-

ing to routine procedures. For parasitological examination, liver and

intestinal contents were collected.

2.2 Molecular analysis

For nucleic acid extraction, fresh samples of spleen, lung, eyelid and

genitalia were homogenized at 5% (w/v) with phosphate-buffered

saline using mechanical homogenisation with 0.5-mm zirconium beads

(Sigma–Aldrich) using four cyclesof15 sat3000 rpmwithan interval of

10 s (Precellys Evolution) and then clarified at 3000× g for 5min. Total

nucleic acid was extracted from 200 µl of the clarified supernatants

using the MagAttract 96 cador Pathogen Kit in a BioSprint extractor

(Qiagen) according to themanufacturer’s protocol.

The leporids were tested for rabbit haemorrhagic disease virus 2

(RHDV2) by reverse transcription-quantitative polymerase chain reac-

tion (RT-qPCR) (Duarte et al., 2015) and for RHDV by conventional

RT-PCR (Tham et al., 1999) using the One-step RT–PCR kit (Qiagen).

MYXVwas testedbyamultiplexqPCRmethod (Abadedos Santos et al.,

2021), which detects and differentiates MYXV from ha-MYXV, using

the Multiplex PCR NZYTaq 2x Colourless Master Mix (NZYTech), fol-

lowing the conditions recommended in that study. Hares were also

tested for leporid gammaherpesvirus 5 (Abade dos Santos et al., 2020)

by real-time PCR (Abade dos Santos et al., 2021)

To confirm the results obtained by qPCR and to allow sequencing

analyses, the conventional PCR system seq9E/seq9F described byDal-

ton et al. (2019) was performed using High Fidelity PCR Master Mix

(Roche) according to the manufacturer’s protocol. The PCR products

were visualized in 2% horizontal electrophoresis agarose gels, puri-

fied with the NZYGelpure kit (Nzytech) and directly sequenced using

the ABI Prism BigDye Terminator v3.1 Cycle sequencing kit on a 3130

Genetic Analyser (Applied Biosystems).

The nucleotide sequences obtained were assembled using Seqs-

cape Software v2.7 (Applied Biosystems) and submitted to GenBank.

The PCR amplifications, as well as sequencing reactions, were carried

out in a Bio-Rad CFX96 Thermal Cycler (Bio-Rad Laboratories) or a

QuantStudio 5 Real-Time PCR System (Applied Biosystems).

2.3 Development of an SNP PCR + HRM

None of the sequences from classic strains currently available (six

sequenced by our team and 98 available in public databases) contains
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the additional C in the M152R gene, contrary to all characterized ha-

MYXV strains (22 sequenced by our team and two publicly available),

where this additional cytosine is conserved (results not shown).Weused

the specific ha-MYXV insertion and the disruption of M152R as spe-

cific markers for ha-MYXV and used them to differentiate MYXV and

ha-MYXV.

A PCR system followed by high-resolution melting analysis was

developed and optimized to easily identify an SNP comprising the pres-

ence/absence of a cytosine in geneM152R to distinguish between the

classic and recombinant MYXV and provide an additional molecular

tool for the follow-up of ha-MYXV evolution. This M152R HRM SNP

PCR system is based on the amplification of a 62 bp (classical MYXV)

or 63 bp (ha-MYXV, cytosine insertion) region by primers M152R-Fw

‘AAAACAAAGTATACATAAACGCG’ and M152R-Rv ‘CGGTACATCG-

TACGCACAC’.

The commercial kit MeltDoctor HRM Master Mix (Thermo Fisher

Scientific) was used by combining 10 µl of mix, 0.6 µM of each primer

and 20 ng of genomic DNA in a final 20-µl reaction. The protocol

followed comprised an initial denaturation at 95◦C for 10 min fol-

lowed by 40 cycles of denaturation at 95◦C for 10 s, annealing at

52◦C for 15 s and extension at 72◦C for 15 s. Following PCR, a melt

curve/dissociation analysis was carried out with denaturation at 95◦C

for 10 s and annealing at 60◦C for 1 min. High-resolution melting was

carriedout at95◦Cfor15 swith a ramprateof0.025◦C/s andannealing

at 60◦C for 15 s. Reactions were performed on a QuantStudio 5 Real-

Time PCR System. Eight samples of classic MYXV and eight samples of

ha-MYXV, previously analysed for the presence or absence of cytosine

insertion, were used to validate themethod. Spiked samples combining

equimolar amounts of MYXV-DNA and ha-MYXV-DNA were used to

mimetize co-infections.

3 RESULTS

3.1 Necropsy, bacteriology and parasitology

The bacteriological (aerobic bacteria) analyses were negative for all

animals, excluding the contribution of pathogenic bacteria to the death

TABLE 1 Necropsy, parasitology and bacteriology data from the rabbits and hares

Identification Geographic origin Necropsy data Parasitology

Hare-1

31402PT21

SantaMaria, Tavira

26/05/2021

Juvenile female, average body condition (1.075 kg);

blood contamination of the nasal region; bleeding from the

right eye; subcutaneous haemorrhages in the ventral

cervical region

Infection by Eimeria spp.
and Cestoda oocists

Rabbit-1

31401PT21

Luz de Tavira, Tavira

20/09/2021

Adult female, poor corporal condition (0.781 kg);

tumefaction of eyelids, lips and external genitalia

Mild infection by

Passalurus ambiguous
and Anoplocephalidae,
severe infection by

Eimeria spp. oocists

Rabbit-2

31400PT21

Fuseta, Olhão

29/05/2021

Juvenile, male, average body condition (0.397 kg); blood

contamination of the nasal region; swelling of the external

genitalia; congestion and pulmonary haemorrhages

Mild infection by

Anoplocephalidae

Rabbit-3

31403PT21

Quelfes, Olhão

22/04/2021

Juvenile female, good body condition (0.848 kg); blood

contamination of the nasal region; extensive

subcutaneous haemorrhages resulting from trauma,

congestion and pulmonary haemorrhages

Mild infection by Cestoda

Rabbit-4

31404PT21

CastroMarim,

CastroMarim,

05/06/2021

Juvenile male, good body condition (0.362 kg); nodular

thickening on the eyelids, nose and lips; swelling of the

external genitalia

Mild infection by Cestoda

Rabbit-5

31405PT21

Moncarapacho, Olhão

08/06/2021

Juvenile female, medium body condition (0.098 kg);

pulmonary congestion and liver discolouration

Negative

Hare-2

31406PT21

Monte Gordo,

Vila Real de St. António

10/06/2021

Juvenile female?; Body condition(0.101 kg);

Many excoriations on the skin; focus of lung congestion

Negative

Rabbit-6

31407PT21

Moncarapacho,

Olhão

18/06/2021

Juvenile female, good body condition (0.117 kg); extensive

subcutaneous haemorrhage in the right costal wall

Mild infection by Cestoda

Rabbit-7

31408PT21

Odemira, Odemira

20/06/2021

Juvenile male, good body condition (0.197 kg); blood

contamination of the nasal region; pulmonary congestion;

liver discolouration

Negative

Rabbit-8

37944PT21

SantaMaria,

Tavira

04/08/2021

Male, good body condition (0.749 kg); subcutaneous

bleeding in the abdominal wall; congestion and pulmonary

haemorrhage; extensive bleeding in the lumbarmuscles

Mild infection by Cestoda
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TABLE 2 Summary of myxoma virus (MYXV) results

Laboratorial diagnosis

Specimens M0005 L/R qPCR M009L qPCR M060L qPCR Final diagnosis

Hare-1 (31402PT21) + + +

Co-infectedwith ha-MYXV and classicMYXV
Rabbit-1 (31401PT21) + + +

Rabbit-2 + + − Infectedwith classicMYXV

Rabbit-3 − − − Negative tomyxomatosis

Rabbit-4 + + − Infectedwith classicMYXV

Rabbit-5 + + − Infectedwith classicMYXV

Hare- 2 − − − Negative tomyxomatosis

Rabbit-6 − − − Negative tomyxomatosis

Rabbit-7 − − − Negative tomyxomatosis

Rabbit-8 − − − Negative tomyxomatosis

Rabbit-9 + − + Infectedwith natural recombinantMYXV (ha-MYXV)

of the animals. A remarkable infection by Eimeridae oocists and low-

level infections by Passalurus ambiguus and Anoplocephalidae were

found in rabbit-1. In hare-1, moderate infection by Eimeridae oocists

was detected. All the data from origin, necropsy and parasitology for

all the animals are disclosed in Table 1.

All animals (hare-1,wild rabbit-1 to 9) tested negative forRHDVand

RHDV2, ruling out possible co-infections by RHDV2 and MYXV previ-

ously reported (Carvalho et al., 2020), and thehares testednegative for

LeHV-5 (Abade dos Santos et al., 2020; Abade Dos Santos et al., 2021).

3.2 Molecular analysis

Hare-1 and rabbit-1 tested positive for both MYXV and ha-MYXV, in

contrast to rabbits 2, 4 and 5, which were only positive for MYXV, and

rabbit-9,whichwas only positive for ha-MYXV (Table 2). Given the nov-

elty of the findings, we ruled out any possibility of contamination by

repeating the extraction and qPCR from all samples from rabbit-1 and

hare-1. The results obtained corroborated the previous findings.

Figure 1 illustrates the simultaneous amplification by the M060L

system (designed to specifically detect ha-MYXV strains) and M009L

system (designed to specifically detect classic MYXV strains) in sam-

ples fromrabbit-1 andhare-1. In rabbit-1, ha-MYXVDNAwasdetected

in the spleen, lungs, eyelid and genitalia, while classic MYXV DNA was

detected in the eyelid and external genitalia. In hare-1, ha-MYXV and

classicMYXVwere detected in the eyelid and lungs.

Except for the lungs from hare-1, in both animals, the viral loads of

the classic MYXV strain were lower than the viral loads of ha-MYXV.

The estimated viral loads for both viruses found in the different organs

are shown in Table 3.

The conventional PCR system described by Dalton et al. (2019) was

used to amplify the genomic region containing the insert. Two differ-

ent bands were detected by agarose gel electrophoresis, one of 3140

bp (corresponding to the insert plus flanking regions) and another of

303 bp (corresponding to the insertion within M009L; Figure 2). The

F IGURE 1 Multiplex real-time PCR amplification curves of
rabbit-1 and hare-1. Red curves (TexasRed channel) correspond to
amplification with theM060L system, and green curves (HEX channel)
correspond to amplification with theM009L system. Rabbit-1
samples: eyelid (a); external genitalia (b); spleen (d); lungs (e). Hare-1
samples: eyelid (c); lungs (f). TheM005L and 18S systemswere hidden
for better visualisation of theM060L andM009L curves

PCRwas then repeated under a reduced extension time (15 s) to favour

the amplification of the 303 bp fragment. Under these conditions, only

the 303 bp-long fragment was produced (Figure 2, Lanes 4 and 5). The

two fragments (3140 bp and 303 bp) from rabbit-1 and hare-1 were

purified using theNZYGelPure kit (NZYTech) and sequenced using the

seq9e/9f primers and other primers previously described (Abade dos

Santos et al., 2020; Dalton et al., 2019), allowing the confirmation of

ha-MYXV and classicMYXV simultaneous presence in both animals.

The 259 bp sequenced from hare-1 (OL979472) and rabbit-1

(OL979471) showed 100% identity with each other and with the

Lausanne strain (KY548791). The ha-MYXV sequences from rabbit-

1 (OL979473) and hare-1 (OL979474) comprising the 2.8 Kb insert

showed 100% identity with each other, 100% identity with a previ-

ously publishedhare ha-MYXVsequence (MT072320) and99.9% iden-

tity with ha-MYXV previously isolated from rabbits (MT940240 and

MT940239). Both viruses (ha-MYXV and classic MYXV) were isolated
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TABLE 3 Estimated viral charges (corresponding to viral DNA copies) in tissues from rabbit-1 and hare-1

Viral DNA copies/mg tissue

Spleen Lung Eyelid External genitalia

Rabbit-1 ha-MYXV 5.83E+ 05 6.87E+ 04 8.17E+ 08 1.47E+ 08

ClassicMYXV N N 8.54E+ 03 4.81E+ 03

Hare-1 ha-MYXV N 1.87E+ 01 1.16E+ 06 NT

ClassicMYXV N 2.79E+ 01 2.73E+ 02 NT

Note: NT, not tested; N, negative.

F IGURE 2 Agarose gel electrophoresis showing the amplification
products obtained with the seq9E/seq9F PCR system. Lane 1–DNA
markers. Lane 2–rabbit-1 (eyelid), extension of 3min; Lane 3–hare-1
(eyelid), extension of 3min; Lane 4–rabbit-1 (eyelid), extension of 15 s;
Lane 5–hare-1 (eyelid), extension of 15 s; Lane 6–negative control;
Lane 7–positive control (natural recombinant myxoma virus
[ha-MYXV]); Lane 8–positive control (MYXV); Lane 9–DNAmarkers

in RK13 cells from rabbit-1 and hare-1 according to to previously

described methods (Abade dos Santos et al., 2020), proving the virus

viability.

3.3 HRM analysis

The analyses of the single nucleotide mutation showed an average dif-

ference of 0.33◦C in themelting temperature of the two different frag-

ments obtained. While the classical viruses showed a melting temper-

ature of 77.208 ± 0.116◦C, with a minimum of 76.986◦C and a maxi-

mum of 77.358◦C, the ha-MYXV viruses exhibited a melting tempera-

ture of 77.539±0.074◦C,with aminimumof77.431◦Candamaximum

of 77.707◦C.

With respect to the co-infected leporids, sample 31401PT21 pre-

sented an average melting temperature of 77.423 0± 0.082◦C (using

eight replicates), and sample31402PT21presentedanaveragemelting

temperature of 77.415 ± 0.052◦C (using eight replicates). The melting

curves obtained from the co-infected samples were located between

the curves generated from the pure samples (Figure 3).

The mean melting temperature for co-infected was closer to the

minimum value found in ha-MYXV samples rather than to the maxi-

mum value found in classic MYXV samples, probably due to a higher

initial amount of ha-MYXV in the tissue samples. Spiked samples with

a 50:50 ratio of both viruses (MYXV and ha-MYXV) generated inter-

mediate curves corresponding to an average melting temperature of

77.398 ± 0.044◦C. This method proved to be very effective in the

detection of SNP and is not indicated in an isolated way for the diag-

nosis of co-infections.

4 DISCUSSION

Thiswork demonstrated the first cases of co-infection by classicMYXV

and ha-MYXV in one European wild rabbit and one Iberian hare from

Tavira, South Portugal. By qPCR, conventional PCR and sequencing

analysis, we confirmed the presence of two distinct viruses in a wild

rabbit (rabbit-1) and a hare (hare-1). These findings also provide the

first detection of a classic MYXV in an Iberian hare, although in co-

infection and with low viral load, with the naturally recombinant strain

(ha-MYXV).

During a 2018–2019 national surveillance plan conducted within

the scope of Project +Coelho 2, 20 leporids collected in Faro district

(South Portugal) were analysed for the presence of MYXV, of which

eight were European wild rabbits and 12 Iberian hares. None of the

rabbits tested positive for myxomatosis, but 67% (8/12) of the Iberian

hares were positive for MYXV (ha-MYXV strain). Despite not being

detected in the eight rabbits tested from this area in this period,MYXV

is endemic all over the country (Duarte et al., 2018, 2021).

Apart from epistaxis and eye bleeding, hare-1 did not show any

external or internal lesions, suggesting an acute form of infection.

Although the death resulted from trauma, the viral loads found in tis-

sues (Table 3) suggest that viral multiplication had been occurring for a

few days.

The bacteriological and parasitological examinations did not show

any relevant pathogen that may have contributed to the death of the

animals.

Both viral strains were detected in internal organs, confirming sys-

temic distribution. Compared with ha-MYXV, the classic virus was

found in lower viral loads inboth animals, possibly due topost-infection

with classic MYXV or to slower replication. In fact, ha-MXYV appears

to have an advantage over classical strains regarding viral multiplica-

tion efficiency, leading to a shorter incubation period of the disease and

faster killing (Abade dos Santos et al., 2022), in agreementwith reports
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F IGURE 3 (Left) Melt curve plot (derivative) of negative controls (blue curves) classicMYXV strains (green curves), ha-MYXV strains (red
curves) and the two co-infected animals 31401PT21 (yellow curves) and 31402PT21 (orange curves). (Right) Higher magnification of the peaks of
the three types of samples

of suddendeath inhareswithmyxomatosis (Duarte et al., 2021;García-

Bocanegra et al., 2020).

It was not possible to determine which of the two infections

occurred first. In the case of the Iberian hare, the infection byha-MYXV

was likely the first, opening space by immunosuppression, to infec-

tion by the classical strain of MYXV, taking into account that the clas-

sic MYXV does not effectively infect the Iberian hare. However, the

detection of another rabbit positive for MYXV in the area may sug-

gest that the sympatry of wild rabbits and hares in this region may

have favoured contact and spillover events between rabbits infected

with MYXV strains and hares infected with ha-MYXV. European hare

cell lines are not permissive to the classical strains of MYXV, and the

absence of disease outbreaks in the Iberian hare seems to corroborate

that in this species, the classical strains are also non-pathogenic.

In general, co-infections by multiple pathogens may play an impor-

tant role in deteriorating disease outcomes. Co-infection by strains or

variants of the same virus plays a key role in the emergence of new

strains and subtypes, such as influenza virus (Myers et al., 2011) and

SARS-CoV-2 (Boni et al., 2020). Likewise, the occurrence of MYXV

and ha-MYXV co-infections in hares and rabbits may favour events of

recombination leading to the generation of new recombinant viruses

with distinct biological characteristics.

A high-resolutionmelting analysiswas implemented for the simulta-

neous detection in the same sample of anM152R sequence containing

the cytosine insertion, characteristic of ha-MYXV strains and another

sample lacking the cytosine, characteristic of the MYXV strains, to

demonstrate the simultaneous presence of the two strains.

The full agreement between the seq9E/seq9F PCR and theM152R

SNPPCR results, both concordant regarding the presence of ha-MYXV

strains in both animals, discarded the remote hypothesis that the pres-

ence of the viruswithout the2.8Kbp insertion in theM009L gene could

have resulted from the loss of the insert during virus multiplication in

the host.

To the best of our knowledge, this is the first documented descrip-

tion of co-infection by a classic MYXV and ha-MYXV in a wild rabbit

and an Iberian hare. It is crucial to continuemonitoring the field strains

that circulate in these leporid species to gain a thorough understand-

ing of their evolution and relevance to wild populations. This case rep-

resents another threat to the very fragile state of the Iberian hare, par-

ticularly due to the ineffectiveness of the use of commercial vaccines

(Abade dos Santos et al., 2022).
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Abstract: The recent emergence of a new myxoma virus capable of causing disease in the Iberian hare
(Lepus granatensis) has resulted in numerous outbreaks with high mortality leading to the reduction,
or even the disappearance, of many local populations of this wild species in the Iberian Peninsula.
Currently, the available vaccines that prevent myxomatosis in domestic rabbits caused by classic
strains of myxoma virus have not been assessed for use in Iberian hares. The main objective of this
study was to evaluate the efficacy of commercial rabbit vaccines in Iberian hares and wild rabbits
against the natural recombinant myxoma virus (ha-MYXV), bearing in mind its application in specific
scenarios where capture is possible, such as genetic reserves. The study used a limited number of
animals (pilot study), 15 Iberian hares and 10 wild rabbits. Hares were vaccinated with Mixohipra-
FSA vaccine (Hipra) and Mixohipra-H vaccine (Hipra) using two different doses, and rabbits were
vaccinated with the Mixohipra-H vaccine or the Nobivac Myxo-RHD PLUS (MSD Animal Health)
using the recommended doses for domestic rabbits. After the vaccination trials, the animals were
challenged with a wild type strain of ha-MYXV. The results showed that no protection to ha-MYXV
challenge was afforded when a commercial dose of Mixohipra-FSA or Mixohipra-H vaccine was
used in hares. However, the application of a higher dose of Mixohipra-FSA vaccine may induce
protection and could possibly be used to counteract the accelerated decrease of wild hare populations
due to ha-MYXV emergence. The two commercial vaccines (Mixohipra-H and Nobivac Myxo-RHD
PLUS) tested in wild rabbits were fully protective against ha-MYXV infection. This knowledge gives
more insights into ha-MYXV management in hares and rabbits and emphasises the importance of
developing a vaccine capable of protecting wild populations of Iberian hare and wild rabbit towards
MYXV and ha-MYXV strains.

Keywords: myxomatosis; Iberian hare; European wild rabbit; vaccines; ha-MYXV
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1. Introduction

In 2018, a natural recombinant myxoma virus (referred to as ha-MYXV or MYXV-
Tol08/18) emerged in the Iberian hare (Lepus granatensis), affecting many populations in
Spain [1,2] and Portugal [3–5].

With an apparent mortality rate of 55.4% [6], the geographic spread of ha-MYXV
outbreaks increased concerns about the resilience limit of the Iberian hare wild popula-
tions against the many insidious factors that have accelerated their decline over the last
decades [5]. Despite the conservation status of the Iberian hare (Lepus granatensis) being
considered of “Least Concern” by the IUCN in 2019, many local populations are currently
threatened, as a result of severe loss of habitat imposed by human activities, and more
recently, due to the emergence of infectious diseases such as ha-MYXV and LeHV-5 [2–5]
and the cumulative effects with other diseases such as cysticercosis [5].

Although ha-MYXV was initially detected only in Iberian hares, it was later (mid-2020)
reported in wild and domestic rabbits [7,8]. The recognition that ha-MYXV affects not only
hares, but also the European rabbit (Oryctolagus cuniculus), questions the efficacy of cross-
protection conferred by classic field strains of MYXV that circulate in wild rabbits. Likewise,
the effectiveness of the commercial vaccines developed to protect domestic rabbits against
classic myxoma strains is still unknown with regard to infection with ha-MYXV.

The susceptibility of the European rabbit to ha-MYXV also escalated the previous
concerns that in 2019 gave the wild European rabbit (Oryctolagus cuniculus), for the first
time in history, the status of “Endangered of Extinction”, by the IUCN [9,10].

Several strategies have been attempted to protect and recover the native wild rab-
bit populations for conservation and hunting purposes, such as captive breeding, re-
introduction, restocking programs and vaccination campaigns, reviewed in [11].

This analysis constitutes a pilot study using a small number of wild animals to assess
the commercial vaccines Mixohipra-FSA and Mixohipra-H as prophylactic tools to protect
Iberian hare against ha-MYXV, bearing in mind its use in captive populations. The present
study also evaluated the protection conferred by commercial vaccines Mixohipra-H and
Nobivac Myxo-RHD PLUS against ha-MYXV in wild European rabbit. The possibility
of using these vaccines as prophylactic tools in wild leporids whenever possible may be
crucial to ensure the preservation of the genetic viability of the species in Portugal and
Spain, particularly in case of an aggravation of the actual sanitary situation. This study also
intends to test the susceptibility of wild rabbit to ha-MYXV isolated from the Iberian hare.

This study puts into practice the Measure 7.6 of Project + Coelho 2, entitled “Evaluation
of the efficacy of commercial vaccines against myxomatosis in Iberian hare”, identified
within the National Plan for the control of Rabbit Haemorrhagic Disease 2 in rabbits
(Dispatch 4757/17, 31 may ordered by the Minister of Agriculture), as it is vital to test
all available resources in the fight against this emergent virus. This study, therefore,
constitutes a pivotal step by assessing the potential of commercially available vaccines for
the protection of wild Iberian hare and European rabbit.

2. Materials and Methods
2.1. Origin of Animals and Pre-Adaptation to Captivity Conditions

The main study (study 1) used nine 9-month-old, MYXV antibody seronegative, male
hares (Lepus granatensis) randomly divided into 3 groups. These animals were the first
generation born in captivity and were maintained in semi-extensive conditions for the
sole purpose of this study. Their progenitors were captured in South Portugal between
31 August 2019 and 9 January 2020. Capture and accommodation of the hares were
approved by the Institute for the Conservation of Nature and Forests (ICNF, I.P.), the
Portuguese National Authority for Nature Conservation. A MYXV-seropositive, two-year
old adult male hare, was used as control of the natural humoral response efficacy against
the ha-MYXV.

A total of 10 wild rabbits (Oryctolagus cuniculus algirus), 6 months of age, seronegative
for antibodies against MYXV were used in this study (study 2). The animals were obtained
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from a wild rabbit reproduction farm, where they were kept in captivity under extensive
farming (approved by the National Authority (ICNF, I.P.).

Separately (study 3), after the conclusion of studies 1 and 2, an additional group of
five 5-month-old hares, MYXV-seronegative, born in captivity after the start of the first trial,
3 females (#013, #014 and #020) and 2 males (#021 and #025), were used to further confirm
the results obtained in study 1.

To avoid the effects of captivity stress on the immune response triggered by vaccina-
tion, the animals were adapted through a 40-day quarantine in specifically designed and
constructed cages (structure description available upon request). These species-specific
cages had different dimensions and particularities to allow the expression of natural hare
behaviour (grooming, station position, etc.) as much as possible, to minimize injuries and
to allow safe handling during the introduction and removal of the animal from the cage.
The hare cages included an additional closed, opaque, confined space, to provide refuge
and allow the animals to remain quiet.

A subjective rating of the animals’ behaviour was scaled from 1 to 3. A rating of
1 indicates a reduced reluctance to handling and sample collection, a rating of 2 indicates
a reluctance to initial handling but an absence of sudden movements and a rating of
3 indicates reluctance throughout the entire procedure with many sudden movements.

The animals were observed daily for food, water intake and behaviour through
uninterrupted monitoring cameras to assess the signs of disease or stress. The rabbit
watering and feeding system did not allow the individual quantitative analysis of drinking
water and daily food intake. The animals were acquainted with the staff (4 veterinarians)
that carried out the trial. All the animals were subjected to hemogram and biochemical
tests, faecal and blood parasite analyses before the study. The animals were considered fit
for study when no signs of stress such as weight loss or signs of illness were observed and
normal behaviour was maintained.

2.2. Vaccines

Three commercial vaccines against myxomatosis were used: (i) Mixohipra-FSA (HIPRA
Headquarters, Amer, Girona, Spain; lot 12M9J), a live heterologous attapulgite adjuvanted
vaccine containing Shope fibroma virus; (ii) Mixohipra-H (HIPRA Headquarters, Amer,
Girona, Spain; lot 05D7G), a live homologous vaccine containing attenuated myxoma
virus; (iii) Nobivac Myxo-RHD PLUS (MSD Animal Health, Boxmeer, The Netherlands;
lot A003B02), a live homologous vector vaccine containing two attenuated recombinant
myxoma virus vectors expressing the VP60 gene of RHDV or RHDV2 [12].

The investigational veterinary products (IVP) were used within the stated shelf-life.

2.3. Experimental Design

The hares of study 1 were randomly divided into four groups and identified with an
earring according to the following:

(i) H-G1: a negative control group of three animals (#231, #232 and #233), MYXV seroneg-
ative and non-vaccinated;

(ii) H-G2: a group of three animals (#076, #077 and #078), MYXV seronegative, vaccinated
with a 2.90 × 104 ffu (focus-forming units) dose of Mixohipra-FSA vaccine at the start
of the study and 21 days later with a 1.95 × 104 ffu dose of Mixohipra-H vaccine;

(iii) H-G3: a group of three animals (#042, #043 and #044), MYXV seronegative, vaccinated
with a 2.90 × 105 ffu dose of Mixohipra-FSA vaccine at the start of the study and
21 days later a 1.95 × 105 dose of Mixohipra-H vaccine;

(iv) H-G4: a positive control animal (#10), MYXV seropositive, collected from the field
after natural recovery from myxomatosis.

The wild rabbits (study 2) were randomly divided into three groups and identified
with an earring according to the following:
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(i) R-G1: a negative control group of four animals (#449, #451, #000 and #001), MYXV
seronegative and non-vaccinated;

(ii) R-G2: a group of three animals (#442, #444 and #445), MYXV seronegative, vaccinated
with a 1.95 × 104 ffu dose of Mixohipra-H vaccine at the start of the study;

(iii) R-G3: a group of three animals (#446, #447 and #448), MYXV seronegative, vaccinated
with a single dose of Nobivac Myxo-RHD PLUS vaccine (103.0–105.8 ffu of each
two vectors) at the start of the study.

A schematic overview of the trials is depicted in Figure 1. The vaccines were inoculated
subcutaneously (s.c.) with the volume of the vaccine distributed in two different places in
the dorsal cervical area. At the time of vaccination, the groups of non-vaccinated animals
(#H-G1, H-G4 and R-G1) were inoculated s.c. with 1 mL of sterile phosphate-buffered
saline (PBS) pH 7.2.

The additional group of five 5-month-old hares (study 3) was vaccinated as group
H-G3, with an infectious dose of 2.90 × 105 ffu of Mixohipra-FSA vaccine and 21 days later
revaccinated with Mixohipra-FSA vaccine with the same infectious dose (2.90 × 105 ffu).

The hare and rabbit experimental trials were carried out separately. Between experi-
ments, the installations were cleaned and disinfected, submitted to 24 h of UVC irradiation,
and subjected to a 60-day sanitary vacuum. During these two trials, blood samples were
collected from all animals according to the protocol represented in Figure 1. At the time of
sampling, body weight, respiratory rate and rectal temperature were also monitored.
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and rabbits (Studies 1 and 2). * The second challenge was only carried out on part of the animals (see
Section 2.8).

2.4. Sampling and Blood Analyses

Given the nervous natural behaviour of wild leporids, wilder in the Iberian hare than
in the wild rabbit, there is a high risk of self-injury during handling, especially affecting the
lumbar spine following sudden movements in reaction to human presence or restraint. For
this reason, the collection of samples was minimized to avoid the impact of stress on the
results and to reduce the risk of harming the animals during the procedures.
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The animals were handled with slow but assertive movements without sedation or
anaesthesia. Blood collections were performed according to the method described by [13],
without midazolam administration to avoid the effects of recurrent sedation.

The volume of blood collected from hares and rabbits was 6 mL and 1 mL, respectively.
The blood was divided into three collection tubes, namely dry for serology, EDTA for
hemogram and lithium heparin for biochemical analyses.

On the same day of sampling, serum was separated from the clot by centrifugation
at 1000× g for 10 min at 4 ◦C. The haematological analyses were performed automatically
using the Procyte Dx haematological counter (IDEXX®) with further manual correction. The
haematocrit was confirmed and corrected by the evaluation of the microhematocrit tube.

The relative count of leukocytes and the search for haemoparasites were performed
by microscopical examination (400–1000× magnification) of blood and buffy coat smears
stained with Diff-Quik.

Biochemical analyses were performed in a Catalyst One Chemistry Analyzer (IDEXX,
Westbrook, ME, USA) using the Chem 15 CLIP consumables. All the analyses were per-
formed in duplicate.

2.5. Serological Analyses

Sera were analysed for MYXV antibodies using a commercial indirect ELISA (iELISA)
(Civtest® Cuni Mixomatosis, Hipra, Girona, Spain), following the manufacturer’s instruc-
tions. Positive and negative controls (rabbit sera, provided in the kit) and samples were
tested in duplicate. Results were expressed as Relative Index 10 (RI10).

All sera were also analysed by an in house immunofluorescence test (IFT) [7] using
the intervals previously described [12].

The titre of the immunofluorescence test was estimated using 4 replicates for each
dilution. Some hare sera were additionally tested at the OIE International Reference
Laboratory of Myxomatosis (IZLER, Brescia, Italy), using a competitive ELISA (cELISA).

The titre of the seroneutralization test was estimated using 2 replicates for each di-
lution (method available upon request). Briefly, sera were initially inactivated by incu-
bation at 56 ◦C for 30 min. Sera were then two-fold diluted from 1/4 to 1/2048 and
incubated 2 h at 37 ◦C with 100 ffu of ha-MYXV (strain 20545PT20) using a 96-well plate.
Then, 0.01 × 106 RK13 cells were sown in Gibco MEM medium (Thermo Fisher Scientific,
Waltham, MA, USA) with 5% heat-inactivated foetal bovine serum—FBS (Thermo Fisher
Scientific, Waltham, MA, USA). Virus plaques were visualized after 5 days of incubation
and the titre considered the mean of the last dilutions that inactivated 100% of the virus.

2.6. Viruses

Viral isolation of ha-MYXV from eyelid samples from an infected wild rabbit (20545PT20,
found dead in July 2020, Portugal) and from an infected hare (38455PT18, found dead in
November 2018 in Portugal) were carried out using Rabbit Kidney (RK13) cells (ATCC-
CCL-37). The rabbit and hare ha-MYXV strains were adapted to cell culture by seven
passages, and then purified and titrated.

In detail, tissue samples were homogenised at 20% (w/v) in PBS containing peni-
cillin, streptomycin and amphotericin B (antibiotic-antimycotic), used according to the
manufacturer (Gibco, Waltham, MA, USA). Following centrifugation (3000× g, 10 min,
4 ◦C), the supernatant was filtered through a 0.45-µm-pore-size filter (Millipore Express,
Darmstad, Germany) and used to inoculate subconfluent (70%) RK13 cells grown in Ea-
gle’s medium supplemented with 5% FBS, penicillin, streptomycin and amphotericin B
(antibiotic-antimycotic used at 1:100, Gibco) and 50 µg/mL gentamicin (Gibco). Cells were
maintained at 37 ◦C in a humidified atmosphere with 5% CO2 and observed daily for
cytopathic effect (CPE) by phase-contrast microscopy. Virus isolation was confirmed by an
in-house IFT using MYXV positive hare serum [7]. Virus isolates were named 20545PT20
and 38455PT18, according to the identification of origin, and used for the immunofluores-
cence tests and seroneutralization assays.



Vaccines 2022, 10, 356 6 of 27

Unlike the virus used in the IFT, produced as described above, the viruses used in
challenge experiments were not subjected to cell culture passages to avoid mutations
and recombination events during in vitro culturing, and correspond to the same isolates
(20545PT20 and 38455PT18). The oedematous eyelids removed from these animals were
washed seven times with sterile PBS pH 7.2 with mechanical agitation, to remove external
tissue contaminants resulting from the accumulation of purulent material during the illness.
After initial scalpel blade fragmentation, a 10% (w/v) tissue homogenate was prepared in
sterile PBS pH 7.2, by mechanical maceration with 0.5 mm zirconia beads using four cycles
of 15 s at 3000 rpm with an interval of 10 s (Precellys® Evolution). Before and after the
process, the macerates were kept on ice.

After this initial process, the viruses were purified by centrifugation using a 36%
sucrose cushion and then using a 24–40% sucrose step gradient [14]. The dilutions of the
virus stock for the challenge were performed using sterile PBS pH 7.2. The final batch
(corresponding to the dilution inoculated into the animals) was filtered using 0.45 µm pore
filters and a sample submitted to incubation in blood agar, TSA-Tryptic Soy Agar and
Sahoraud’s dextrose agar, targeted to fungal agents according to routine methodology, to
confirm the absence of contamination.

For stock titration, the virus was diluted in MEM (10-1 to 10-9) and adsorbed to 70%
confluent RK13 cells, for 1 h at 37 ◦C. After 5 days of incubation, plates were washed with
PBS and fixed with 70% Acetone (Scharlab, Barcelone, Spain), for 15 min at room tempera-
ture. Then, the wells were washed with PBS and stained with 0.4% crystal violet (Sigma-
Aldrich, St. Louis, MO, USA), and visualized using an inverted microscope. The titre was
estimated using 4 replicates for each dilution according to a published method [15]. The
ha-MYXV stocks were then diluted in sterile PBS pH 7.2 to a concentration of 100 ffu/mL
(focus-forming units per millilitre).

A similar method was used to titrate the vaccine stock (only for Mixohipra vaccines),
using 100 µL of reconstituted vaccine to infect 70% confluent RK13 cells in 48-well plates.
The reconstituted vaccine was 10-fold diluted using MEM until 10−6. The vaccine virus was
adsorbed for 1 h at 37 ◦C, and the titre was calculated after 5 days of incubation according
to the previously described method [15].

2.7. Virus Detection by qPCR

Detection of ha-MYXV DNA by qPCR was used to confirm the isolation in RK13
cells [16]. The same molecular method was used to investigate the presence of the virus in
faeces of the animals after vaccination and challenge, in tissues from the animals that died
during the experiment, as well as in the drinking water. The presence of LeHV-5 was also
analysed [4,17].

For nucleic acid extraction, cell supernatants or water samples were used directly for
extraction, without dilution. Faeces or fresh samples of liver and spleen, kidney, lung, eyelid
and genitalia were homogenised at 20% (w/v) with PBS and clarified at 3000 g for 5 min at
4 ◦C. Total DNA and RNA were extracted from 200 µL of the clarified supernatants, using
the MagAttract 96 cador Pathogen Kit (Qiagen, Hilden, Germany) in a BioSprint 96 nucleic
acid extractor (Qiagen, Hilden, Germany), according to the manufacturer’s protocol.

Amplification reactions were performed in a Bio-Rad CFX96™ Thermal Cycler (Bio-
Rad Laboratories Srl, Redmond, WA, USA), using the Multiplex PCR NZYTaq 2× Colour-
less Master Mix (NZYTech, Lisbon, Portugal).

2.8. Challenge

Hares (groups H-G1, HG-2, HG-3 and H-G4) were challenged at day 72 with the
isolate ha-MYXV 38455PT18. Challenge of hares was carried out by inoculating 1 mL of the
virus suspension subcutaneously (100 ffu/mL of ha-MXYV, diluted in sterile PBS pH 7.2),
corresponding to the maximum estimated viral load delivered by arthropod vectors in
nature [18]. In case of failure to develop disease and humoral response, hares were re-
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inoculated with 1 mL of 1000 ffu/mL (ha-MXYV, isolate 38455PT18) at day 102 (Figure 1).
Hares of study 3 were not submitted to challenge.

Wild rabbits (half of group R-G1 and groups R-G2 and R-G3) were challenged at day
35 with the isolate ha-MYXV 20545PT20 (Figure 1). Two of the negative controls (from R-G1,
#000 and #001) were kept separately and were not inoculated. Thirty days later (day 65),
these two rabbits were inoculated with the isolate ha-MYXV 38455PT18, the same used in
the hare’s assay. The rabbits challenge was performed with 1 mL of a 1000 ffu/mLdiluted
in sterile PBS pH 7.2, inoculated subcutaneously, given the failure to induce disease in
two hares when inoculated with 1 mL of a 100 ffu/mL virus dilution, as discussed below.

2.9. Clinical Signs Monitoring

During the vaccination trial and after challenge, the animals were continuously mon-
itored by cameras, using black light for night vision. Daily visits to the installations by
a veterinarian complemented surveillance. The cages allowed us to observe the animals
without handling and to photograph the evolution of clinical signs. The cages also allowed
us to touch the animals without the need to hold them, allowing us to assess the health and
nutritional status as well as the presence of inflammatory lesions, for example at the site of
vaccine inoculation, without disturbing the animals.

To follow the evolution of clinical signs after challenge, the animals’ eyes were pho-
tographed daily. The hares’ genitals were not monitored daily to minimize stress and risk
of injuries, given the need to handle the animals. However, the daily monitoring of genitals
in rabbits was carried out given their easier behaviour and due to the cage characteristics.

Sequential photographs of eyelid oedema were evaluated for each animal and subjec-
tively classified (very mild, mild, moderate and marked). The palpebral fissure height was
estimated and divided into four different categories (<25%, 25–50%, 50–75% and >75%).

2.10. Necropsy and Histopathology

Necropsy was performed according to routine procedures, and samples were collected
for bacteriology (liver, spleen and lung), parasitology (gastrointestinal tract and liver),
histopathology (lung, liver, spleen, kidney, eyelid and genitalia) and virology (liver, spleen,
lung, kidney, eyelid, lip, urine, seminal vesicle, brain, bone marrow, spinal cord and geni-
talia) analyses, following the routine procedures. For histopathology, the fragments were
fixated in 10% neutral buffered formalin (w/v), routinely paraffin-embedded, sectioned at
4 µm, and stained with Hematoxylin and Eosin (H&E).

2.11. Ethical and Legal Framework

The study was carried out in line with the measures identified in the National Plan
for the control of rabbit haemorrhagic disease 2 (Dispatch 4757/2017, 31 May), oper-
ated through Project +Coelho 2, and approved by the National Authority for Animal
Health (DGAV, Nr 79/ECVPT/20145) according to the National legislation (Decree-Law
No. 113/2013, 7 August) after a positive declaration from the independent Advisory Body
Responsible for Animal Welfare (ORBEA—INIAV, I.P.).

The Iberian hare specimens used in the experiment were from a pilot genetic reserve,
established in 2019 within the scope of the +Coelho 2 Project, approved by ICNF. The Iberian
hare founder population was captured in the field through events authorized by ICNF for
the current proposal. The 14 hares selected for the study constitute the first generation
born in captivity. The seropositive hare (#10) was captured in the field in October 2019. All
wild rabbits used in this study were purchased from a certified wild rabbit captivity centre
complying with the Portuguese legislation. Vaccination and challenge were conducted in a
BSL-2 mobile unit belonging to INIAV I.P.

Taking into account the 3R policy, all steps of this assay that could be performed
in vitro were maximized (replacement) (e.g., isolation, virus multiplication), reducing the
number of animals to the minimum likely to give results for a pilot study (reduction) and
all manipulation techniques, data analysis and maintenance of the animals, were thought
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and designed specifically (refinement) for the Iberian hare and wild rabbit (e.g., BSL-2
built specifically for the study, specific cages were built and adapted to the needs of these
two species. To minimize stress and self-inflicted damage, the animals were always handled
by the same people and kept in a calm environment, etc.)

3. Results

The data described below refer to the quarantine and vaccination periods (from day
−40 to day 72 in the hare trial and until day 35 in the rabbits’ trial), i.e., before the challenge.
Surveillance through day and night viewing cameras revealed an adequate adaptation
to cages, expression of natural behaviour (Figure 2) and maintenance of water and food
ingestion within the normal range.
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all the hare’s natural positions, namely muscle stretching (D–F). Animal welfare can be observed, 
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Figure 2. Pictures from the continuous monitoring performed by backlight cameras. The cages were
designed to provide cognitive enrichment, making the access to alfalfa hay difficult (A–C), to allow
all the hare’s natural positions, namely muscle stretching (D–F). Animal welfare can be observed,
among other factors, by the presence of grooming, which is very common in this species (G–I).

The 10 hares entered study 1 with an average weight of 1.90 ± 0.26 kg. All weight
measurements were carried out in the morning, at approximately the same time. The
maximum loss of weight before the challenge was 5.55%. Behaviour was stable throughout
the entire experiment, with only a slight deterioration over the number of handlings,
starting with an average rating of 1.3 in the first sampling and ending with 2.1 in the last
one (after seven sampling procedures). The average respiratory frequency after the initial
containment was 87 ± 13 breaths per minute (bpm) at the moment of first sampling and of
108 ± 9 bpm at the moment of the last sampling. The temperature was also measured in all
sampling moments, showing an average of 39.5 ± 0.4 ◦C.

The rabbits did not have any remarkable loss in weight; on the contrary, they gained
weight throughout the experiment (an average of 10.3%), the mean weight before the
challenge being 1.12 ± 0.27 kg. The rabbits had an average temperature of 39.05 ± 0.1 ◦C in
the five moments of blood sampling and a mean breath rate of 58 ± 23 bpm. The behaviour
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of rabbits was substantially more favourable compared to hares, starting with an average
rating of 1 in the first sampling and ending with 1.2 in the last (after five sampling events).
In both species, the variations in weight, respiratory rate and rectal temperature were
considered physiological, since the start of the study until the start of the challenge.

3.1. Humoral Immune Response to Vaccination

In general, the hares vaccinated with the lower dose of the two Mixohipra vaccines
(H-G2), did not produce a serological response, except for hare #077, which achieved an
RI10 title of 2.81. However, this hare died suddenly on day 51, hampering the follow-up of
the next phases of the experiment. Necropsy showed that the cause of death of hare #077
was dysbiosis, probably due to stress, the animal being in good body condition.

Two of the three hares vaccinated with the higher dose of the two Mixohipra vaccines
(H-G3), seroconverted, achieving an RI10 value of 5.8 (hare #043) and 7.1 (hare #044) by day
72 of the trial. Hare #042 showed no seroconversion during the experiment. The increase in
serological response was higher after inoculation with the Mixohipra-FSA vaccine, namely
between day 0 to day 21. The increase in serological response after boost vaccination with
Mixohipra-H vaccine, between day 21 and day 42, was much lower or even absent (Table 1).
By day 21, hares #043 and #044 registered a titre of 10 and 20, respectively, in the cELISA,
while all the other hares remained negative. These titres remained unchanged, even after
the boost vaccination.

These results were further confirmed in study 3, with all the five hares seroconverting.
At day 0, the RI10 was < 1.0 in the five animals and 21 days later was 4.6, 4.9, 3.7, 8.2
and 4.9 for hares #013, #014, #020, #021 and #025, respectively. Twenty-one days after the
second vaccination, the RI10 values obtained with the iELISA were 6.7, 6.6, 7.5, 11.2 and
5.4, respectively. Contrary to animals #043 and #044 (H-G3), which were boosted with
Mixohipra-H, the administration of a boost with Mixohipra-FSA had a positive effect on
the antibody titres.

As expected, the animals from the unvaccinated control group (H-G1) did not serocon-
vert (Table 1).

Rabbits #448, #446, and #447, vaccinated with Myxo-RHD PLUS (R-G3) seroconverted
and on day 35 achieved an RI10 titre of 2.1, 4.8, and 5.4, respectively (Table 2). Rabbits #444,
#445, and #442, vaccinated with Mixohipra-H (R-G2) seroconverted and on day 35 achieved
an RI10 titre of 1.72, 2.15 and 4.11, respectively. As expected, none of the animals from the
non-vaccinated group, R-G1 (#449, # 451, #000 and #001) developed anti-MYXV antibodies.

Table 1. Serological responses of hares (study 1) after vaccination and before challenge. Data
were measured by indirect ELISA (RI10), immunofluorescence titration (IFT = titre in log2) and
seroneutralization (SNT = titre).

Humoral Response

Group Hare ID Vaccine Technique Day 0 Day 7 Day 21 Vaccine Day 28 Day 42 Day 72

H-G1

#231 Not vac
iELISA 0.5 0.23 0.16

Not vac
0.13 0.19 0.23

IFT <2 <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4 <1/4

#232 Not vac
iELISA 0.35 0.16 0.39

Not vac
0.29 0.15 0.28

IFT <2 <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4 <1/4

#233 Not vac
iELISA 0.63 0.47 0.42

Not vac
0.22 0.22 0.08

IFT <2 <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4 <1/4
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Table 1. Cont.

Humoral Response

Group Hare ID Vaccine Technique Day 0 Day 7 Day 21 Vaccine Day 28 Day 42 Day 72

H-G2

#076 1×
M-FSA

iELISA 0.9 1.01 0.84
1× M-H

0.59 0.59 0.18
IFT <2 3 3.5 4 4 4
SNT <1/4 <1/4 <1/4 <1/4 <1/4 <1/4

#077 1×
M-FSA

iELISA 0.31 0.81 1.55
1× M-H

2.45 2.81
-IFT <2 <2 4 4 5.5

SNT <1/4 <1/4 <1/4 1/8 1/8

#078 1×
M-FSA

iELISA 0.96 0.49 0.4
1× M-H

0.36 0.36 0.12
IFT <2 <2 3 3 3 3
SNT <1/4 <1/4 <1/4 <1/4 <1/4 <1/4

H-G3

#042 10×
M-FSA

iELISA 0.6 0.36 0.25
10× M-H

0.24 0.18 0.03
IFT <2 <2 3 3 3 3
SNT <1/4 <1/4 <1/4 <1/4 <1/4 <1/4

#043 10×
M-FSA

iELISA 0.79 0.62 5.55
10× M-H

5.05 5.5 5.8
IFT <2 4.5 6.5 7 7 7.5
SNT <1/4 <1/4 1/16 1/16–1/32 1/16–1/32 1/16–1/32

#044 10×
M-FSA

iELISA 0.75 0.36 5.57
10× M-H

6.87 6.7 7.1
IFT <2 3.5 7 7.5 7 8.5
SNT <1/4 <1/4 1/16 1/16–1/32 1/16–1/32 1/16–1/32

H-G4 #10
Natural

immunity

iELISA 7.09 Natural
immunity

7.1 7.19 7.28
IFT 9 9 9 9
SNT 1/128 1/128 1/128 1/128

1× M-FSA, vaccinated with 2.90 × 104 ffu of Mixohipra-FSA; 10× M-FSA, vaccinated with 2.90 × 105 ffu dose
of Mixohipra-FSA; 1× M-H, vaccinated with 1.95 × 104 ffu dose of Mixohipra-H; 10× M-H, vaccinated with
1.95 × 105 ffu dose of Mixohipra-H; Not vac, not vaccinated.

Table 2. Serological responses of rabbits (study 2) after vaccination and before challenge. Data
were measured by indirect ELISA (RI10), immunofluorescence titration (IFT = titre in log2) and
seroneutralization (SNT = titre). RI10.

Humoral Response

Group Rabbits ID Vaccine Technique Day 0 Day 7 Day 21 Day 28 Day 35

R-G1

#449 Not vac
iELISA 0.05 0.06 0.07 0.06 0.02

IFT <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4

#451 Not vac
iELISA 0.22 0.01 0.1 0.27 0.2

IFT <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4

#000 Not vac
iELISA 0.13 0.09 0.15 0.18 0.31

IFT <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4

#001 Not vac
iELISA 0.32 0.27 0.38 0.21 0.14

IFT <2 <2 <2 <2 <2
SNT <1/4 <1/4 <1/4 <1/4 <1/4

R-G2

#442 1× M-H
iELISA 0.01 0.05 1.79 2.33 4.11

IFT <2 4 6 7.5 9
SNT <1/4 <1/4 <1/4 1/8 1/32

#444 1× M-H
iELISA 0.04 0.18 1.1 1.04 1.72

IFT <2 2 5.5 6 7
SNT <1/4 <1/4 <1/4 1/4 1/8

#445 1× M-H
iELISA 0.1 0.29 0.83 1.04 2.15

IFT <2 3 <2 6 8.5
SNT <1/4 <1/4 <1/4 1/4 1/8
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Table 2. Cont.

Humoral Response

Group Rabbits ID Vaccine Technique Day 0 Day 7 Day 21 Day 28 Day 35

R-G3

#446 1× M-RHD
iELISA 0.31 0.36 2.3 3.05 4.78

IFT <2 3.5 6.5 8 9
SNT <1/4 <1/4 1/8 1/16 1/64

#447 1× M-RHD
iELISA 0.35 0.21 5.32 5.42 5.39

IFT <2 4.5 9.5 10 10
SNT <1/4 1/4 1/128 1/128 1/128

#448 1× M-RHD
iELISA 0.26 0.51 1.21 1.09 2.15

IFT <2 4 5.5 6 7
SNT <1/4 <1/4 1/4 1/8 1/8–1/16

1× M-H—vaccinated with 1.95 × 104 ffu dose of Mixohipra-H; 1×-M-RHD—vaccinated with 1 dose of Myxo
RHD-PLUS; Not vac—not vaccinated.

3.2. Hematologic and Biochemical Analyses of Blood Samples Obtained during Vaccination

Monitoring of the different parameters analysed in the hemogram (RBC, HCT, HGB,
MCV, MCH, MCHC, RDW, reticulocytes, WBC, neutrophils, lymphocytes, monocytes,
eosinophils, basophils, platelets, MPV, PDW, PCT) showed no remarkable changes after
vaccination in any of the hares and rabbits. Likewise, regarding the biochemistry analyses,
no remarkable variations in glucose, creatinine, blood urea nitrogen, ALT, ALKP or GGT
values were observed. Interestingly, the albumin/globulins ratio, in the case of hare #043
and hare #044 (both from H-G3), showed a decrease between days 21 and 28 after the first
vaccination, coinciding with the seroconversion.

By day 30 after the challenge, sick hares showed lower haematocrit of 35.33 ± 4.51%
(compared to 53.44 ± 3.24% in the healthy animals) and a leucocytosis of 18.82 ± 4.86 K/µL
(WBC) (compared to 5.65 ± 1.54 K/µL (WBC) in the healthy hares), mainly resulting from
a neutrophilia of 15.30 ± 7.32 K/µL (compared to 2.53 ± 1.33 K/µL in the healthy hares).

3.3. Clinical Course after Challenge

Hares #233 (H-G1) and #042 (H-G3) did not develop any signs of disease (Table 3)
after the first virus inoculation of 1 mL (100 ffu/mL, subcutaneously), and no virus was
detected in the blood, stool or conjunctival swab on day 15. Additionally, these hares did
not seroconvert and were inoculated a second time, 30 days after the first virus challenge,
with the same isolate, but a 10-fold higher dose (1 mL of 1000 ffu/mL). Both died after
developing signs of myxomatosis (Table 3).

The average incubation period of myxomatosis in hares was 11.3 ± 2.6 days consider-
ing the 8 hares, and 11.8 ± 2.2 excluding the two seropositive hares (#043 and #044), taking
as a clinical reference the alterations developed in the eyelids (Table 3 and Figure 3). The
evolution of oedema in the genitals was not monitored, given the difficulty of handling the
sick animals and the stress effect of such handling. From the onset of symptoms, it took an
average of 17.8 ± 8.5 days until death occurred or euthanasia was carried out for animal
welfare purposes. Hares #043 and #044 recovered totally, respectively, in 13 and 19 days
after the challenge. Hares of study 3 were not submitted to challenge.
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Figure 3. Clinical signs of myxomatosis of four hares involved in the study. Hares #231 and #232
(H-G1) were not vaccinated. Hares #043 and #044 belonged to the H-G3 group (vaccinated with
2.90 × 105 ffu dose of Mixohipra-FSA). D-day after challenge.

Hares #233 (from H-G1, not vaccinated), #078 (from H-G2, vaccinated with low dose
of Mixohipra-FSA and Mixohipra-H) and #042 (from H-G3, vaccinated with a high dose of
Mixohipra-FSA and Mixohipra-H but challenged twice) developed severe myxomatosis
and died. These hares, like those euthanized after developing severe myxomatosis (hares
#231 and #232 not vaccinated (H-G1) and hare #076 vaccinated with low dose (H-G2)) lost
on average 483.3 ± 147.2 g of weight from the day of virus challenge to the day of death
(Table 3). In contrast, hares that developed light and shorter forms of the disease (hares
#043 and #044 vaccinated with high dose (H-G3)) lost at the most 116.7 ± 28.9 g (Table 3).
Comparing the hares that became very sick (>50% eyelid closed) with healthy ones, food
intake decreased from 170–200 g of oats per day to 40–50% less at maximum. The opposite
happened with water intake that rose from 50–70 mL to 80–110 mL per day at maximum.

The average incubation period of myxomatosis in positive control rabbits (R-G1, not
vaccinated) was 8 days for the rabbits (#449 and #451) inoculated with isolate 20545PT20
(isolated from a wild rabbit) and 8 days for the rabbits #000 and #001 inoculated with
isolate 38455PT18 (isolated from an Iberian hare) considering the alterations in the eyelids
(oedema and eye closure) as reference (Table 4 and Figure 4), corresponding to an average
of 6.3 ± 2.1 days in the four rabbits.
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Figure 4. The clinical course of rabbit #000 (non-vaccinated, belonging to group R-G1) inoculated
with virus isolated from Iberian hare (1 mL of 1000 ffu/mL, 38455PT18). D-day after challenge. Note
very mild (D4), moderate (D8) and (D11) marked eyelid oedema.

In rabbits, it took an average of 5.25 ± 1.5 days from the onset of symptoms until death
occurred, and an average of 11.5 ± 0.56 days from the virus challenge until death, with an
average weight loss of 73.5 ± 45.0 g. None of the vaccinated rabbits showed symptoms of
myxomatosis (Table 4).

Interestingly, the incubation period among rabbits inoculated with wild rabbit virus
isolate (20545PT20) was longer (8 days) compared to Iberian hare virus isolate (38455PT20)
(4.5 days). After the onset of symptoms, rabbits inoculated with strain 20545PT20 died
within 4 days and rabbits inoculated with a strain of Iberian hare died within 6.5 days. As
expected, rabbits with a longer course of disease showed more severe pathological signs
(Table 4).

The MYXV antibodies estimated by iELISA at the death or recovery moments revealed
RI10 values of 9.12, 1.82 and 0.23 for the #231, #232, #233 (H-G1, nonvaccinated); 2.62 and
0.12 for #076, #078 (H-G2, vaccinated with the lower dose); and 0.23, 31.00 and 28.90 for
#042, #043 and #044 (H-G3, vaccinated with the higher dose), respectively.

Hare #010 (H-G4) did not show seroconversion after the first challenge with 100 ffu,
but had a small increase in RI10 after the second inoculation to 13.32. LeHV-5 was neither
detected in blood cells nor skin samples, suggesting the absence of latency or active
replication in any of the hares, ruling out the LeHV-5 contribution to the clinical picture
and immune response.

In the rabbits, he MYXV antibodies estimated by iELISA at the death (for R-G1) or
fifteen days after challenge (R-G2 and R-G3) revealed RI10 lower than 2.0 for the #449,
#451, #000 and #001 (R-G1, nonvaccinated); 21.79, 4.31 and 5.71 for #442, #444, and #445
(R-G2, vaccinated with Mixohipra-H); and 33.02, 23.44, 24.48 for #446, #447 and #448 (R-G3,
vaccinated with Myxo-RHD PLUS), respectively.

3.4. Virus Presence in Drinking Water and Faeces

During the two vaccination trials, no MYXV-DNA was detectable in the drinking
water or the hares’ faeces prior challenge.

MYXV-DNA was detected in faeces of hare #231 (H-G1), seven days after virus chal-
lenge, four days before the first signs of disease were noticed. For the remaining hares,
virus shedding coincided with the appearance of the first clinical signs or appeared 3 to
4 days later, around day 15 or 16 after the virus challenge. The maximum viral load found
on faeces was 1.10 × 109 DNA copies/mg and the average value was 4.00 × 107 DNA
copies/mg, considering only the DNA-positive samples. The virus was no longer detected
in faeces after the animals recovered clinically (clinical signs disappeared) or, in some cases,
48 h before the disappearance of signs of disease.
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Table 3. Clinical data of Iberian hares after challenge with ha-MYXV (38455PT18).

Days after Virus Challenge

Group Animal ID 0 1–9 10–15 16–20 21–25 26–30 31–40 D41–D50

H-G1

Hare
#231

Not vac

Virus challenge
with 1 mL

(100 ffu/mL) of
ha-MYXV

(38455PT18)

N

D11-very mild eyelid
oedema.

<25% of eye closure.
D13—mild eyelid

oedema. <25% of eye
closure.

D14—moderate eyelid
oedema.

50% of eye closure.

D16 marked
eyelid oedema.
50–75% of eye

closure.

D25 marked
eyelid oedema.

>75% of eye
closure.

D30-marked
eyelid and
anogenital

oedema. 100% of
eye closure.

Anorexia and
dyspnea.

Euthanasia.

Hare
#232

Not vac
N

D12—mild eyelid
oedema. <25% of eye

closure.
D14—moderate eyelid

oedema.
25–50% of eye closure.

D18 marked
eyelid oedema.
50–75% of eye

closure.

D25 marked
eyelid oedema.

>75% of eye
closure.

D30 marked
eyelid and
anogenital

oedema. 100% of
eye closure.

Anorexia and
dyspnea.

Euthanasia.

Hare
#233

Not vac
N N N N

D30—Second
virus challenge
with 1000 ffu of

ha-MXYV
(38455PT18), day
102 in Figure 1.

D40—very mild
eyelid oedema.

<25% of eye
closure.

D42—mild eyelid
oedema.

<25% of eye
closure.

D45—Marked
eyelid, foreskin
and anogenital

oedema. 50–75%
of eye closure.

Anorexia.
D50-Death

H-G2

Hare
#076

1× M-FSA
1× M-H

N

D16—very mild
eyelid oedema.

<25% of eye
closure.

D18—very mild
eyelid oedema.

<25% of eye
closure.

D20—mild eyelid
oedema.

<25% of eye
closure.

D20—moderate
eyelid oedema.
25–50% of eye

closure.
D30—marked
eyelid oedema.
50–75% of eye

closure.

D40—marked
eyelid oedema.

>75% of eye
closure.

D48—marked
eyelid and

foreskin oedema.
>75% of eye

closure.
Anorexia and

dyspnoea.
Euthanasia.

#078
Hare

1× M-FSA
1× M-H

N
D12—very mild eyelid

oedema.
<25% of eye closure.

D16—mild eyelid
oedema.

<25% of eye
closure.

D20—mild eyelid
oedema.

<25% of eye
closure. Death



Vaccines 2022, 10, 356 15 of 27

Table 3. Cont.

Days after Virus Challenge

Group Animal ID 0 1–9 10–15 16–20 21–25 26–30 31–40 D41–D50

H-G3

Hare
#042

10× M-FSA
10× M-H

N N N N

D30—Second
virus challenge
with 1000 ffu of

ha-MXYV
(38455PT18), day
102 in Figure 1.

D40—very mild
eyelid oedema.

<25% of eye
closure.

D45—mild eyelid
oedema.

<25% of eye
closure.

D50—mild eyelid
oedema.

<25% of eye
closure

D60—moderate
eyelid, testis and
foreskin oedema.

25–50% of eye
closure. Anorexia.

Death.

Hare
#043

10× M-FSA
10× M-H

N
D12-very mild eyelid
oedema. <25% of eye

closure.

D16—Left l
ower eyelid
erythema.

D25—N N N N

Hare
#044

10× M-FSA
10× M-H

D7—mild eyelid
oedema.

<25% of eye
closure.

D12—mild eyelid
oedema. <25% of eye

closure.

D14-D20—
moderate eyelid

oedema.
25–50% of eye

closure.

D21—Beginning
of crusting and
improvement of

eye opening.

D26—N, in
addition to scars
on the eyelids.

H-G4
Hare
#10

Natural immunity
N N N N

D30-Second virus
challenge with

1000 ffu of
38455PT18.

N N

1× M-FSA,—vaccinated with 2.90 × 104 ffu dose of Mixohipra-FSA; 10× M-FSA—vaccinated with 2.90 × 105 ffu dose of Mixohipra-FSA; 1× M-H—vaccinated with 1.95 × 104 ffu dose
of Mixohipra-H; 10× M-H—vaccinated with 1.95 × 105 ffu dose of Mixohipra-H, Not vac-Not vaccinated; D-day, N—no disease signs.
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Table 4. Clinical data of wild rabbits after challenge with ha-MYXV isolated from wild rabbit (20545PT20) or Iberian hare (38455PT18).

Days after Virus Challenge

Group Animal ID 0 1–9 10–15 16–20 21–25 26–30 31–40 D41–D50

RG-1
Not vac

Rabbit
#000 Virus challenge of

1000 ffu of ha-MYXV
(38455PT18), day 65

in Figure 1.

D4—very mild eyelid oedema.
No genital changes.

D8—moderate eyelid and
genital oedema. 50–75% of eye

closure.

D11—Marked eyelid,
foreskin and genital

oedema. >75% of eye
closure Anorexia. Death.

Rabbit
#001

D5—very mild eyelid and
genital oedema.

D8—moderate eyelid and
genital oedema. 50–75% of eye

closure.

D11—Marked eyelid,
foreskin and genital

oedema. >75% of eye
closure Anorexia. Death.

Rabbit
#449

Virus challenge of
1000 ffu of ha-MYXV
(20545PT20), day 35

in Figure 1.

D8—very mild eyelid oedema.
<25% of eye closure. No genital

changes.

D12—Very mild eyelid
and foreskin oedema.

<25% of eye closure. No
genital oedema. Death.

Rabbit
#451

D8—very mild eyelid oedema.
<25% of eye closure. No genital

changes.

D12—Very mild eyelid
and foreskin oedema.

<25% of eye closure. No
genital oedema Death.

RG-2
1× M-H

Rabbit
#442 N N N N N N N

Rabbit
#444 N N N N N N N

Rabbit
#445 N N N N N N N

RG-3
1× M-RHD

Rabbit
#446 N N N N N N N

Rabbit
#447 N N N N N N N

Rabbit
#448 N N N N N N N

1× M-H—vaccinated with 1.95 × 104 ffu dose of Mixohipra-H; 1× M-RHD—vaccinated with 1 dose of Myxo-RHD PLUS; Not vac-not vaccinated; D-day, N—no disease signs.
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The type of drinking fountain used for hares consisted of a small shell-shaped reservoir
containing a limited volume of water (about 5 mL), from which water was sampled. In
hares that developed erosive lesions in the oral mucosa (#231, #232, #233, #042 and #076) the
virus was detected in water samples by qPCR. The average viral load in the DNA-positive
drinking water samples was 5.00 × 106 DNA copies/mL with a minimum of 6.32 × 103

and a maximum of 4.73 × 107 DNA copies/mL. For one drinking water sample (with a
viral load of 1.30 × 107), it was possible to isolate the virus in RK13 cells.

The faeces analyses were not performed in the rabbit trial due to the characteristics of
the cages that do not allow the separation of the faeces from each animal. Likewise, the
rabbits’ pacifier drinkers do not allow the analysis of the drinking water, and therefore this
analysis was not performed.

3.5. Necropsy, Histopathology and Virus Loads in Tissues

The necropsy and histopathology data of hares from group H-G1 (#231, #232, #233),
H-G2 (#076 and #078) and H-G3 (#042) revealed the expected lesions found in naturally
infected animals by ha-MYXV [3,19,20] namely the oedema of eyelids and ano-genital,
the production of myxoid tissue and the secondary bacterial infection. No remarkable
histopathological changes were observed in animals #043 and #044 (H-G3) artificially
immunized by the high dose vaccine, or in #10 (H-G4) naturally immunized.

Rabbits #449, #451, #000, #001 (Table 5) revealed the expected lesions found in naturally
infected rabbits by the ha-MYXV [7,8], namely eyelid, ano-genital and alveolar oedemas.

Organs sampled but without description in Table 5 were considered without relevant
changes. No myxoma lesions (also called “pseudotumours” or “tumour-like lesions”) were
observed in the skin of any animal (rabbit and hares) during the clinical course of the
disease or after death, not even in the virus inoculation zone.

No pathological findings in necropsy and histopathology were found in hares #043
(H-G3, vaccinated with high dose) and #010 (H-G4, naturally immunized) and all the vacci-
nated rabbits: #442, #444 and #445 (R-G2, vaccinated with M-H) and #446, #447 and #448
(R-G3, vaccinated with Myxo-RHD PLUS), and they were also negative to bacteriological
and parasitological analyses (not included in Table 5). Hare #044 (H-G3) only presented
mild scar on the eyelids.

Several pathogenic bacteria were found in the animals included in this study (Table 5).
In general, mild infections by Eimeria species were found in sick animals, and these parasites
were very frequently also found in wild animals that died from myxomatosis or in healthy
animals [20]. Despite the infection, no signs compatible with enteritis were detected at
necropsy and no diarrhoea events were registered during the entire course of the trial in
these animals.

The viral loads in the different tissues (Table 6) were determined by qPCR [16]. The highest
viral loads were registered in the eyelids (mean of all positive hares of 1.10 × 1010 ± 1.02 × 1010

DNA copies/mg tissue and mean of all positive rabbits of 4.79 × 1010 DNA copies/mg tissue),
lips (mean of all positive hares of 9.30 × 109 ± 1.60 × 1010 DNA copies/mg tissue and mean
of all positive rabbits of 1.22 × 109 ± 8.88 × 108 DNA copies/mg tissue) and genitalia (mean
of all positive hares of 1.65 × 1010 ± 2.52 × 1010 DNA copies/mg tissue and mean of all
positive rabbits of 2.53 × 1010 ± 2.43 × 1010 DNA copies/mg tissue).

Overall, no virus was detected in vaccinated rabbits independently of the vaccine
used, but was detected in all non-vaccinated rabbits. In all hares submitted to virus
challenge, virus was detected in the tissues except for 2 out of the three hares vaccinated
with 10× M-FSA vaccine, which seroconverted.
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Table 5. Necropsy, bacteriological and parasitological data from hares and rabbits.

Group Animal
ID Challenge Pathological Examination

Bacteriological
Examination
from Liver,
Spleen and

Lungs

Parasitological
Examination

Eyelid/Ano-Genitalia/Lip Liver Spleen Lungs Kidney/Other

H-G1

Hare
#231

100 ffu of
ha-MYXV isolated

from hare
(38455PT18)

Macroscopic: Marked eyelid, lips,
genitalia and anus oedema. Thickening
and congestion of the scrotal sac wall
with necrosis. Accumulation of fibrin

within the scrotal pouches. Congestion of
the testicles.

Microscopic: Eyelid with necrosis of the
epidermis and conjunctiva with bacterial
infiltration. Scrotum with oedema at the

dermo-epidermal junction with
detachment of the epidermis. Lip with

necropurulent dermatitis and presence of
extensive bacterial clusters. Testis with
absence of germ cells, persisting only

Sertoli cells. Epididymis with necrosis of
the lining epithelium and accumulation

of necrotic cells in the lumen of the ducts.
Vas deferens with accumulation of myxoid

tissue underlying the lamina propria.

Moderate
periportal

infiltration by
mononuclear cells

N N

Kidney with
perivascular
lymphocytic
infiltration.

Empty stomach.

Escherichia coli and
Stenotrophomonas

maltophilia
Mild infection
by Eimeria spp.

Hare
#232

Macroscopic: Marked eyelid, lips,
genitalia and anus oedema.

Microscopic: Eyelid with epidermal
hyperplasia and extensive proliferation of
myxoid tissue in depth to the conjunctiva.

Lips with epidermal hyperplasia,
ballooning degeneration of keratinocytes,

intense production of myxoid tissue,
infiltration of muscle tissue by

mononuclear cells and heterophils.
Prepuce with extensive and severe

necropurulent dermatitis with strong
bacterial infiltration, myxoid tissue in the
dermis, diffuse infiltration by heterophils

in depth, necropurulent foci.

Cellular
infiltration,
namely by

heterophils in the
porta spaces and

occasionally in the
sinusoid

capillaries.

Marked depletion
of lymphocytes.

Multifocal
purulent
alveolitis.

Kidney with
perivascular

infiltration by
mononuclear cells.
Empty stomach.

Stenotrophomonas
maltophilia,

Staphylococcus
equorum and

Staphylococcus
xylosus

Mild infection
by Eimeria spp.
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Table 5. Cont.

Group Animal
ID Challenge Pathological Examination

Bacteriological
Examination
from Liver,
Spleen and

Lungs

Parasitological
Examination

Hare
#233

1000 ffu of
ha-MYXV isolated

from hare
(38455PT18)

Macroscopic: Nodular thickening on the
eyelids and lips and oedema of the

prepuce.
Microscopic: Eyelid with epidermal

hyperplasia and vacuolization of
keratinocytes. Proliferation of myxoid

tissue in the dermis. Diffuse
microhaemorrhages and foci of

infiltration by heterophils. Conjunctival
epithelial hyperplasia and underlying
stromal oedema. Lips with epithelial

hyperplasia and marked vacuolization of
keratinocytes with proliferation of

myxoid tissue in the dermis and intense
infiltration by heterophils. Foreskin with

thick necropurulent exudate and
extensive haemorrhages, presence of

myxoid tissue and infiltration by
heterophils.

N Marked depletion
of lymphocytes. Lung collapse. Empty stomach.

Escherichia coli and
Enterobacter

sakazakii

Mild infection
by Eimeria

leporis.

H-G2

Hare
#076

100 ffu of
ha-MYXV isolated

from hare
(38455PT18)

Macroscopic: Marked oedema of the
prepuce, eyelids and lips. Empty

stomach.
Microscopic: Eyelid with dermal oedema.

Lips with foci of epithelial hyperplasia
and vacuolization of keratinocytes.

Foreskin with marked oedema of the
dermis.

Liver with
periportal

infiltration by
mononuclear cells
and heterophils in

sinusoid
capillaries.

Mild depletion of
lymphocytes. Congestion. Escherichia coli N

Hare
#078

Macroscopic: Marked oedema of the
foreskin, eyelids and lips. Presence of

small ulcers on the lips.
Microscopic: Lips with foci of epithelial

hyperplasia and vacuolization of
keratinocytes. Foreskin with marked

oedema of the dermis. Epididymis with
oedema and extensive haemorrhages in

the basement membrane zone.
Hyperplasia of the duct lining epithelium

and desquamation of the ductal
epithelium. Infiltration by heterophils.

Eyelid with dermal oedema.

Liver with
periportal

infiltration, mainly
by mononuclear

cells and
heterophils in

sinusoid
capillaries.

Marked depletion
of lymphocytes.

Congestion.

Kidney with the
presence, mostly
perivascular, of
small clusters of
lymphoid cells.

Empty stomach.

Enterococcus
gallinarum

Marked
infection by
Eimeria spp.
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Table 5. Cont.

Group Animal
ID Challenge Pathological Examination

Bacteriological
Examination
from Liver,
Spleen and

Lungs

Parasitological
Examination

H-G3

Hare
#042

1000 ffu of
ha-MYXV isolated

from hare
(38455PT18)

Macroscopic: Nodular thickening and
moderate oedema and nodular

thickening of eyelids, nose, lips and testis.
Oedema of the extremities of the hind

limbs.
Microscopic: Eyelid with epidermal

hyperplasia and vacuolization of
keratinocytes. Moderate proliferation of
myxoid tissue in the dermis. Lips with

necropurulent lesions, moderate
epithelial hyperplasia and vacuolization

of keratinocytes with proliferation of
myxoid tissue in the dermis and

infiltration by heterophils. Foreskin with
moderate presence of myxoid tissue and

infiltration by heterophils.

Congestion. Marked depletion
of lymphocytes. Congestion. Empty stomach. Vibrio vulnificus N

Hare
#044

100 ffu of
ha-MYXV isolated

from hare
(38455PT18)

Macroscopic: Mild scar on the eyelids. N N N N N N

R-G1

Rabbit
#449 and

Rabbit
#451

1000 ffu of
ha-MYXV isolated

from rabbit
(20545PT20)

Macroscopic: Very mild oedema of the
eyelids and lips. Presence of extensive

pleural effusion with fibrin.
Microscopic: Eyelid with mild oedema of

the deep dermis.

Congestion of
Liver (#449).

Spleen with total
necrosis of

lymphoid follicles
with only a very

congested red
pulp visible.

Lung
congestion

and oedema.
Pleural
efusion.

Necrosis of
peribronchial

lymphoid
tissue.

Full stomach. N N

Rabbit
#000 and

Rabbit
#001

1000 ffu of
ha-MYXV isolated

from hare
(38455PT18)

Macroscopic: Marked swelling of the
eyelids, lips and external genitalia.

Presence of purulent mucous exudate on
the eyelids. Reduced content in the

stomach.
Microscopic: Eyelid with marked

oedema, small foci of myxoid tissue in
the dermis, purulent conjunctivitis of

bacterial etiology. Lip with oedema and
small foci of myxoid tissue.

N

Spleen with
congestion and

necrosis of
lymphoid follicles.

N N N
Medium

infection with
Eimeria perforans.

N—no remarkable changes or negative to bacterial or parasitological analysis.
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Table 6. Viral loads in the hare and rabbit tissues after challenge.

ID
Vaccination Data Viral Loads in Different Tissues (DNA Copies/mg Tissue)

1st 2nd Liver and
Spleen Lung Duodedum Kidney Eyelid Lip Genitalia Urine Seminal

Vesicle Faeces Brain Bone
Marrow

Spinal
Cord

Hares

#231 Not vac Not vac 1.60 × 107 1.47 × 108 5.76 × 106 1.71 × 107 2.88 × 109 1.75 × 109 2.23 × 107 7.44 × 106 1.78 × 109 3.98 × 108 4.05 × 106 1.31 × 106 1.53 × 106

#232 Not vac Not vac 1.10 × 108 1.23 × 108 3.66 × 107 3.15 × 109 1.24 × 1010 7.47 × 109 1.24 × 1010 5.47 × 103 5.42 × 106 1.83 × 106 4.95 × 105 3.70 × 105 5.45 × 106

#233 Not vac Not vac 6.73 × 108 6.28 × 108 4.03 × 106 4.39 × 108 1.34 × 1010 3.88 × 109 5.33 × 1010 NT 5.37 × 105 1.52 × 108 2.29 × 108 6.83 × 104 9.91 × 104

#076 1× M-FSA 1× M-H 2.55 × 105 2.33 × 105 5.59 × 104 1.85 × 106 1.34 × 107 1.11 × 106 2.08 × 108 2.16 × 105 ND 1.16 × 105 ND 3.11 × 103 ND

#077 1× M-FSA 1× M-H
ND ND ND ND ND ND ND ND ND ND ND ND ND

This animal was not submitted to challenge but was analysed to MYXV to eliminate as the cause of death

#078 1× M-FSA 1× M-H 1.17 × 108 4.39 × 108 7.20 × 107 2.22 × 108 2.89 × 1010 4.16 × 1010 5.40 × 109 NT 1.36 × 105 1.50 × 109 6.26 × 106 3.22 × 104 8.54 × 106

#042 10×
M-FSA 10× M-H 2.90 × 107 3.06 × 107 8.72 × 106 1.50 × 107 8.46 × 109 1.08 × 109 7.73 × 109 NT NT 7.51 × 108 7.42 × 104 9.25 × 104 2.36 × 105

#043 10×
M-FSA 10× M-H ND ND ND ND ND ND ND ND ND ND ND ND ND

#044 10×
M-FSA 10× M-H ND ND ND ND ND ND ND ND ND ND ND ND ND

#10 Natural immunity ND ND ND ND ND ND ND ND ND ND ND ND ND

Rabbits

#442 1× M-H ND ND ND ND ND ND ND ND ND ND ND ND ND

#444 ND ND ND ND ND ND ND ND ND ND ND ND ND

#445 ND ND ND ND ND ND ND ND ND ND ND ND ND

#446

1× M-RHD

ND ND ND ND ND ND ND ND ND ND ND ND ND

#447 ND ND ND ND ND ND ND ND ND ND ND ND ND

#448 ND ND ND ND ND ND ND ND ND ND ND ND ND

#449 Not vac 2.30 × 1010 2.03 × 1010 7.16 × 108 9.97 × 108 1.29 × 1010 1.36 × 109 4.19 × 1010 2.84 × 107 ND 2.22 × 104 ND 1.02 × 102 ND

#451 1.24 × 1010 3.48 × 1010 1.04 × 108 4.94 × 109 1.87 × 1010 9.97 × 108 3.01 × 109 8.72 × 106 NT 1.15 × 104 ND 8.91 × 102 ND

#000 Not vac 9.91 × 109 7.74 × 1010 1.25 × 108 1.45 × 109 6.98 × 1010 2.33 × 109 6.07 × 109 1.15 × 108 NT 1.24 × 105 3.13 × 104 ND ND

#001 3.32 × 108 2.11 × 109 2.93 × 107 8.32 × 109 9.02 × 1010 1.89 × 108 5.04 × 1010 2.04 × 106 NT 2.25 × 103 4.12 × 103 2.15 × 100 ND

1× M-FSA—vaccinated with 2.90 × 104 ffu dose of Mixohipra-FSA; 10× M-FSA—vaccinated with 2.90 × 105 ffu dose of Mixohipra-FSA; 1× M-H—vaccinated with 1.95 × 104 ffu dose
of Mixohipra-H; 10× M-H—vaccinated with 1.95 × 105 ffu dose of Mixohipra-, 1×-M-RHD—vaccinated with 1 dose of Myxo RHD-PLUS; Not vac. Not vaccinated; NT—non tested;
ND—non detected H—Iberian hare R-wild rabbit.
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4. Discussion

The objectives established for this study were substantially different for the two-animal
species. For the Iberian hare, the main objective was to investigate if commercially available
MYXV vaccines for use in rabbits might constitute a prophylactic tool for hares until a hare
specific vaccine is available. The objectives for the wild rabbit were to prove the efficacy of
commercial rabbit vaccines in wild rabbits against the recently emerged ha-MYXV (either
isolated from Iberian hare or wild rabbit) and to investigate the susceptibility of wild rabbits
to the ha-MYXV isolated from the Iberian hare.

Several vaccines against myxomatosis are currently available and can show protection
when used properly in wild rabbits [21]. However, there are some disagreements in
determining the effectiveness of vaccination campaigns in the wild as a management
measure [22]. Vaccination campaigns of wild rabbits against myxoma virus are usually
“blind”, and non-systematic: vaccines are often administrated to the animals regardless of
their sex, age or serological status [23].

The commercial myxomatosis vaccines contain live attenuated virus because mul-
tiplication of the virus, despite being limited, is important for the induction of a robust
immune response, comprising also cellular immunity which is key for protection to myxo-
matosis [24]. 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 vac-
cines is expected, given the absence of vaccine virus multiplication in hare cell cultures
(personal communication).

The greatest limitation of this study was imposed by the small number of hares and
wild rabbits included in the trial (three per group), intended to reduce to a minimum the
number of animals, given the current critical situation of these populations and ethical
issues. Despite this assumed constraint, our results showed that hares vaccinated with
two commercially available vaccines (Mixohipra-FSA and Mixohipra-H) in the conditions
recommended for rabbits, did not seroconvert robustly. Nor did the vaccinated hares
gain protection against challenge with ha-MYXV, even when a very low dose of challenge
virus (100 ffu) was used, close to that used in previous rabbit studies [25,26]. In fact, with
this standard vaccination protocol, all vaccinated hares developed severe disease after
challenge, similarly to the non-vaccinated controls.

Interestingly, 2 out of the 3 hares vaccinated with a 10-fold higher dose as recom-
mended for domestic rabbits of Mixohipra-FSA, and a 10-fold higher dose of Mixohipra-H
21 days later, induced a satisfactory humoral response against MYXV. However, there
was no remarkable change in antibody titres after the Mixohipra-H boost, which seems to
indicate that vaccination with Mixohipra-FSA alone might be sufficient to induce protective
immunity in hares. It is worth noting that the higher doses were not accompanied by any
general or local (inoculation site) reactions. Furthermore, the haematological and biochemi-
cal data of the groups of hares vaccinated with the lower doses revealed no differences in
globulins, contrasting with the decrease in the albumin/globulin ratio, in the case of hare
#043 and hare #044 (H-G3), vaccinated with the 10-fold vaccine doses.

This difference in humoral response against these two vaccines, with a higher response
against a heterologous vaccine, may be explained, among other reasons, by the fact that
Mixohipra-FSA is an adjuvanted (attapulgite) vaccine and Mixohipra-H does not contain
adjuvant, according to the manufacturer’s documentation. However, further studies are
needed to evaluate this hypothesis, namely by testing seroconversion after two successive
administrations of Mixohipra-H, without a previously inoculation of Mixohipra-FSA.

The efficient containment of the Iberian hare for clinical evaluation and sampling
is extremely difficult and represents a high risk of self-injury (vertebral fracture) due to
sudden movements. Therefore, the subcutaneous route was chosen for all administrations
considering that intradermal administration implies the total immobilization of the an-
imal for a few minutes to allow the administration of an invariable dose in all animals.
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Interestingly, hares #042 and #233 did not produce any disease after the first challenge
trial (100 ffu), neither seroconverted after vaccination (#042) nor virus challenge (#042
and #233), showing a potential difference in the genetic susceptibility of some animals.
No signs of cervical lymph node reaction were detected after the virus challenge. This
can also mean that the subcutaneous route is not the ideal primary site of Myxoma virus
multiplication or antigen presentation. Several studies have shown the lower effective-
ness of the subcutaneous route in inducing immunity compared with the intradermal
route [27,28]. The intradermal route allows a longer contact between the antigen and the
antigen-presenting cells with a high number of dendritic cells in the derma compared
with the subcutaneous tissue [29]. When Myxoma virus is inoculated intradermically, it
can enter directly by lymphatic vessels for transport to antigen-presenting cells in the
lymph nodes [30]. Considering the specificity of MYXV to epithelial cells, the delivery
to the epidermis or dermis may result in superior and quick immune responses when
compared to muscle and subcutaneous tissues [28]. This explanation can be also applied
to the inoculation of virus during the challenge. Dalton et al. [27] found seropositivity of
only 16.6–54% of rabbits after subcutaneous vaccination with a delay in seroconversion of
these animals. However, in these two hares (#233 and #042), the second inoculation with
1000 ffu induced the typically fatal disease. This can mean that 100 ffu might be a low dose
for a viral challenge by subcutaneous route, and is why a dose of 1000 ffu was used in
the challenge carried out on rabbits, bearing in mind that this test was made after that of
hares. Studies carried out in rabbits used different viral doses, namely 2 × 105.4 TCID50
(around 1.4 × 105.4 ffu) [31], unknown viral load [32] inoculated subcutaneously, or a dose
of around 102 to 104 [33–39] inoculated intradermically.

In wild rabbits, both Mixohipra-H and Nobivac Myxo-RHD PLUS vaccines, admin-
istered in the dose recommended for domestic rabbits, induced a humoral response and
completely protected the animals from experimental infection, as none of the rabbits’
showed signs of disease after challenge. The wild rabbit is the same species as experimen-
tal, pet and industrial rabbits so it is expected that a similar response against the vaccination
is developed, allowing the vaccine virus infection and replication in this species. According
to the previous statement, the humoral and cellular response against the vaccine strain is
expected to be protective against the naturally recombinant virus, taking into account that
most of (all) the antigenic epitopes of classic MYXV are conserved in this recombinant virus.

Non-vaccinated rabbits succumbed to inoculation with ha-MYXV either isolated from
Iberian hare (38455PT18) or wild rabbit (20545PT20), demonstrating, for the first time,
the susceptibility of Oryctolagus cuniculus to the recombinant virus directly isolated from
Iberian hare. Although these two strains (38455PT18 and 20545PT20) are still being fully
characterized, the disruptive insertion of the M009L gene is conserved in both as well as
the insertion affecting the M152R gene (Serp-3), a known virulence factor of MYXV [40].

Despite some differences were observed between the animals that developed severe
myxomatosis (Tables 3–5), it was not possible to establish any clinical or lesional pattern
between the hares of the different groups due to the small size of our sample, as it is likely
that the differences found are due to natural inter-individual variability. However, the
differences between the anatomopathological patterns found in hares and in rabbits was
evident, probably as a result of the more rapid clinical evolution in the latter.

The macroscopic and histopathologic lesions found in hares and rabbits were similar
to those described previously [1,3,7,8,19].

Myxomas (tumour-like lesions) were neither found in the skin of the hare or rabbit
used in the three studies, nor in wild naturally infected with ha-MYXV [7], although they
have already been found in domestic rabbits infected with ha-MYXV [8]. Furthermore,
myxomas are not always present in wild hares found dead with ha-MYXV, being only
present in around 30% of hares [6–8,20]. According to classic myxoma virus virulence
grade classification [18,41,42], mortality of 100% in seronegative hares would correspond
to Grade I viruses. However, in this assay, the average survival time was of 17.8 ± 8.5 days
after symptoms onset and not ≤13 days as in rabbits infected in Grade I viruses, suggesting
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that this classification is not appropriate for the Iberian hare. More studies are therefore
needed to understand these differences.

All the immunized hares and rabbits showed a moderate to high increase of the
antibody titres after the challenge, showing a non-sterilizing immunity. Interestingly,
rabbit #10, which acquired immunity by recovering from a natural infection, showed no
response after inoculation of 100 ffu of virus, with a small increase in antibodies after the
second inoculation.

PCR based viral quantification revealed loads compatible with what was previously
described [3,7,8]. As expected [7,8,20], a higher viral load was found in the skin (eyelid
and lips) and external genitalia, of both hares and rabbits. However, a variable load of
virus was found in various organs, proving systemic dissemination. Relatively high virus
loads were also found in the central nervous system (brain and spinal cord), as reported
previously for the classic virus strains [18].

The viral loads of ha-MYXV found in hares and rabbits were similar, regarding titre
and distribution in different organs, suggesting similar pathophysiology and organic
distribution of the virus in both species (Table 6), and independent from the dose of virus
inoculated (100 or 1000 ffu). However, since the animals were not euthanized and did not
die on the same day, the different periods of viral replication hamper further conclusions.

However, an important difference to highlight is the higher viral load (10–100× 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. This was true even when comparing the rabbits
with the two hares (#042 and #233) infected with 1000 ffu.

This difference was particularly notable in animals inoculated with wild rabbit strain
(#449 and #451, inoculated with 20545PT20), whose external lesions were scarcely evident,
and that succumbed as a result of pulmonary alterations and accumulation of pleural
effusion. These two animals died 12 days after virus inoculation and 4 days after the onset
of symptoms. According to classic myxoma virus virulence grade classifications [18,41,42],
these two virus strains can be classified as a Grade 1 (the highest virulence).

No particularly important bacteriological pathology was found in hares’ histopathol-
ogy, and opportunistic bacteria were generally found, probably as a result of immunosup-
pression caused by the myxoma virus [43]. The bacteriological findings were surprising,
revealing the presence of several bacteria species in leporids for the first time, namely
Stenotrophomonas maltophilia, Enterococcus gallinarum and Vibrio vulnificus, and confirming
that secondary bacterial infections may have contributed significantly to the dead of the
animals (Table 5). Staphylococcus equorum was also reported in nasal samples from wild
rabbits in Azores, Portugal [44], but was never reported in hares, including the Iberian hare.
Stenotrophomonas maltophilia was never reported in rabbits or hares, being an aerobic, non-
fermentative, Gram-negative bacterium, uncommon and difficult to treat in humans [45].
Enterococcus gallinarum was also never reported in hares or rabbits, also being of zoonotic
importance [46,47]. The Vibrio vulnificus is a multi-host opportunistic bacteria [48] never
reported in leporids. This bacteria leads to human mortality rates of 50% by sepsis and
of 17% due to wound infection [49]. Besides infection is rare, this species is responsible
for the most deaths caused by Vibrios [49]. The hare species are known for their reservoir
potential for many other emerging or re-emerging pathogens of public health importance,
namely Yersinia spp., Brucella spp., and Francisella tularensis (reviewed in [50]).

The following conclusions can be taken from this study: (i) the Iberian hare is not
protected from mortality due to myxomatosis by Mixohipra-FSA and/or Mixohipra-H
according to the dose used in domestic rabbits, (ii) it is possible to protect the Iberian
hare from mortality due to myxomatosis using a higher dose of Mixohipra-FSA, (iii) the
commercial vaccines Mixohipra-H and Nobivac Myxo-RHD PLUS protect the wild rabbit
effectively against natural recombinant myxoma virus strains and (iv) the wild rabbit is
susceptible to ha-MYXV directly isolated either from the wild rabbit or the Iberian hare.

This finding indicates 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
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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.
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Abstract

During the necropsies of Iberian hares obtained in 2018/2019, along with signs of the nodu-

lar form of myxomatosis, other unexpected external lesions were also observed. Histopa-

thology revealed nuclear inclusion bodies in stromal cells suggesting the additional 

presence of a nuclear replicating virus. Transmission electron microscopy further demon-

strated the presence of herpesvirus particles in the tissues of affected hares. We confirmed 

the presence of herpesvirus in 13 MYXV-positive hares by PCR and sequencing analysis. 

Herpesvirus-DNA was also detected in seven healthy hares, suggesting its asymptomatic 

circulation. Phylogenetic analysis based on concatenated partial sequences of DNA poly-

merase gene and glycoprotein B gene enabled greater resolution than analysing the 

sequences individually. The hare’ virus was classified close to herpesviruses from rodents 

within the Rhadinovirus genus of the gammaherpesvirus subfamily. We propose to name 

this new virus Leporid gammaherpesvirus 5 (LeHV-5), according to the International Com-

mittee on Taxonomy of Viruses standards. The impact of herpesvirus infection on the repro-

duction and mortality of the Iberian hare is yet unknown but may aggravate the decline of 

wild populations caused by the recently emerged natural recombinant myxoma virus.

1. Introduction

The Iberian hare (Lepus granatensis), also known as Granada hare, is an endemic specie of the

Iberian Peninsula whose populations are considered stable by the IUCN holding a ‘minor con-

cern’ conservation status [1].

Lepus granatensis is the only hare species found in Portugal and the most widespread in the 

Iberia [2], therefore, highly relevant for biodiversity preservation and hunting activity in both

countries, particularly for greyhound racing.
Contrarily to the wild rabbit, which drastic decline has been linked, among other factors, to 

viral epizooties, until recently, the Iberian hare was not affected by viral diseases. Environmen-

tal and anthropogenic factors, however, have had a negative impact on both hare and wild-rab-

bit populations.
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Lepus granatensis was considered naturally resistant to myxomatosis, which is endemic in 

Iberian Peninsula since 1956 [3], despite very sporadic reports of the disease in the European 

brown hare (L. europaeus), namely in France and Ireland [4–6]. However, during the summer 

and autumn of 2018 outbreaks of myxomatosis in the Iberian hare were reported in Spain [7] 

and Portugal [8], respectively.

No other diseases of viral origin have been described in the Iberian hare, including those 

caused by herpesviruses, which may have a fatal outcome in rabbits [9].

Until now, four herpesviruses have been identified in leporids: Leporid herpesvirus 1
(LeHV-1), Leporid herpesvirus 2 (LeHV-2), Leporid herpesvirus 3 (LeHV-3) and Leporid her-

pesvirus 4 (LeHV-4) (Table 1). Of these, the most common naturally occurring herpesvirus

Type Subfamily Common  
Name

Host Physiopathology Isolation

LeHV-
1

γ Not 
attributed
a

Cottontail 
herpesviru
s

Sylvilagu

s  

floridanu

s

Isolated from primary kidney cells cultures of
Sylvilagus floridanus [13].

No report of disease in domestic rabbits, 
since Oryctolagus cuniculus is not infected 
[10].

LeHV-
2

γ Not 
attributed
a

Herpesvirus  
cuniculi

Oryctolagu

s  

cuniculus

Some evidences of a subclinical encephalitis in 
infected New Zealand white rabbits [30].

Isolated in 1968 from kidneys of apparently
healthy Sylvilagus floridanus [31].

Oryctolagus cuniculus is the natural host 

where infection is asymptomatic[32]

LeHV-
3

γ Not 
attributed
a

Herpesvirus  
sylvilagus

Sylvilagu

s  

floridanu

s

Lymphoproliferative disease and tumour-like 
lesions in the lymph nodes, kidney, spleen, and 
liver [31,33].

Isolated from primary kidney cells cultures of
Sylvilagus floridanus [13].

Oryctolagus cuniculus is not infected

Not isolated in WI-38, HeLa, Chang’s 
conjunctiva, human amnion (FL), green 
monkey kidney (Vero), primary rhesus 
monkey kidney, primary hamster kidney, 
BHK-21, primary mouse embryo, and 
primary chick embryo [33]. Isolated in DRK-
3 cells [33].

CPE appear after 10–15 days of inoculation. 
Infected cells show focal areas of round and 
distorted cells, and in 1–2 days, emerged 
syncytial masses containing 50 or more 
nuclei [31].

H&E coloration show typical type A  
intranuclear inclusions in the infected cells. 
Complete cell destruction occurred after a 5 
to 7-days period [31].

LeHV-
4

α Attributedb Oryctolagu

s  

cuniculus

Lethargy, anorexia, conjunctivitis, fever, and 
abortion. Haemorrhagic dermatitis, splenic 
necrosis, hepatic necrosis, and multifocal 
pulmonary haemorrhage and oedema. Distinctive 
glassy eosinophilic herpetic intranuclear inclusion 
bodies were observed in the skin fibroblasts? And 
mesenchymal cells of the spleen and lung [9,34].

Isolated in rabbit skin (RS), RK13 and Vero 
cells [9]. CPE characterized by syncytium 
formation, cell enlargement, and cell lysis, 
similar to human herpesvirus type 1 (HHV-
1). Jin et al. [9] verified that in rabbits  
inoculated with LHV-4, the appendix, sciatic 
nerve, kidney, adrenal gland, and many other 
organs were positive for the virus at the
5-days post infection(dpi), while at the 14 dpi 
only trigeminal ganglia eye and tonsil were 
positive.

LeHV-
5

γ Not 
attribute
d

Iberian hare  
herpesvirus

Lepus 

granatensi

s

Described in the results of this work

Table 1. Summary of the characteristics of the four herpesviruses identified in leporids.

aNot attributed by the ICTV; Viruses which may be members of the genus Rhadinovirus [35] but have not been approved as species
bLeporid alphaherpesvirus //Leporid Herpesvirus 4

https://doi.org/10.1371/journal.pone.0231795.t001
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infections identified in rabbits are LeHV-2 and LeHV-3 (reviewed by [9]), which alongside 

LeHV-1 belong to the Gammaherpesvirinae subfamily. Conversely, LeHV-4 is a member of 

the Alphaherpesvirinae subfamily. These distinct herpesviruses have a broadly variable impact 

on the European rabbit, with LeHV-2 and LeHV-3 infections usually passing unnoticed [10], 

while LeHV-4 is far more aggressive, causing fatal infections [9].

Herpesviruses are enveloped viruses, of 200–250 nm in diameter, organised in four concen-

tric layers [11], 1) a core with the linear dsDNA genome, 2) T  = 16 icosahedral capsid with 

about 125nm of diameter surrounded by a 3) proteinaceous tegument that contains many 

virus-coded proteins and enclosed in a 4) lipid envelope containing several viral glycoproteins. 

Morphologically, herpesviruses are distinct from all other viruses [12], and therefore easily rec-

ognised by electron microscopy.

Herpesviruses belong to order Herpesvirales that comprises three families, namely the Her-

pesviridae family, which includes more than 100 viruses of mammals, birds and reptiles and 

whose members have large genomes ranging from 125 to 290kb [13], the Alloherpesviridae 

family, which includes the fish and frog viruses, and the Malacoherpesviridae family, which 

contains the bivalve virus [12].

The Herpesviridae family includes the subfamilies Alphaherpesvirinae, Betaherpesvirinae 

and Gammaherpesvirinae. Their members have different biologic properties and distinct clas-

sification, supported by phylogeny. The Gammaherpesvirinae subfamily is divided into four 

genera, namely Macavirus, Percavirus, Lymphocryptovirus, and Rhadinovirus [12].

While the subfamily Alphaherpesvirinae causes rapid lysis in cell culture, members of Beta-
herpesvirinae grow slowly inducing the formation of giant cells in culture, and Gammaherpes-

virinae typically infect lymphoid tissue, meaning a primary tropism for lymphoid lineage cells

[14], which can lead to lymphoproliferative diseases [9] and oncogenesis [13].

In this study, we investigated the presence of herpesvirus in myxoma virus (MYXV)-posi-

tive hares that alongside, the typical myxoma virus-induced skin lesions, presented other 

lesions in the genitalia, eyelids, lips and nose suggestive of herpesvirus infection.

To unveil the prevalence of herpesvirus in the hare populations, healthy hares were also 

investigated.

2. Materials and methods

1. Sample

A total of 38 Iberian hares, none sacrificed for the purpose of this study, were investigated 

within the scope of a national surveillance program (Dispatch 4757/17, 31th may) [8] in action 

since August 2017. Of these, 16 were males, 20 were females, and two failed sex-determination. 

Eighteen hares were legally hunted by the Hunting Associations during the 2018/2019 season 

(October to December), authorized by permits from the National Forest Authority, the Insti-

tute for Nature Conservation and Forests (ICNF), while 20 were found dead in the field 

between October 2018 and June 2019. None of the authors were responsible for the death of 

the animals. Hunted and hares found dead were sampled in six Districts of mainland Portugal, 

namely Setu´bal, Santare´m, Beja, E´vora, Portalegre and Faro, (Fig 1).

2. Necropsy and histopathology

Cadavers were necropsied and spleen, liver, lung, duodenum and skin samples (namely scro-

tum, lips and nose) were collected for virology, bacteriology and histopathology. The entire 

gastrointestinal tract was taken for parasitological analysis. From hunted hares, only spleen, 

liver and lung samples were received at the laboratory.
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Fig 1. Map of Portugal showing the geographic origin of the 38 LeHV-5 positive hares over the total sampling per 
district. White coloured Districts were not sampled. Darker shades correspond to higher positivity.

https://doi.org/10.1371/journal.pone.0231795.g001

For histopathology, skin and genitalia fragments were fixated in 10% neutral buffered for-

malin, routinely paraffin embedded, sectioned at 4 μm, and stained with Hematoxylin and 

Eosin (H&E).

2.3. Transmission electron microscopy

The fragments selected for transmission electron microscopy (TEM) were formalin fixated for 

48h or on a solution 0.1M sodium cacodylate (Sigma©) containing 2.5% gluteraldehyde 

(Sigma©) for 72h. When the samples were already embebed in paraffin, the regions of interest 

were extracted from the block, sliced smaller than ~1mm3 with a scalpel blade into two sepa-

rate viles, and washed thoroughly in xylene. After rehydration using decreasing concentrations 

of ethanol, fragments were washed in 0.1M cacodylate buffer [15]. Samples were then post-

fixed with 2% osmium tetroxide (EMS) for 30min, and stained in block with 1% Millipore-fil-

tered uranyl acetate (Agar Scientifics), after which they were dehydrated in increasing
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concentrations of ethanol, infiltrated and embedded in EMBed-812 hard (EMS). Polymeriza-

tion was performed at 60˚C for 2 days. Ultrathin sections were cut either in a UC7 ultramicro-

tome or in a Reichert ultracut E ultramicrotome (Leica), collected to 1% formvar coated 

copper slot grids (Agar scientific), stained with uranyl acetate and lead citrate (Sigma) and 

examined in a H-7000 transmission electron microscope (Hitachi) at an accelerating voltage of 

100 kV or Jeol 1400plus transmission electron microscope at an accelerating voltage of 120 kV. 

Digital images were obtained using a Megaview mid mount digital camera (Olympus) or using 

a AMT XR16 bottom mid mount digital camera (AMT©). The sections were systematically 

analysed using AMT© software and several high and low magnifications were acquired.

4. Bacteriological and parasitological examination

Liver, spleen and lung samples were analysed using standard bacteriological methods. Parasi-

tological examination of the intestine was carried out resourcing to direct wet mount, sedi-

mentation and filtration techniques.

To investigate the presence of Enterobacteriacea the ID 32E (Biomerieux1) was used,

while for non-Enterobacteriaceaethe API 20NE kit (Biomerieux1) was utilised. To test the 

presence of Streptococcus and Staphylococcus, the ID 32 STREPT (Biomerieux1) and the ID 

32 STAPH kits (Biomerieux1) were used, respectively. The API CORYNE (Biomerieux1) kit 

was utilized for the identification of Corynebacteria and coryne-like organisms. To investigate 

the presence of Salmonella, peptone water and Rappaport Vassiliadis semi solid culture media 

were used. The agarose SMID2 and X L D culture media were utilized, whenever there was a 

suspicion of Salmonella. Other culture media used for bacterial identification in the samples 

included the MacConkey agar and the Blood agar culture media.

5. Virological examination

For nucleic acid extraction, fresh samples of liver and spleen were homogenised at 20% with 

phosphate buffered saline (PBS) and clarified at 3000g for 5 min. Total DNA and RNA were 

extracted from 200μl of the clarified supernatants, using the MagAttract 96 cador Pathogen Kit 

in a BioSprint 96 nucleic acid extractor (Qiagen, Hilden, Germany), according to the manufac-

turer’s protocol.

All the animals were tested for rabbit haemorrhagic disease virus 2 (RHDV2) and MYXV 

by real time PCR systems described by Duarte et al (2015) [12] and Duarte et al (2014) [22],

respectively. The presence of LEHV-4 was investigated by using the PCR described by Jin et al 

(2008) [9]. A  generalist nested PCR directed to the herpesviral DNA polymerase that allows the 

detection of herpesviruses of different subfamilies by Van Devanter et al. (1996) [16] was also 

used.

The glycoprotein B gene was partially amplified using the GH1 system described previously 

[17].

Amplifications were carried out in a Bio-Rad CFX96™ Thermal Cycler (Bio-Rad Laborato-
ries Srl, Redmond, USA), using the One Step RT-PCR kit (Qiagen, Hilden, Germany) for 

RHDV2, and the HighFidelity PCR Master Mix (Roche Diagnostics GmbH, Mannheim, Ger-

many), for MYXV and herpesvirus detection, respectively.

Information regarding these methods is summarized in Table 2.

6. Sequencing analysis

The PCR products were visualised in 2% horizontal electrophoresis agarose gel, purified using

the NZYGelpure kit (NZYTECH), and directly sequenced using the ABI Prism BigDye Termi-

nator v3.1 Cycle sequencing kit on a 3130 Genetic Analyser (Applied Biosystems, Foster City,
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Primer Sequence(5’-3’) Target gene Amplicon size  
(bp)

Amplification conditions Reference

RHDV2-F TGGAACTTGGCTTGAGTGTTGA Vp60 127 50˚C -45min 95˚C-15min 50x (95˚ 
C-15s 60˚C-30s 72˚C-30s)

[36]

RHDV2-R ACAAGCGTGCTTGTGGACGG

RHDV2-Probe [FAM]-TGTCAGAACTTGTTGACATCCGCCC-[TAMRA]

M000.5R/L-F CGACGTAGATTTATCGTATACC M000.5 125 95˚C- 10min 45X (95˚C-30s 50ºC-
30s 60˚C-30s)

[37]

M000.5R/L-R GTCTGTCTATGTATTCTATCTCC4

MYXV-probe [FAM]-TCTATGTCTGCCCGAGGATAGA-[TAMRA]

LeHV-4 F1F

LeHV-4 F2F 

LeHV-4 F3F

ATGACGCCCACCAACGTCTC GCACAGTGTGTGTTAGACG  

TGTGGCCAAGAACAACGATA

1617 1162 945 95ºC-10min 35x (95º-15s 54ºC-20s 
72ºC-3min) 72ºC-10min

[34]

LeHV-4 F1R CATAGACCGTAGGCGGTTC

LeHV-4 F2R ACGTGAACAGGAACCGGTAG

LeHV-4 F3R CTAGAGGTCGTTCACCACCG

DFA (F 1st

round)

GAYT TYGCNAGYYTNTAYCC DNA
polymerase

215 to 315 94ºC- 10min 35x (94ºC-60s 46ºC-
60s 72ºC-3min)

[16]

I L T (F1st round) TCCTGGACAAGCAGCARNYS GCNMTNAA

T G V (F1st

round)

TGTAACTCGGTGTAYGGNTTYACNGGNGT

KG1 (R
2ndround)

GTCTTGCTCACC AGNTCNACNCCYTT

IYG (R 2nd

round)

CACAGAGTCCGTRTCNCCRTADAT

2759s CCTCCCAGGTTCARTWYGCMT AYGA gB 700 bp 94ºC- 10min 35x (94ºC-60s 46ºC-
60s 72ºC-3min)

[17]

2762as CCGTTGAGGTTCTGAGTGTAR TARTTRTAYTC

2760s AAGATCAACCCCAC(N/I)AG (N/I)GT(N/I)ATG 500bp

2761as GTGTAGTAGTTGTACTCCCTR AACAT(N/I)GTYTC

https://doi.org/10.1371/journal.pone.0231795.t002

CA, U.S.A). Nucleotide sequences were analysed and assembled into consensus sequences

using the BioEdit version 7.2.5 software, and submitted to GenBank. Nucleotide sequences

were translated using Mega X 10.1 software.

2.7. Phylogenetic analysis

Partial nucleotide (171bp) sequences of the viral DNA polymerase gene were aligned using the 

Clustal W with gap opening penalty and a gap extend penalty of 30 and 15, respectively. A phy-

logenetic analysis was conducted in MEGA X [18], using the model selected by Model function 

(MEGA X).

The evolutionary history of 28 partial DNA polymerase protein sequences of gammaher-

pesviruses was inferred by Maximum Likelihood. The Hasegawa-Kishino-Yano (HKY) model

[19], which showed the lowest Bayesian Information Criterion (BIC) and Akaike Information 

Criterion corrected (AICc) values was used. A  discrete Gamma distribution (G) was used to 

model evolutionary rate differences among sites. The rate variation model allowed for some 

sites to be evolutionarily invariable (I).

For more accurate phylogenetic analysis of the hare herpesvirus described is this manu-

script, the partial nucleotide (171bp) sequences of the viral DNA polymerase gene catalytic 

subunit was concatenated with the partial (453bp) nucleotide sequences of the viral Glycopro-

tein B gene belonging to the same strain. The sequences were translated and aligned using the 

Clustal W with gap opening penalty and a gap extend penalty of 30 and 15, respectively. The

Table 2. Molecular methods used for the detection of RHDV2 (Duarte et al, 2015), MYXV (Duarte et al, 2014), LeHV 4 [9] and a wide variety of herpesviral 
genomes from human and animal herpesviruses (Van Devanter, 1996).
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final alignment was edited to include all the sequences, corresponding to 570 nucleotides and

190 amino acids of length.

The Le Gascuel model (2008) [20], Gamma distributed with invariant sites (LG+G+I) was

selected for the protein-based trees, according to BIC (14177.4) and AIC C (13542.9) criteria.

The analysis involved 45 amino acid sequences.

2.8. Herpesvirus isolation

Isolation of herpesvirus was attempted from organs of hares coinfected with MYXV and 

LeHV-5, namely from liver and spleen, penile and vulva samples. In addition, liver and spleen 

samples from two hares with single herpesvirus infection, were also used.

Samples were homogenized at 20% in phosphate-buffered saline containing penicillin,
streptomycin and amphotericin B (antibiotic-antimycotic), used according to the manufac-

turer (Gibco, Life Technologies Corporation). Following centrifugation, the supernatant was 

filtered through a 0.45-μm-pore-size filter (Millipore Express) and used to inoculate sub 70% 

confluent Candrel R Feline Kidney (CRFK) epithelial cells (ATCC-CCL-94), Vero cells 

(ATCC No. CRL-1986), Rabbit Kidney (RK13) cells (ATCC-CCL-37) and Hella cells 

(ATCCNo. CRM-CCL-2)- RK13 cells grown in Eagle medium and the others in Dulbecco’s 

modified Eagle’s Media was supplemented with 10% foetal calf serum (Gibco), penicillin, 

streptomycin and amphotericin B (antibiotic-antimycotic used at 1:100), 50μg/ml gentamicin 

(Gibco). Cells were maintained at 37˚C under humidified atmosphere with 5% CO2 and 

observed daily for cytopathic effect (CPE) by phase contrast microscopy. Three passages were 

carried out. The supernatant and cell pellet of each passage were tested for the presence of her-

pesvirus by PCR [17].

3. Results

1.Necropsy showed lesions compatible with herpesvirus infection in 
Iberian hares with myxomatosis

Overall, MYXV-positive hares revealed good body condition and, alongside typical myxoma-

tosis lesions, necrosis of the genitalia was noticed in more than 70% of the hares studied. This 

lesion was more evident in males, affecting the penile glans, but was also observed in females 

inthe vulva. Other lesions observed in these hares included the presence of herpetic-like skin 

vesicles, uncommon in rabbits with myxomatosis.

Further investigation of the macroscopic lesions and histopathological patterns was carried 

out in hares co-infected with LeHV-5 and MYXV. At this time, we disclose the macroscopic 

and histopathological findings from two male hares found dead in November 2018 (#38455/ 

18, hereafter designated hare-1) and August 2019 (#25456/19, hereafter designated hare-2).

Hare-1 presented with eyelids thickened by the accumulation of mucopurulent exudate and 

marked enlargement of the penis measuring 1.3x1cm in diameter (normal diameter is less

than 0.5cm) and irregular surface (Fig 2 and 2A) lined with light-yellow dry exudate.
At the necropsy, hare-2 showed ulcerated multinodular thickening of the eyelids and lips. 

Accumulation of mucopurulent exudate in both eyes was also registered and a small vesicle 

was present in the lower lip (Fig 3).

2. Histopathology

The dermis of hare-1 showed fusiform or stellate mesenchymal cell proliferation, surrounded

by abundant extracellular matrix, scattered infiltration by lymphocytes and macrophages, and

small aggregates of heterophiles, consistent with myxomatosis.
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The penile epithelium of this hare was mostly necrotic and replaced by a thick band of 

necrotic cells, heterophils and red blood cells (Fig 2).

Severe heterophile infiltrations of the stroma, in either a diffuse pattern or multifocal aggre-

gates, were also seen. In the stroma, there was also proliferation of pleomorphic spindle cells, 

with some nuclei almost filled with slightly eosinophilic inclusion bodies (Cowdry type A

inclusions) (Fig 4), suggesting a nuclear replicating virus. These lesions, unexpected in myxo-

matosis, are compatible with herpesvirus.

In the skin of hare-2, a ballooning degeneration of keratinocytes was registered. Coalescent
intra-epidermal and subepidermal vesicopustules (Fig 5) filled with fibrin and necrotic cells 

debris and multifocal detachment of the eyelids, lips and foreskin epidermis were seen. In the 

underlying dermis, multifocal haemorrhages, intense infiltration by heterophils and necrotic 

cells with accumulation of chromatin debris were present (Fig 5).

Below the dermis, accumulation of myxoid tissue with pleomorphic spindle cells, some of 

which showing rounded or oval and slightly eosinophilic intranuclear inclusion bodies, was

observed (Fig 6). An infiltrate of mononucleated inflammatory cells and heterophils was pres-

ent in skeletal muscle tissue.

3.3. Electron microscopy

Samples from hare-1 and hare-2 were further processed and analysed for TEM allowing the 

confirmation of the presence of herpesvirus in different tissues.

Fig 2. Penis of hare-1. 2- H&E staining showing several necrotic areas in the epithelium (E) and multifocal heterophils 
aggregates in the stromal tissue (H). Corpus cavernosum (CC); penile uretra (U). 4x. 2A - Cross section of penis after 
fixation- exuberant thickening of the penis.

https://doi.org/10.1371/journal.pone.0231795.g002
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Fig 3. Hare-2 –Oedema of lips and nose with ulcerated nodules in the upper lip. A vesicle can be seen in the lower lip (arrow).

https://doi.org/10.1371/journal.pone.0231795.g003

In the penile soft tissue of hare-1, spherical virions, with structure and dimensions compati-

ble with herpesviruses, comprising an inner core packed into an icosahedral capsid, were 

observed in the nucleus of stromal cells (Fig 7), indicating nuclear replication (Fig 7B), which 

is an attribute of herpesviruses. The viral capsid contained a relatively small, asymmetrical, 

electron-dense region that probably represents the condensed DNA core. In this animal, also 

positive to myxomatosis, no MYXV particles were found in the samples processed.

3.4. Virological, bacteriological and parasitological results

None of the 38 hares investigated in this study tested positive to RHDV, RHDV2 or LEHV-4.

Fifty percent of the hares were positive to LeHV-5, of which 68.4% (13/19) were also positive

to MYXV.

Herpesvirus-DNA was also detected by PCR in the liver, spleen and lung samples of 41.2%
(7/17) of the apparently healthy hunted hares that tested negative for MYXV. From this group

of hares, no genitalia/skin samples were available for histopathology.
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Fig 4. Penis of hare-1. Intranuclear inclusion bodies in mesenchymal cells (arrows) and moderate to severe infiltration by heterophils, H&E, 400x.

https://doi.org/10.1371/journal.pone.0231795.g004

Six hares showed doubtful results from which four were MYXV-negative. Parasitological

and bacteriological examinations did not reveal any infections that could justify the death of

these animals.

3.5. Molecular characterisation of Iberian hare herpesvirus

For 50% of the animals (19/38), an amplicon ~225 bp-long, compatible with herpesvirus, was 

obtained in the pan-herpesvirus PCR [17]. For six hare samples only a weak band was gener-

ated, therefore were not considered for further analysis. The presence of herpesvirus was con-

firmed by sequencing analysis in 16 hares. For 11 of these amplicons, the nucleotide sequences 

obtained were independently edited to remove the primer targeting sequences and assembled. 

The consensus sequences (171 bp) showed 100% similarity to each other. Five of the obtained 

sequences were submitted to the GenBank (MN557129-33).
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Fig 5. Lip of hare-2. Intraepidermal and subepidermal vesicopustules (V) that appear as “empty spaces” between the dermis and the epidermis, causing the detachment 
of the epidermis; mixomatous tissue (M) in the dermis characterized by abundant extracellular matrix pulling apart the fibroblasts; microhemorrhages (H) in the 
uppermost layer of the dermis;. H&E, 40x.

https://doi.org/10.1371/journal.pone.0231795.g005

NCBI blast analysis (28.02.2020) of the DNA polymerase nucleotide sequences confirmed 

homology with herpesvirus DNA polymerase coding sequence from other mammals. Though 

with a low query cover of 48%, 78.31% of similarity was observed with a Phocid herpesvirus 2 

(NC_043062.1) and 77.11% with Megabat gammaherpesvirus (LC268920.1) and a Harp seal 

herpesvirus (KP136799.1).

Blast analysis of the hares’ DNA polymerase deduced aa sequences (28.02.2020), showed 

52.63% identity over a query cover of 100% with bat herpesviruses (ALH21079.1, ALH21081.1

and ALH21071.1). Similarity was also found with Equid gammaherpesvirus 5 (AAD30141.1) 

showing 72.50% of identity and 62% of query cover, and with Asinine herpesvirus 4.1 

(AAL14768.1), displaying 62% of identity over a query cover of 82%.
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Fig 6. Lip of hare-2. Oedema and inflammatory cell infiltration with signs of necrosis. An intranuclear inclusion body in a mesenchymal cell can be seen (arrow). H&E, 
400x.

https://doi.org/10.1371/journal.pone.0231795.g006

An amplicon ~500bp long, was obtained from three DN A polymerase positive hare sam-

ples, with the genus-specific glycoprotein B (gB) gene primers described by [17].The three gB 

consensus sequences (453 bp long) showed 100% similarity to each other. These sequences 

were submitted to the GenBank (MN557129-31).

Blast analysis (23.03.2020) of the MN557129 sequence confirmed homology with Glycopro-

tein B sequence of known herpesvirus, namely with wood mouse (Apodemus sylvaticus) her-

pesvirus (GQ169129.1, EF495130.1 and EF128051.2, showing 67.69% to 70.72% similarity 

with a query cover of 88% to 92%), bank vole (Myodes glareolus) rhadinovirus (AY854169.2, 

69.56% similarity and 92% query cover), field vole (Microtus agrestis) rhadinovirus (EF128052. 

1,, 67.69% similarity and 92% query cover), and chimpanzee (Pan troglodytes) rhadinovirus 1 

and 2 (GQ995451.1 and EU085378.1, 65–67% similarity with 97–98% query cover).
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Fig 7. Electron micrographs of penile soft tissue of hare-1. a- Overview of a virus-infected cell (N, nucleus; n, 
nucleolus; nm, nuclear membrane; Cy, cytoplasm; arrowhead, viral particles); b- Naked capsids seen in areas of 
euchromatin in the nucleolus. c- DNA-loaded capsids close to the nuclear membrane in the process of budding into 
the perinuclear space; d Tegument assembly in the cytoplasm of the host cell. Photos obtained in a transmission 
electron microscope Hitachi H-7000 using iTEM software and Megaview III mid-mounted camera.

https://doi.org/10.1371/journal.pone.0231795.g007

3.6. Phylogenetic analysis

It has been shown that, despite reduced, the region amplified by the nested PCR has discrimi-

natory power to allow phylogenetic inferences [16]. To investigate the phylogenetic relation-

ship of the Iberian hare herpesviruses found in this study (represented by sequence 

MN557129), with other members of the Herpesviridae family, a set of 37 DNA polymerase 

protein sequences from alpha-, beta- and gammaherpesviruses, obtained from GenBank, were 

edited to span a 54 to 59 aa-residue region comprising the homologous regions encoded by 

sequence MN557129.

Despite many polytomies and low bootstrap values, the analysis of the DNA polymerase
protein sequences by unrooted Maximum Likelihood method and LG+G+I model [20] cor-

roborated that the herpesvirus sequence from Lepus granatensis grouped within the gamma-

herpesvirus cluster (Fig 8).

To refine the phylogenetic inference within gammahespesviruses, the variability within the 

gB protein was explored in a set of 45 gammaherpesviruses using the clades described by [17] 

as reference. Two trees were constructed, the first based on the partial gB protein sequences 

alone, and the second based on concatenated DNA polymerase and gB sequences. Concatena-

tion enabled greater phylogenetic resolution. The tree with the highest log likelihood

(-3335,05) is shown in Fig 9. The accession numbers of the original sequences from which the 

DNA Polymerase and Glycoprotein B genes were edited, are indicated in the respective legend

(Fig 9).
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Fig 8. Phylogenetic analysis based on 37 partial DNA Polymerase amino acid sequences of herpesviruses from several vertebrate species. The access number of the 
nucleotide sequences from which the amino acid sequences were deduced are given. The tree with the highest log likelihood (-2432.55) is shown. The LG+G+I model 
considering 5 categories, [+G] parameter of 0,9929 and [+I] of 11,47% sites was used. The tree is drawn to scale, with branch lengths measured in the number of 
substitutions per site. There were a total of 60 positions in the final dataset. Robustness of the tree nodes was assessed by bootstrapping 1000 times. Only bootstrap values
70are shown. The evolutionary analyses were conducted in MEGA X [18] and the phylogenetic tree was edited in the Figtree software version 1.4.0.

https://doi.org/10.1371/journal.pone.0231795.g008

This phylogenetic analysis confirmed that the leporid herpesvirus under study is more 

closely related with gammaherpesviruses from Murine rhadinovirus (MHV-68 and MuHV-4), 

Apodemus flavicollis rhadinovirus (AflaRHV-1), Apodemus sylvaticus rhadinovirus 1 

(AsylRHV1), Apodemus sylvaticus herpesvirus (WMHV), Bandicota indica rhadinovirus 4 

(BindRHV-4), Microtus agrestis rhadinovirus 1 (MagrRHV1) and Myodes glareolus rhadino-

virus 1 (MglaRHV1), but clearly diverge from this group, forming a separate clade supported 

by a bootstrap value of 100 (Fig 9). In this tree, no polytomies were observed.

Despite more information on the genome of this herpesvirus is required, this preliminary 

analysis suggest that it may represent a specific replicating lineage within the rhadinovirus 

genus. In accordance, we propose to name this virus Leporid gammaherpesvirus 5 (LeHV-5), 

following the rabbit alphaherpesvirus 4 (LeHV-4), the only leporid herpesvirus recognised so 

far as a species by the ICTV.

3.7. Isolation of the viruses in cell cultures

The difficulties found in viral isolation in CRFK, Vero, RK13 and Hella cells may be explained 

by the fact that LeHV-5 is a gammaherpesvirus.

PLOS ONE First Herpesvirus in Iberian hare

PLOS ONE | https://doi.org/10.1371/journal.pone.0231795 April 17, 2020 14 / 20

https://doi.org/10.1371/journal.pone.0231795.g008
https://doi.org/10.1371/journal.pone.0231795


PLOS ONE First Herpesvirus in Iberian hare

PLOS ONE | https://doi.org/10.1371/journal.pone.0231795 April 17, 2020 15 / 20

https://doi.org/10.1371/journal.pone.0231795


Fig 9. Phylogenetic tree based on 45 concatenated DNA polymerase and glycoprotein B protein sequences (190 aa long) of several 
gammaherpesviruses inferred by using the Maximum Likelihood method. The tree with the highest log likelihood (-6400.38) is shown. 
The L+G+I model [19] considering 5 categories, [+G] parameter of 0.85 and [+I] of 11.23% sites was used. There were a total of 188 
positions in the final dataset. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Robustness of 
the tree nodes was assessed by bootstrapping 1000 times. The evolutionary analyses were conducted in MEGA X [18] and the phylogenetic 
tree was edited in the Figtree software version 1.4.0. Accession numbers: MuHV-68 (U08990.1), MuHV-4 (AF324455.1), MuHV-4.WUMS 
(NC_001826.2), MuHV (DQ424896.1), AflaRHV-1 (DQ821580.2), AsylRHV1 (EF128051.2), WHMV (GQ169129.1), BindRHV-4 
(DQ821581.1), MagrRHV1 (EF128052.1), MglaRHV1 (AY854169.2), PtroRHV-2 (EU085378.1), RRV (AF029302.1), MfasRHV-1 
(AY138583), HHV-8 (U75698), PtroRHV-1 (AY138585.2), GgorRHV-1 (AY177144), H V A  (AF083424), HVS (X64346), BoHV-4 
(AF318573), DbicGHV-1 (AY197560), BbabRHV-1 (AY177146), SbarRHV-1 (AY177147), TterGHV-1 (AF141887), SsciGHV-2 
(AY138584), SaraGHV-1 (EU085380), EHV-2 (NC 001650), EzebGHV-1 (AY495965), CcroGHV-1 (DQ789371), McerRHV-1 (DQ821582), 
MmusRHV-1 (AY854167), BsavRHV-1 (DQ821581), BatGHV-5 (DQ788629), BatGHV-1 (DQ788623), CalHV-3 (AF319782), EBV 
(AY037858), EmaxGHV-1 (EU085379), PLHV-2 (AY170317), PLHV-1 (AF478169), PLHV-3 (AY170316), HlibGHV-1m (AY197559), 
AlHV-1 (AF005370), RrupGHV-1 (DQ789369), CpRHV-2 (AF283477), OvHV-2 (NC_007646).

https://doi.org/10.1371/journal.pone.0231795.g009

Despite LeHV-5 seems unable to multiply in human (Hela) and primate (Vero) cells, given 

the zoonotic potential of some animal herpesviruses, as the case of the cercopithecine alpha-

herpesvirus 1 [21] and the murine gamma herpesvirus 68 [22], all isolation attempts were car-

ried out in BSL-2 conditions.

4. Discussion and conclusion

This study describes the detection of the first herpesvirus (Leporid gammaherpesvirus 5) in 

the genus Lepus that, according to the phylogenetic analysis based on DNA polymerase and gB 

concatenated sequences, is more similar to rodent gammaherpesviruses of the rhadinovirus 

genus.

Viral isolation was not successful in RK13, CRFK or Vero cells. The difficulty in growing
the virus in vitro, an important step towards its characterisation, may be a consequence of the 

co-infection with MYXV. The greater ease in the multiplication of MYXV, which grows in 

many cell cultures [23,24], may have hampered herpesvirus isolation. Moreover, wild animal 

samples are frequently somewhat autolysed and usually frozen before reaching the laboratory, 

which may lead to herpesvirus inactivation. The complexity in isolating genital gammaherpes-

virus in cell culture was also referred by [25]. The lack of cell cultures from Lepus species may 

pose further challenges.

During our investigation, we observed necrosis of the genitals and herpetic-like vesicles in 

the lips of hares co-infected with LeHV-5 and MYXV, which were attributed to herpesvirus. 

The presence of LeHV-5 in the penile of hare-1 was confirmed by PCR and TEM, as shown in 

Fig 7. Herpesvirus particles were also visualised in epithelial and stroma cells of the eyelid of 

hare-2.

Notwithstanding the sampling limitation, the fact that macroscopic lesions were only seen
in animals with myxomatosis, suggests that MYXV may play a role on herpesvirus replication 

and/or reactivation by compromising the immune response of the host, leading to the subse-

quent development of clinical disease with exuberant lesions. Immunosuppression facilitates 

herpesvirus infections and virus reactivation and it was demonstrated that certain MYXV pro-

teins, such as Serp-1, have strong immune suppressing effects [24]. MYXV infection may 

hence represent a stress and/or immunosuppressive triggering factor for herpesvirus infection. 

It is known that stress, disease and other factors such as extreme temperatures can lead to the 

resurgence of herpesviruses in other species [26]. It was observed that depressed T-cell 

immune function reduces the quality of immune surveillance resulting in the increase of viral 

activity [27].

Herpesviruses generally follow one of three distinct strategies [27] within the host, namely

i) latency with occasional re-emergence, ii) hit-and-run’ approach and iii) slow-and-low’ tactic

PLOS ONE First Herpesvirus in Iberian hare

PLOS ONE | https://doi.org/10.1371/journal.pone.0231795 April 17, 2020 16 / 20

https://doi.org/10.1371/journal.pone.0231795.g009
https://doi.org/10.1371/journal.pone.0231795


[27].In the case of LeHV-5, because it affects wildlife, specimens are mainly animals found 

dead or moribund, limiting the conclusions on the strategy of the virus.

In addition, herpesviruses are frequently found either in the absence of clinical signs or in 

association with very diverse clinical signs [28].This fact muddles the understanding of the 

true role and relative contribution of many herpesviruses in the courses of certain diseases,

especially with regards to wild species that are often exposed to, and infected by, many patho-

gens. On the other hand, animal experimentation is complicated by the absence of available 

specific pathogen free (SPF) specimens, and by the difficulties in keeping hares in captivity, 

limiting cause-effect experiments. Moreover, during latency, herpesviruses may not be 

detected by current methods as it is the case of gammaherpesvirus in horses, resulting in an 

underestimated prevalence in the populations [28,,29]. Reports indicate that equine herpesvi-

rus 2 (EHV-2) can be detected in immunocompetent animals in the absence of signs of disease 

(revised on [28]) meaning that healthy animals can be a potentially source of viral 

transmission.

According to our study, based on viral DNA amplification, around half of animals tested 

(63% symptomatic and 37% asymptomatic) were positive for LeHV-5. However, this value 

may be an underestimation given that the tropism of LeHV-5 is still unknown, and conse-

quently the tissue samples used for diagnosis may have been inadequate. Thus, we cannot 

assure that PCR negative animals were not false negatives.

The fact that herpetic lesions were not observed in young, could mean that if the acquisition 

of LeHV-5 occurs at an early age, primary infection takes place with mild or no symptoms. In

the absence of an unbalancing triggering factor such as MYXV infection, LeHV-5 may success-

fully establish a long-term relationship with the hare host, with subclinical disease and tran-

sient viremia. This would explain the detection of herpesvirus DNA in apparently healthy 

hares.

Interestingly, the gammaherpesvirus identified in external genitalia of the investigated 

hares was not associated with the development of papillary lesions as in other genital gamma-

herpesviruses’ infections [25]. However, given that hunters, hunting managers and landowners

have the opinion that the reproduction of the Iberian hare has been declining in recent years, 

it is important to clarify if this reduction is also associated with the emergence or circulation of 

LeHV-5. Other important concern is the potential production of oncogenic proteins by this 

herpesvirus.

According to our findings, genital herpesvirus may have a critical effect on hares’ fertility 

and reproduction as well as in their survival. Hence, it is crucial to evaluate and understand

the extent to which MYXV plays a role in the infection/reactivation of herpesvirus, as well as 

the putative role of herpesvirus in favouring infection of hares by MYXV or aggravating the 

severity of myxomatosis clinical forms.

The virological results obtained in this study also disclosed the infection of apparently 

healthy hares by LeHV-5, suggesting the possible circulation of this virus in the wild popula-

tions in a subclinical form. Because herpesvirus-DNA was detected in internal organs (liver 

and spleen), this asymptomatic infection may be systemic.

Although the Iberian hare populations are still considered stable, no census is available for 

the populations in Portugal. Presently, we continue monitoring apparently healthy and

MYXV-positive hares in mainland Portugal to determine the extent of the geographic distribu-
tion of LeHV-5 among the wild hare populations, and the putative association of herpesviruses 

with the virulence of the recently emerged hare myxoma virus.

It is of paramount importance to evaluate the geographical distribution of the virus in the
hare populations, the real extent and severity of the lesions induced in hares by LeHV-5, the 

persistence and latency of herpesvirus in the wild populations and the LEHV-5-MYXV
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associated pathology in order to predict the consequences of the LEHV-5 infection at popula-

tion level and to evaluate its importance in the future of this iconic species.
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