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Mission

Science at the service of safe food production and animal health
In the framework of sustainable and socially acceptable agriculture, the CODA-CERVA, through scientific research, expert 
advice, and the provision of services, contributes to a pro-active policy as regards safe food production, animal health, and 
public health on the federal and international levels.

CODA-CERVA’s core activities consist of policy supporting scientific research, expert advice,  
and the efficient provision of services in:

O   Epidemic, endemic and emerging transmittable diseases in animals
O   Zoonotic and emerging infectious diseases threatening public health
O   Contaminants and the quality of the environment in the framework of safe food production
O   Epidemiology: surveillance, risk analysis, and molecular epidemiology



5

CODA-CERVA  Scientific RepoRt 2013/2014  O  Table of conTenTs

Mission Table of conTenTs

O   Preface by the Chairman of the Board   ............................................................................................  7

O   Presentation of CODA-CERVA    ..............................................................................................................  8

O   Organization Chart   ....................................................................................................................................  10

O   Highlights 2013-2014 ( 4 DO’s)  .....................................................................................................  11

O   Backbone CODA-CERVA   .......................................................................................................................  15

O   aniMal HealTH   .................................................................................................................................................  23

O   epideMiology   .................................................................................................................................................  129

O   safeTy of THe food cHain   ...................................................................................................................  169

O   Publications 2013-2014   ....................................................................................................................  206

O   References   ......................................................................................................................................................  213



6



7

CODA-CERVA  Scientific RepoRt 2013/2014  O  Preface

preface 
By the chairman of the board

The activities of CODA-CERVA during the years 2013-2014 
reflect the dynamism of our scientists as regards both the 
direction of the projects in progress and the search for new 
projects and funding. 

This biennial did not witness a new emergency or crisis, but 
enabled us to complete a series of important works and to 
strengthen our positioning in certain areas. I am thinking of 
our European cooperation on the Schmallenberg virus and of 
our work on resistance to antibiotics for the FASFC and the 
EFSA. I am also thinking of the first European pilot project on 
bees, for which CODA-CERVA played an important coordina- 
ting role and delivered an excellent report to the EFSA. 

The expertise of the electron microscopy department in 
characterising and defining nanomaterials was developed 
further and was recognised at European level. The EM 
department is one of the few laboratories where such me- 
thods have been formally validated by the determination of 
uncertainty measures and by application on a great variety 
of nanomaterials. The CODA-CERVA EM department has 
been recognised at European level as a “supplier” for the 
IRRM (JRC, Geel, Belgium) as regards particle size analysis 
with transmission electron microscopy (TEM), homogeneity, 
stability and characterisation studies. 

In 2013, CODA-CERVA obtained ISO 15189 accreditation for 
human medicine analysis for brucellosis. More specifically, 
after analysing the processes for the brucellosis diagnosis 
at the centre, a BELAC audit led to BELAC 172-MED certi-
fication in 2013. CODA-CERVA thus obtained recognition as 
National Reference Centre (NRC) for Brucella sp.

CODA-CERVA also made an important, quality contribution 
to the development of the Belgian BVDV control programme 
in 2013. This eradication plan, which entered into force in 
January 2015, is based on the detection and elimination of 
BVD carriers and the conferral of a “non IPI” status to all 
bovines that seem not to be carriers, with a view to arriving 
at completely BVD-free livestock.

In October 2013, CODA-CERVA had the honour of orga- 
nising the 7th Epizone Symposium. The topic of this edition 
was: “Nothing Permanent, Except Change.” The result lived up 
to the efforts made: more than 220 scientists from Europe 

and elsewhere (China, Russia, Canada, Turkey, Argentina, 
Australia, South Africa, etc.) attended more than 65 presen-
tations and were able to admire more than 100 posters. The 9 
very high level keynote speakers delivered passionate talks. 
The Symposium also comprises a Young Epizone session, for 
which two CODA-CERVA organising staff managed to bring 
together more than 40 young participants. 

We conducted, yet again, important research activity during 
these two years with a considerable number of projects in 
which we are involved. In 2013-2014, CODA-CERVA was 
involved in some fifty research projects, and about thirty 
new proposals for external funding were submitted. 

In line with our mission as an FAO reference laboratory 
and our centre for cooperation with the OIE, at the end of 
2013 CODA-CERVA organised a first initiative to improve 
our international positioning, followed by others in 2014 in 
Africa and East European countries. 

What are the main challenges for the future? 

The first issue in the area of veterinary and agrochemical 
research remains, doubtless, the detection and identification 
of emerging diseases: we must detect them as soon as pos-
sible on the ground, by syndromic surveillance, in order to 
bring the information back as quickly as possible, identifying 
the agent in question using the most effective methods, and 
reacting rapidly. 

The second issue concerns antibiotic resistance in farmed 
animals, and its impact on human health. Here we confront 
a real problem of public health: remember the resistant E-coli 
in poultry… The European Union devotes multiple resources 
to monitor and act by reducing the use of antibiotics and 
developing alternative treatments. 

Another issue that increasingly takes shape: the bee diseases. 
An European investigation carried out in 2012-2013, pointed 
to an important mortality of bees, with a particularly serious 
situation in Belgium. As from 2015, the CODA-CERVA will 
integrate the diagnosis of these pathologies in its work pro-
gramme. This is necessary since the good health of bees has 
a major impact in terms of food and public health.
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presenTaTion 
of CODA-CERVA

CODA-CERVA (Veterinary and Agrochemical Research 
Centre) is a Belgian federal scientific institute. It resulted 
from the merger of two federal scientific institutes ori-
ginally created in 1930. General services and veterinary 
departments are located in Uccle, whereas the agrochemical 
departments are situated in Tervuren and the experimental 
animal facilities in Machelen, all three near Brussels. 

CODA-CERVA is administratively linked to the federal public 
service (FPS) Health, Food Chain Safety and Environment, 
and since 2008 under supervision of the Minister of Small 
and Medium Enterprises, Traders, Agriculture and Scientific 
Policy. 

To make its research activities happen, CODA-CERVA relies 
on more than 200 scientists, technicians and administrative 
personnel, spread over four Operational Directions, compri- 
sing several services each. The federal government covers 
about 50% of CODA-CERVA’s expenses, whereas the remai-
ning 50% are covered by diagnostic and consultancy activi-
ties, by a grant from the Federal Agency for the Safety of the 
Food Chain (FASFC) (logistic and diagnostic support) and by 
research grants from European and Belgian research funds. 
More administrative details can be found in the two-yearly 
administrative report.   

The Belgian federal government and the European Union 
recognize CODA-CERVA as the Belgian National Refe- 
rence Laboratory (NRL) for the identification of the epizootic 
and enzootic pathogens listed by the World Animal Health 
Organization (OIE) (foot-and-mouth disease, African and 
classical swine fever, vesicular disease, Newcastle disease, 
etc.), for transmittable diseases leading to sanitary measures 
by FASFC and for zoonotic organisms that are a danger to 
humans (Salmonella, anthrax, tularaemia, brucellosis, tuber-
culosis, EHEC, etc.). In addition, CODA-CERVA is NRL for 
some key contaminants of the food chain such as heavy 
metals and mycotoxins in feed and food. In this respect, 
CODA-CERVA’s scientific staff is in charge of the supervision 
of scientific research programmes and has exclusive autho- 
rity with respect to reference tasks, including the detection, 
identification and characterisation of the above mentioned 
list of pathogens and contaminants. As NRL, CODA-CERVA 
participates in internationally organised proficiency tests 
between laboratories from Belgium and abroad.  

CODA-CERVA is primarily dedicated to scientific research 
and services in the field of food safety, public health and 
animal health. Its activities are accredited according to the 
European quality norm ISO 17025, ISO 17043 and ISO 15189. 
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The mission of CODA-CERVA includes the following tasks: 

1. Improvement of diagnostic and prophylactic methods aiming at a more efficient control of animal diseases, especially 
focusing on infections with a direct or indirect impact on public health.

2. Reference laboratory for the Belgian and international authorities:  
a. Carry out scientific research to develop and improve new diagnostic techniques and analytical methods in the 

field of veterinary medicine and agro-chemistry.  
b. Develop relevant scientific methods as standards in this field.  
c. After cultivation and isolation, the identification and characterization of the etiologic agent, the official confirma-

tion of notifiable diseases, especially those belonging to the OIE lists.
d. As a Belgian NRL, coordinate and harmonise the diagnostic techniques used in certified diagnostic laboratories, in 

cooperation with the FASFC. 

3. Study new and emerging transmittable animal infectious diseases and their epidemiology mainly those having a 
strong impact on human and animal health and research on the potential role of wild fauna in the spread of these 
diseases.

4. Perform scientific research in order to develop and apply improved scientific techniques and methods for tracing 
residues and elements that could discredit the safety of animal or plant products.
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organizaTion cHarT HigHligHTs 2013-2014 
Operational Direction Interactions & Surveillance

The structure with four services namely, Orientation and 
Veterinary Support (OVS), Electron Microscopy (EM), Coor-
dination of Veterinary Diagnostics - Epidemiology and Risk 
Assessment (CVD-ERA) and Data Management and Analysis 
(DMA) is now well established. Each of these units has its own 
specificity but contributes to the common goal of supporting 
the service tasks and research of the other OD’s and of the 
major stakeholders. During the last two years it proved to be 
a solid and efficient structure providing the other Operational 
Directions of CODA-CERVA with scientific support and pro-
actively adapting their own activities and horizontal coordi-
nation to the requests of the stakeholders.  

OVS still harbours the NRLs for TSE diagnosis and PRNP 
genotyping. The former has implemented the molecular 
evaluation of the PRNP gene in goats by sequencing and 
supported the authorities in the development of a deconta- 
mination procedure for TSE laboratories. The contract with 
the FAMHP and the intensive collaboration with EDQM 
illustrate the recognition of this service for the evaluation 
and quality control of veterinary vaccines. 

The EM service characterises nanomaterials with trans-
mission electron microscopy and ‘particle tracking’. Nano-
materials are now characterised following EFSA and OECD 
guidelines. Since 2013-2014 the EM service of CODA-CERVA 
is one of the few European laboratories with formally vali-
dated methods in this field of expertise.  In addition the EM 
service is recognised as a “validated supplier” by the Insti-
tute of Reference Materials and Methods (IRMM). These 
and complementary methods allowed us, in the framework 
of the NanoRisk project, to demonstrate a fraction of silver 
nanoparticles in the silver stained E174 food supplement 
used for the decoration of pastry. An appropriate level of 
expertise and technology for the EM diagnosis of infectious 
diseases in Belgium focusing on the analysis of new or (re)
emerging viral diseases is available. To maintain the neces-
sary basic knowledge of pathogen morphology and morpho-
genesis, the EM-service, has joined the BELVIR consortium 
(IAP-project). This consortium aims to identify virus-host 
interactions at the early stages of infection and to unravel 
their molecular basis to provide fundamental novel insights 
in virology.

CVD-ERA continued its activities with relation to the certifi-
cation and quality control of veterinary diagnostic reagents. 
The reagents for the detection of BVDV-specific antigens 
(ELISA and RT-PCR) were certified and will be used by the 
recognised and accredited Belgian laboratories within the 
mandatory BVDV programme that starts in January 2015. 
The standard operation procedure for batch control was fur-
ther developed and the scope of this SOP was extended for 
Q-fever and BVDV. A re-accreditation for the organisation 
of proficiency tests (ISO 17043) and batch quality control (ISO 
17025) were obtained. Within the RAPIDIA FIELD project a 
successful evaluation of newly developed assays (lateral flow 
devices for detection of antibodies against BLTV, ASFV and 
CSFV) was performed by a proficiency test organised by 
the service CVD-ERA. With respect to the epidemiological 
support and evaluation of disease programmes a new topic 
for CVD-ERA was involved in the design and the analysis 
of the EPILOBEE project. This project was financed by the 
European Commission and aimed to install a harmonised 
(EU wide) active epidemiological surveillance programme on 
honeybee colony mortality. Furthermore, the service orga- 
nised, together with the NRL for Vesicular Diseases (VESEXO) 
and the FASFC, a (outbreak) simulation exercise for FMDV in 
order to meet the expectations written down in the Labo- 
ratory Contingency plan of CODA-CERVA. 

The service gave epidemiological support to the FASFC for 
the successful submission of the dossier IBR to obtain the 
Article 9 status in 2014. The analysis of cross-sectional stu- 
dies during the winter campaigns 2013 and 2014 for the di- 
seases SBV, IBR, BLTV, Brucellosis and Leucosis were disse- 
minated towards the stakeholders on different meetings 
with the sector. 

The fourth service, DMA centralizes the management of 
large datasets used in two fields of activities: i. tasks around 
the Laboratory Information Management Systems and their 
connection with external Databases (Sanitrace, ARSIA-DGZ, 
Extlab) - specific website design and programming - and ii. 
Contribution to many research projects (design of E-ques-
tionnaire, random selection, relational database design and 
management, data validation, reporting and cartography). 
The DMA team plays a key role in the development of the 
new LIMS that will be implemented in 2015.
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Operational Direction Bacterial Diseases

this way in 2014 for C. burnetii, the causative agent of Q 
Fever. Molecular typing techniques had already shown ear-
lier that different variants of the bacterium circulate, and 
recently experiments with in vitro models (cell lines and 
infection of mice) have shown that there is no indication for 
hypervirulence of the Dutch C. burnetii strain. This work 
was done by a PhD student who will present her thesis in 
2015. Recently, the Service Bacterial Zoonoses of Livestock 
conducted an investigation establishing the presence of Lep-
tospira spp. in the context of icteric calves associated with 
abortions that were recognized in 2014. Further studies 
have to confirm this association. 

As for the Service Foodborne and Highly Pathogenic Zoo-
noses and Antibiotic Resistance, its main activity is the 
official monitoring of antibiotic resistance in commensal 
E. coli from poultry, pigs, cattle and calves and in Salmo-
nella strains isolated in the context of the official poultry 
(breeder, layer, broiler) programme. The minimal inhibitory 
concentrations of a number of antibiotic molecules tested 
against commensal E. coli and Salmonella isolates are 
determined and the genes conferring extended resistance  
to ß-lactames are identified in the lab. The monitoring is 
repeated yearly, in order for the FASFC to monitor the 
resistance among bacteria circulating in the animal popu-
lations and to evaluate possible management measures. In 
2014 a report on the evolution of these resistance patterns 
during the last 3 years was published for the first time, in 
collaboration with the Operational Unit “Coordination of 
veterinary diagnosis - epidemiology and risk assessment”. 
In addition, MRSA monitoring (isolation and characteriza-
tion) was conducted on pigs in 2013 and on poultry in 2014. 
As NRL for Salmonella, the Service performs identification 
of Salmonella isolates by classical serotyping. Salmonella 
isolates originate mostly from poultry and pigs as in these 
animal species official programmes are running. Research 
focuses on the genetic characterization of Salmonella based 
on DNA signatures associated with the most common sero-
types and on highly sensitive molecular typing markers. 
Recently, monophasic Salmonella Typhimurium strains 
were studied and specific identification and typing tests 
were developed. 

The Operational Direction Bacterial Diseases started in 2013 
with an adapted structure since the four units as defined 
earlier turned out to be too small for an optimal organiza-
tion. For this reason, two new operational services were set 
up: “Foodborne and Highly Pathogenic Zoonoses and Anti-
biotic Resistance” and “Bacterial zoonoses of Livestock”. The 
thematic areas however, remained the same: most emphasis 
in our work is put on antibiotic resistance, certain foodborne 
zoonoses, mycobacteria, infectious agents that may cause 
abortion in ruminants and in horses, and highly pathogenic 
zoonoses.

The main role of the Operational Direction Bacterial Di- 
seases continued to be the national reference laboratory for 
bacterial animal infectious diseases, with activities both in 
the fields of service provision and scientific research that 
support the NRL objectives. Some key activities (the moni-
toring programme on antibiotic resistance, the monitoring 
on MRSA in pigs and poultry in 2013 and 2014, respectively, 
the tests for brucellosis and Q fever in the framework of the 
abortion programme, the organization of proficiency tests 
and confirmation tests, ..) remain essential tasks as reference 
laboratory. Besides this, scientific research projects were 
ongoing, new ones started and consecutively, high quality 
research papers came out. In this period, four PhD theses1  
were finalised. Finally, the unfavourable economic situation 
encouraged us to look for additional laboratory analyses 
needed by external, third parties.

The Service Bacterial zoonoses of Livestock handled an 
important number of serological and bacteriological tests 
for brucellosis in 2012 following the sampling by the FASFC 
of contact herds related to the earlier B.abortus cases. The 
follow-up of the last contact herd in January 2013 meant 
the end of this absorbing period. As for Q Fever, hundreds 
of pooled tank milk samples from goats were PCR-ana- 
lysed. For the PCR-analysis of samples originating from the 
abortion protocol of ruminants, the laboratory collaborated 
intensively with the laboratory “Molecular Platform”. This 
service belongs to the Operational Directorate Viral Diseases 
and had the equipment and expertise to routinely treat large 
number of samples. Around 8000 PCR tests were handled 

1 Leon Oosterik: The potential of disinfectants and bacteriophages to reduce avian colibacillosis (KUL) 
Cécile Boland: Development of new molecular tools for characterizing Salmonella spp. strains isolated in Belgium, with new insights into monophasic 
variants of serovar Typhimurium (UCL) 
Stéphanie Nemeghaire: Epidemiological investigation into the possible exchange of SSCmec between Staphylococci in different ecosystems (ULB) 
Lotte de Ridder: Optimization of the control of Salmonella in pigs (UGent)
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Operational Direction Viral Diseases

By virtue of its expertise, based upon scientific research and diag-
nosis, the Operational Direction “Viral Diseases” ensures quick 
identification and characterisation, provides advice as part of 
the control policy and develops and validates the tools required 
to put control strategies in place for the main known and new-
ly-emerging pathogenic animal viruses and pathogenic zoonotic 
viruses, as a privileged federal partner and a major international 
interlocutor. In this context, the Operational Direction Viral  
Diseases is recognized as National Reference Laboratory (NRL) 
for more than 20 animal viral diseases. 

During the last biennial, our research activities have continued 
following two main lines, both at national and international  
levels: improvement of knowledge and control of the major 
known animal and zoonotic viral diseases as well as increased 
preparedness against emerging and exotic viruses. In addition 
to our classical research themes like BTV and avian influenza, 
research about the other epizootic animal viral diseases (e.g. 
FMD, CSF, ASF, ND…) has not been neglected, with a focus on 
the control strategies, that is, on one hand, (emergency) vacci-
nation with the identification of immunological parameters for 
protection, the evaluation of marker vaccines and DIVA diagnos-
tics and, on the other hand, the evaluation of anti-virals in the 
control of an outbreak.

In 2012, our OD demonstrated its good preparedness and skills 
by diagnosing the first outbreaks of Schmallenberg virus (SBV) 
in Belgium in deformed lamb runts. Researches on this new 
virus were continued during the last two years with a focus on 
the study of the vectors and the experimental reproduction of 
the disease in the frame of an EU consortium co-financed by 
SANCO and the Belgian sector. These recent emergences (BTV, 
SBV, WNV…) have stimulated the pursuing of our investment 
in next generation sequencing (NGS) and virus discovery, with 
the necessary support of bioinformatics. These techniques have 
been successfully applied in the field of SBV but also for FMDV, 
AI and WNV. 

In addition, as NRL for some of these diseases, our OD plays an 
important role as expert and takes an active part in the control 
programme of several “economic” (or enzootic) viral diseases and 
research projects have been obtained for BVD, IBR, PRV, Vis-
na-Maedi, PRRS and SIV. 

Participation in European networks and projects remained a 
must. On 1-4 October 2013, the 7th EPIZONE Annual Meeting 
“Nothing permanent, except change” was hosted by CODA-
CERVA in Brussels, and was a great success.  More than 220 sci-
entists from within and outside Europe (China, Russia, Canada, 
Turkey, Argentina, Australia and South Africa ...) participated 
in this meeting. More than 65 oral presentations were held and 
more than 100 posters exposed. On the 4th day of the meeting, 

EFSA organized a meeting on the theme: “Emerging animal di- 
seases in the EU: what have we learned?” One hundred people 
participated in this interesting satellite symposium.

Regarding reference tasks, surveillance of BTV and AI still kept 
our major attention as NRL and continuous improvements in 
the diagnosis have been performed. RT-PCR tests have been 
developed for nearly all BTV serotypes and the polyvalent H7 
test developed previously could show its full potential against 
the new emerging Chinese H7N9. 

Economic viral diseases have also concentrated much energy 
from our NRLs for the confirmation of positive cases and the 
evaluation of official diagnostic tests for certification purposes. 
Particularly, the experience of former eradication programmes 
(PRV, IBR), and the experience of other EU countries in the 
domain, showed us that only a well-controlled and compulsory 
national control programme could clean-up BVD from Belgium. 
In this context (the official programme starts in 2015), our OD, as 
NRL for BVD will have to play a key-role in the effectiveness of 
the control measures.

As a conclusion, in recent years, many animal diseases have con-
tinued to give cause for concern regarding changes in distribu-
tion and/or severity. After the eradication of BTV8 with the help 

of vaccination, Schmallenberg virus, another arbovirus, has ra- 
pidly spread from Northern to Southern and then to the whole of 
Europe in 2011-2012. The Asian H5N1 influenza is still enzootic 
in several Asian and African countries whereas new avian influ-
enzas like H7N9 or H5N8 have recently appeared and complicate 
the field situation. In addition, Newcastle Disease remains one of 
the most significant diseases for poultry producers around the 
world. Classical swine fever and pseudo-rabies virus (Aujeszky 
disease) are circulating in wild boar populations and represent 
a constant threat for the pig industry. In the meantime, African 
Swine Fever has continued its progression in Russia, Ukraine and 
other Caucasian countries and incursions have been detected in 
Lithuania and Poland in 2014. Other epizootic diseases, such 
as Foot-and-Mouth disease, Lumpy Skin Disease and “peste 
des petits ruminants” are knocking at the EU door (e.g. Egypt, 
Greek-Turkish border, Bulgaria, Maghreb, Spain…). Finally, new 
forms of Porcine Epidemic Diarrhoea (PED) have been reported 
recently in Asian countries including China, South Korea, Thai-
land and Vietnam. The virus was first reported in the USA in 

May 2013 where it caused a huge outbreak with millions of fata- 
lities in young piglets. In the first half of 2014 outbreaks of PEDV 
were also reported from Canada and Japan. PED is not a listed 
disease of the World Organization for Animal Health (OIE) and 
there are currently no trade restrictions pertaining to PED in 
Europe and USA. Like other EU countries, we have developed a 
PEDV RT-PCR assay to detect the virus in swine faecal samples 
and we must be ready for its future introduction in Belgium.
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Operational Direction Chemical Safety of the Food Chain

The Operational Direction “Chemical Safety of the Food 
Chain” (OD-CSF) includes three main research areas and 
services. The services “Toxins and Natural Components” and 
“Trace Elements” have been assigned as National Reference 
Laboratory (NRL) for food and feed safety for each of these 
topics; in 2013 the convention with the Federal Agency 
for Safety of the Food Chain was reconfirmed for another 
four years. This implies that they provide analytical exper-
tise, scientific research and support on these issues for the 
authorities and external clients. The third unit “Environ-
ment, Health and Safety of the Food chain” is focused on the 
assessment of endocrine disrupting effects of food conta- 
minants by means of in vitro CALUX® assays, more speci- 
fically on their agonistic and antagonistic effects on nuclear 
hormonal receptors that are involved in the thyroid function 
and the lipid metabolism.

Within these areas of interest, several research projects 
were ongoing or have been initiated during 2013-2014:

O “BIOMYCO” on the assessment of mycotoxins exposure 
in the Belgian population by means of biomarkers. In 
contrast to the indirect estimation of mycotoxin expo-
sure through data on dietary uptake, this research aimed 
to evaluate the real exposure of the Belgian population 
through analyses of so-called biomarkers in the urine.

O In the context of an international scientific collaboration 
with China, the occurrence of mycotoxins and myco-
toxigenic fungi, especially Fusarium, in this country has 
been investigated. 

O In 2014 the ZENDONCONVERT project on the conver-
sion of masked deoxynivalenol and zearalenone in the 
porcine and human gastrointestinal system was initi-
ated. The project aims to exemplify the conversion profile 
of the modified Fusarium mycotoxins into their parent 
mycotoxins during digestion.

O In the framework of a CEN mandate (European Commit-
tee for Standardization) on the determination of citrinin 
in food, CODA-CERVA will contribute to the European 
standardisation of an analytical procedure for this myco-
toxin in accordance with regulation CE N°882/204 of the 
European Parliament.  

O In “BIOTRAS” the bioavailability and speciation changes 
of arsenic have been studied; more specifically the role of 
food preparation, conservation and digestion were taken 
into account. The results will allow a more accurate risk 
assessment of arsenic through food intake.

O The “NANORISK” project explored the development of 
methods to assess the toxic effect of ingested manufac-
tured nanoparticles on health. This included both the 
analytical challenges related to the identification of these 
particles in food and biological matrices (through com-
bination of single particle inductively coupled plasma 
mass spectrometry (SP-ICP-MS) and electron microscopy 
(EM)) and in vivo and in vitro toxicity studies. Moreover, 
the project initiated a closer collaboration and exchange 
of expertise between the services of trace elements and 
electron microscopy that will be further elaborated to 
establish a centre of excellence on the identification of 
engineered nanomaterials in food.

O A close interaction with the food industry was  
established in the framework of the “FOODCAD” project 
in which a model of cadmium uptake from soil to plant 
will be developed for leaf and root crops. This will allow 
producers to evaluate (and prevent) the risk of exceeding 
the legal standards for this compound.

O In “ALTPOLYCARB” the migration risks of food contact 
materials for children under 3 years of age are being 
studied with special focus on baby bottles. Not only geno-
toxicity and mutagenicity but also endocrine disrupting 
effects are taken into account.

O Endocrine disrupting effects of mycotoxins have been 
screened with CALUX® cell cultures. Especially the 
effect of often occurring combinations of a number of 
mycotoxins such as DON & ZEN, ZEN & its metabolites, 
DON & acetylDONs,… which are an important issue for 
setting legal safety requirements. 

Next to these research projects (but also within these pro- 
jects), our scientists and technicians keep on developing and 
validating more accurate and precise analytical procedures 
and implementing new instrumentation to be able to respond 
to the ever-higher demands of accuracy and precision in the 
area of trace element, mycotoxin and phytotoxin analysis. 
Through the organisation and/or participation in proficiency 
tests and provision of (mycotoxin) reference materials both 
laboratories contribute to the overall quality and reliability 
of analysis for these contaminants, at national, but also at 
international level.
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backbone
of CODA-CERVA : scientific research

Our mission may be summarized as follows:

“Science at the service of safe food production and animal health”

Our current research activities can be categorized under three themes correlated with these two major issues. 

The three research topics cover all research projects: 

O Animal Health
O Epidemiology
O Safety of the food chain

A description of how each of these topics is developed within CODA-CERVA is given below.
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Towards the “One Health concept”

As already quoted by Heraclitus in antiquity and used as the 
slogan of our Epizone meeting in December 2014: “there is 
nothing permanent except change”. This is particularly true 
for epizootic viral diseases and is not only emphasized by the 
increased international movement in animals, animal pro- 
ducts and people, but also by the possible deliberate intro-
duction of pathogens. In addition, the global climate change 
has already given concern regarding changes in distribution 
or severity of many animal diseases and it is clear now that 
the evolving climatic parameters will further transform the 
ecology of numerous vectors and pathogens. Moreover, the 
non-vaccination and eradication policy of the EU is main-
tained in most circumstances to allow the unrestricted trade 
of animals and their products worldwide. All these factors 
make surveillance the basis for recognition of disease status 
and subsequent impact on trade. In this context, we must 
“expect the unexpected” and early detection of new diseases 
is of the outmost importance. Considering that 70% of the 
emerging or re-emerging diseases in humans are either vec-
tor-borne or zoonotic, our role as sentinel is crucial for both 
animal and public health.

DG SANCO (now called DG SANTE) is well aware of this 
situation and, in accordance with its motto “prevention is 
better than cure”, now provides the possibility of a financial 
contribution not only for the eradication but also for the  
monitoring of certain animal diseases. Member States may 
submit eradication, control and monitoring programmes to 
the Commission which will consider them from the vete- 
rinary and financial angle and check their compliance with 
the Community criteria relating to the eradication and 
monitoring of those diseases. Actions in neighbouring risk 
regions outside the EU are also considered to reduce threat. 
Priorities focus on diseases with high public relevance in 
terms of their potential impact on human health, society 
and/or economy. The future EU Animal Health Law (AHL) 
will categorise diseases into groups of measures for their 
prevention and control. New and emerging diseases will be 
added in the list in a straightforward procedure, enabling 
swift action where it is necessary. This will be realized in 
close partnership with OIE. Furthermore, the “One Health” 
concept requires a global strategy for managing risks at the 
Animal-Human-Ecosystems interface and a tripartite agree-
ment between the FAO, OIE and WHO Directors General 
have identified 3 priorities: zoonotic influenzas, rabies and 
antimicrobial resistance.

Regarding viral diseases, the last biennial has, once again, 
been dominated by expansion of existing diseases and new 
emergences. In this context, African Swine Fever (ASF) is in 
the last decade high on the list for many specialists as candi-
date for introduction in the EU. The disease has been present 
in Russia since 2007, affecting wild boars and domestic pigs, 
and has spread in a large part of the country. The entry of 
the disease via the EU eastern border was expected. Lithua-
nia made, in January 2014, the first notification of ASF cases 
in wild boar, and Poland followed in February 2014. In June 
and September 2014, Latvia and Estonia also reported ASF. 
The disease is confined to the eastern part of these countries, 
along the border with Belarus and the Russian Federation. 
Therefore the EU conducted an intensive prevention cam-
paign, including the increase of awareness, strengthening 
of surveillance measures and more preventive measures 
put in place since 2013. Also, the recent westward expan-
sion of BTV-4 in Greece, Bulgaria and Romania is of major 
concern. Although Northern Europe is free of bluetongue 
at present and BTV-4 has never been reported in North 
West Europe, this indicates that the disease in general is still  
present in the EU and could present a risk in the future. Foot 
and Mouth Disease (FMD) remains endemic in large parts 
of Asia, Africa, the Middle East and South America. Global 
FMDV is distributed in 7 major virus pools with continual 
virus circulation and evolution within regional pools and  
epidemic jumps between pools and to free regions. In parts 
free of FMD, like Europe, sporadic introduction of FMD 
still does occur and the epidemiological situation in coun-
tries/regions like Turkey or North Africa (Maghreb, Egypt) 
remains worrying and deserves a lot of attention at the 
moment. As it affects countries in Europe every year (74 
human cases have been reported in the EU in 2014 and 136 
cases in neighbouring countries), West Nile fever is now 
recognised as a major cause of public health concern in 
this region. In addition, viral diseases like Equine Infectious 
Anaemia (EIA) that is still endemic in several East European 
countries (e.g. Romania) or Lumpy Skin Disease (LSD) that is 
endemic in many African and Asian countries and is rapidly 
spreading throughout the Middle East, including Turkey, 
requires constant attention. Porcine Epidemic Diarrhoea 
(PED), which is now widely distributed in Asia and North 
America, represents an additional threat for our pig indus-
try. Finally, last but not least, avian influenza remained one 
of the major issues during the last 2 years with the emer-
gence of H7N9 in China and the occurrence of H5N8 in 
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Europe. Firstly, H7N9 that appeared in China in early 2003 
represented a new paradigm shift as, for the first time in the 
history of avian influenza, a low pathogenic strain (LPAI) 
was demonstrated to have a zoonotic potential, killing 127 
people so far. Surprisingly, this virus is non-pathogenic for 
chickens. So far, evidence suggests that the source of H7N9 
virus is poultry and live bird markets the most likely route 
of transmission to humans. Then, as another matter of con-
cern/change, a new H5N8 HPAI has emerged in Asia in 2014 
and has been causing several outbreaks in Europe (Germany, 
The Netherlands, Italy, UK and Hungary) that could be con-
tained thanks to efficient early warning systems and control 
measures. It has now become clear that long-distance trans-
mission of H5N1 and H5N8 HPAI viruses have occurred as 
a result of cross-infection between different wild birds in 
north Eurasian breeding areas, where populations from dif-
ferent flyways possibly overlap. In summary, the ecology of 
avian influenza has been considerably disrupted during the 
last decade: HPAI H5N1 is now entrenched in several regions 
of the world, several HPAIs (H5N1, H5N8) seem to be more 
adapted to wild birds acting as reservoir and some LPAI (e.g. 
H9N2) are now endemic in poultry in Asia. A global solu-
tion will be necessary and will have to integrate sanitary, 
economical, ecological, societal and cultural problems. In this 
context, especially considering the zoonotic risk, surveil-
lance and readiness remain more than ever essential.

As for bacterial infectious diseases, antibiotic resistance 
remains the most important topic, certainly as regards to the 
threat this resistance represents to public health. Not only 
(multi)resistant zoonotic pathogens like Salmonella, Cam-
pylobacter and human pathogenic E. coli, selected during 
treatment of animals, with antibiotics, are involved in this 
risk for the consumers. Also, resistance genes themselves 
may pass on to human pathogens and increase the risk of 
treatment failure. The efforts of national competent authori-
ties, financially supported by a recent European Commission 
decision, concentrate mainly on the harmonized monitoring 
of resistance in E. coli indicator organisms and in Salmonella 
and Campylobacter of cattle, pigs and poultry. Emphasis is 
put on all resistant bacteria, but special attention is being 
paid to expanded β-lactamase producing bacteria (ESBL). 
In addition, increasing efforts are seen to estimate the con-
sumption of antibacterial compounds in food producing 
animals. In this respect, ESVAC (European Surveillance of 
Veterinary Antimicrobial Consumption) figures show that 

Belgium belongs to the European countries that have con-
sumption figures which are too high. In Belgium, the Anti-
microbial Consumption and Resistance in Animals (AMCRA) 
initiative started sensibilisation campaigns and set targets to 
significantly reduce the use of antibiotics in pigs and other 
food producing animals. 

The last years, the classic zoonoses brucellosis and bovine 
tuberculosis were at the centre of the FASFC’s and our atten-
tion: new herds were identified, which led to an increased 
laboratory activity in the NRL. Brucellosis is a challenging 
topic as its serological tests are not completely specific, lea- 
ding to a number of false positive serological results. Addi-
tional testing and appropriate interpretation of the epide-
miological situation, and eventually individual intradermo 
testing with brucellin antigens may be useful approaches to 
help develop a correct diagnosis. Both in herds infected with 
brucellosis and bovine tuberculosis molecular identification 
of the isolates, to look for a possible relation with historical 
isolates and to track the infection, eventually originating 
from wild life, are essential. Molecular tests such as PCR or 
multivalent molecular detection methods are also essential 
for foodborne infections such as salmonellosis: although the 
number of Salmonella isolates sent to the NRL for seroty- 
ping seems to decrease, specific types of Salmonella strains 
emerge, e.g. S. Paratyphi B or monophasic Salmonella, that 
both need additional (molecular) identification. Therefore, 
the NRL continuously develops new appropriate tests to 
comply with the sector’s demands.

From the above may be concluded that a close collaboration 
between the competent authority and the NRL is essential 
to develop and maintain appropriate monitoring and diag-
nostic tools. In this way together they assure a country’s rea- 
diness to fight against animal infectious diseases, be it enzo-
otic, emerging or re-emerging.
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epideMiology  
Thanks to its unique position as a federal institution and 
the specific skills of its scientists, the CODA-CERVA can play 
a key role in supporting the authorities (Federal Agency 
for Safety of the Food Chain, FASFC) in charge of animal  
disease control and prevention. Indeed, at CODA-CERVA the 
service of Co-ordination of Veterinary Diagnostics and Risk 
Analysis (CVD-ERA), in collaboration with the Reference 
Laboratories, provides policy supporting advice with rela-
tion to official animal disease monitoring and surveillance 
programmes.

Various epidemiological studies may be commissioned by 
the FASFC towards the service of CVD-ERA in order to eva- 
luate these programmes. In 2013 and 2014, the service CVD-
ERA was involved in the organisation, design and analysis of 
the results of the EPILOBEE project. The EPILOBEE project 
was financed by the EC and has been implemented in Europe 
in 17 EU Member States: The project aimed to estimate the 
mortality of bee colonies (Apis mellifera L.) over the winter 
and during the beekeeping season for 2 years. Therefore, 
data with relation to Belgian bee-farming practices and cli- 
nical manifestations of the main infectious and parasitic di- 
seases were recorded through a detailed questionnaire and 
analysed as such. The first results, described in a scientific 
report provided by the European Reference Laboratory to 
the European Commission, were released during the Confe- 
rence for Better Bee Health, held in Brussels on 7 April 2014. 

Within the EMIDA-ERA DATA project, the efficacy and cost 
efficiency of the different surveillance components for BTV 
in proving the absence of infection (freedom of infection) 
and early detection were evaluated for the different coun-
tries of the project (BE, FR, NL). Furthermore, milk produc-
tion data and fertility data were used to evaluate their use-

fulness in syndromic surveillance and different algorithms 
were developed in order to capture aberrations during time 
series analysis. 

The epidemiologists in the service CVD-ERA were involved 
in the analysis of transmission studies and field trials for the 
evaluation mitigation strategies (e.g. vaccination) against Sal-
monella Typhimurium in pigs as well as in the analysis of the 
cross-sectional studies (IBR, SBV, BRU, LEU, BLTV) during 
winter screenings in 2013 and 2014. A study showed that 
the impact of the SBV infection at farm level can be substan-
tial for sheep and cattle farmers. The service gave epidemi-
ological support to the FASFC for the successful submission 
of the dossier IBR to obtain the Article 9 status in 2014 and 
participated in many working groups in order to finalise the 
legislation for the mandatory programme for the eradication 
of BVDV in Belgium (starts 1st of January 2015). 

Since 2013, the service of CVD-ERA has been involved in 
improving the quality of the data that is collected during 
monitoring and surveillance programmes as well as in 
the Identification and Registration database. Hereto, and 
together with the FASFC, the definitions of the most used 
motives (reason for laboratory analysis and submission 
towards regional laboratories) were clearly defined by the 
end of 2014 and must lead to a more harmonized strategy to 
analyse the database in the future.

The service CVD-ERA was also involved in the certification 
of BVDV diagnostic reagents (RT-PCR and antigen ELISA) and 
the SOP for batch control (ISO 17025) of veterinary diagnostic 
reagents was extended for the diseases BVDV and Q-fever. In 
collaboration with the NRL’s, the service CVD-ERA organized 
for the recognized and accredited Belgian laboratories. 
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safeTy of THe food cHain

A. Microbiological Safety of the Food Chain

Many of the infectious animal diseases for which CODA-
CERVA is national reference laboratory (NRL) may have a 
serious impact on the consumer’s health, be it after the con-
sumption of contaminated meat, eggs or milk, or through 
direct contact with infected animals or with the environ-
ment. Especially young children, older people, pregnant 
women and immunocompromised patients are vulnerable to 
these pathogens.

Most of the micro-organisms are enzootic in the Belgian 
food producing animal populations without bringing about 
obvious clinical signs, e.g. human pathogenic E. coli in 
cattle (like serotype O157:H7), Salmonella Enteritidis and S. 
Typhimurium in pigs and poultry and antimicrobial resis-
tant bacteria in calves, pigs and poultry. Therefore, official 
monitoring programmes are in place to keep track of these 
contaminations in the food chain and to keep these infec-
tions under control. In other cases, clinical symptoms are 
obvious and give rise to an alert of the animal owner or the 
veterinary practitioner, for instance in case of abortions due 
to Brucella infection or Q fever (Coxiella burnetii). In older 
animals paratuberculosis may lead to production loss (milk 
or weight loss), or bovine tuberculosis to serious lesions 
only recognised in the slaughterhouse. In these latter cases, 
appropriate measures are needed to trace the infection and 
to get rid of infected animals and contaminated products to 
safeguard both the animals and the consumer.

For our country many high risk infectious agents are  
present only at a (extremely) low prevalence. The Federal 
Agency for the Safety of the Food Chain as competent autho- 
rity has put legislation, instructions and working schemes 
in place to timely detect the pathogen and to take appropri-
ate measures. High risk pathogens like Brucella, Mycobacte-
rium bovis (bovine tuberculosis), Burkholderia mallei (glan-
ders) and others, when infecting our food animals, may be 
at the onset of an epizootic infection and should therefore 
be quickly identified. Trade and illegal transport of animals 
from regions that are not free of these pathogens is a risk, 
and also yet unknown pathogens may cross our borders, 
for instance through wild life. The rise of bacteria resistant 
against high-priority human antimicrobials like cephalospo-
rin, of multiresistant MRSA (methicillin resistant Staphylo-
coccus aureus) or of the hybrid E. coli O104 are recent exam-
ples of newly emerged, serious pathogens. On top of that, the 
malicious introduction of pathogens (agro- or bioterrorism) 
in the animal population cannot be excluded.

For some infections that are endemically present the risk of 
becoming an epizootic disease is not well known. For many 
years, human pathogenic E. coli (like O157) are known to 
circulate in the cattle population, but large outbreaks have 
(fortunately!) not been identified in Belgium. C. burnetii is 
occasionally identified in milk, but Q fever outbreaks, nei-
ther in small ruminants nor in humans, have not occurred 
yet. Horses, ruminants and companion animals are in con-
tact with Leptospira, but the disease is hardly recognised 
in patients. On top of that, the paratuberculosis pathogen 
(Mycobacterium avium subsp. paratuberculosis) circulates 
in ruminants, but its link with Crohn’s disease in humans 
remains to be elucidated.

Thanks to strong control measures in the food chain (feed 
ban, prohibition of specified risk material, targeted sur-
veillance at slaughterhouse) since more than two decades, 
BSE is now a diminishing disease worldwide. Belgium has 
obtained the statute of country with negligible risk and the 
surveillance system has been alleviated to a minimum. But 
the intensive surveillance worldwide has also led to the 
detection of atypical BSE that are cases where the disease 
pattern and expression do not fit what is typically expected. 
For example, atypical cases of BSE may not be transmitted 
through infected feed like classic BSE, but rather may occur 
sporadically among older cattle. Although atypical cases 
are rare (just more than 60 total cases have been identified 
worldwide), they require a constant attention.

As a reference centre, it is CODA-CERVA’s task to keep pace 
with the scientific knowledge and expertise on these patho-
gens. Information on host-pathogen interactions, most suited 
diagnostic techniques, existing reference materials, mole- 
cular variants, strain types and epidemiological data such 
as prevalence in Belgium and abroad change rapidly and 
should be available to the reference laboratory. Moreover, 
our technological capacity should follow new techniques, 
such as powerful and effective molecular typing methods, 
multiple detection tests and whole genome sequencing. Such 
methods are pathogen-independent and therefore universal 
in the diagnosis of known and emerging infections. It is our 
duty also to keep the quality of our tests at a sufficiently high 
level, so that specificity, sensitivity detection limit,… stay in 
accordance with the epidemiological situation of the infec-
tious disease in our country. In this respect, our contact with 
the first-line veterinary laboratories ARSIA and DGZ is of 
utmost importance to look for complementary tests that can 
confirm suspicious results obtained by these laboratories. 
Finally, our scientific expertise should be published and com-
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B. Chemical Safety of the Food Chain

Safe and healthy food is one of the major concerns of today’s 
consumers. The health aspect partly depends on the free 
dietary choice of each individual; safety is mainly related 
to risks of contamination that go beyond the control of the 
consumer himself. The word ‘contaminant’ already implies 
that the presence of such components poses a hazard to the 
food chain because of some kind of negative effect on health. 
Whether these contaminants will become a real risk depends 
on the likelihood of the occurrence and severity of the nega-
tive effect (FAO, 1995; FAO, 1997). These food contaminants 
include, for example, pesticides, heavy metals and persistent 
organic pollutants (POPs), which are widespread in the envi-
ronment and readily enter the food chain. In addition, food 
contamination may also occur during food processing and 
cooking (e.g. benzo[a] pyrene (B[a]P), acrylamide) or through 
the release of chemicals from consumer products, such as 
baby toys and packaging (e.g. bisphenol A, phthalates). But 
also natural toxins may be threatening human and animal 
health. For example, mycotoxins, secondary metabolites pro-
duced by fungal species are recovered in derived foodstuffs 
(Ribonnet et al, 2011). 

Nowadays the human exposure to chemical contaminants 
has shifted more and more from the traditional polluters 
(factories, energy plants, industries, mills, sewage treatment, 
transport) to the release from consumer products and hence 
from point sources to diffuse sources. Considering the sheer 
number of chemicals, the ever changing amounts that are 
used in the multitude of production processes and the global-
ization of food & feed production, it is obvious that detailed 
information on the presence of hazardous chemicals (even 
in trace quantities) in the various consumer articles and 
products is indispensable. But next to that, also knowledge 
on their bioavailability and on their release into the environ-
ment after disposal or during recycling is needed to evalu-
ate potential risks to humans and the environment. Several 

aspects of all metals in aquatic (freshwater, marine, sedi-
ment) and terrestrial systems require further study, includ-
ing e.g. speciation, to further improve regulatory decisions in 
the next decade.
 
A number of factors may increase the risk for new contam-
ination of the food chain and emerging hazards for the food 
safety (Kleter & Marvin, 2009):

O changes in the environment surrounding food produc-
tion e.g. climate change, floodings causing soil contami-
nation, air pollution causing increased heavy metal depo-
sition on vegetables and crops, …. Unusual agronomic 
and weather conditions may promote the proliferation 
of toxin-producing fungi (e.g. aflatoxins, ochratoxins 
and patulins) and the production of toxic metabolites by 
plants (e.g. glycoalkaloides, cyanogenic glucosides, furo-
coumarines).  

O changes in food production chain from farm-to-fork 
(e.g. packaging materials, use of new additives such as 
nanomaterials…). New plant production methods, e.g. 
new harvesting techniques, storage or transportation 
methods as well as new biotechnological techniques may 
promote new (unexpected) or re-occurring stress related 
natural toxins in plants and plant products. The high 
speed of introduction of engineered nanoparticles in the 
agro-food area and consumer products nowadays urges 
the need to generate a better understanding about the 
potential (negative) impacts that this new evolving tech-
nology may have to biological systems (Bouwmeester et 
al, 2009) [3]. 

O changes in consumer behaviour (e.g. increased use of 
food supplements, botanicals…)

municated to the scientific world, but also made available to 
the authority (FASFC, FPS Public Health and others) and to 
the clinical veterinary laboratories, so that these partners 
can take advantage of our findings and conclusions.

A key objective as reference laboratory is to contribute to the 
risk assessment of existing and of emerging hazards for the 
animal population and the Belgian consumer. In this respect, 

it is also essential to keep informed of new and upcoming 
European (DG Sanco, EFSA, OIE) and national legislation 
and instructions, for instance on planned surveillance pro-
grammes or re-evaluation of certain diagnostic methods. 
Therefore, a good understanding and collaboration with the 
professional partners in the country and abroad is a vital key 
for CODA-CERVA to comply with its tasks as NRL for infec-
tious animal diseases.
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The activities of CODA-CERVA to secure the chemical safety 
of the food chain are focused on the occurrence of natural 
toxins (myco- and phytotoxins) and trace elements (includ-
ing inorganic nanomaterials) in food and feed. This encom-
passes a high degree of sophisticated analytical equipement 
(LC-MS/MS, ICP-MS…) and scientific expertise with regard 
to the detection, quantification and hazard identification of 
these contaminants, including the risks of transfer from the 
environment to the food chain and finally to the consumer. 
As National Reference Laboratory for mycotoxins and trace 
elements our scientists and technicians provide scientific and 
analytical support to the Federal Agency for Safety of the 
Food Chain and collaborate within international networks to 
ensure safe food at the benefice of the consumer’s health. 
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1. Introduction
Bluetongue (BT) is caused by bluetongue virus (BTV), a 
member of the Reoviridae family, genus Orbivirus, which 
exists as 24 serotypes with a 25th suggested in goats in Swit-
zerland (Hofmann et al., 2008) and a novel BTV isolate from 
Kuwait proposed as BTV-26 (Maan et al., 2011). It is transmit-
ted by midges of the Culicoides genus and infects domestic 
and wild ruminants of various species (Wilson and Mellor, 
2008). BTV recently spread far beyond its previously known 
northern boundaries (latitudes of approximately 40–50°N) 
and caused a large-scale outbreak of BTV serotype 8 (BTV-
8) in cattle and sheep in Western Europe (Saegerman et al., 
2008). Besides its high morbidity in both species, BT was also 
responsible for severe reproductive disorders and economi-
cal losses in cattle (Elbers et al., 2008). 

A mass vaccination of cattle and sheep against BTV-8 was 
undertaken in late spring 2008 in the BT affected European 
countries, resulting in the progressive disappearance of BTV 
8 circulation in 2009 and 2010 (Garigliany et al., 2011; Zien-
tara et al., 2010). The detection of low loads of BTV RNA 
in some animals during the year 2010 without any clinical 
signs raised the question of a possible interference with 
real-time RT-PCR assays (RT-qPCR) after recent vaccination 
against the virus (Garigliany et al., 2011; Zientara et al., 2012). 
Steinrigl et al. (2010) reported the frequent detection of low 
amounts of viral RNA in the blood of recently vaccinated 
animals during surveillance in Austria. A BT post-vaccina-
tion surveillance programme in Belgium in 2010 and 2011 
also revealed a low number of animals testing positive or 
doubtful in a RT-qPCR but testing negative at re-sampling 
2–4 weeks later (Vangeel et al., 2012). The impact of subcu-
taneous vaccination of sheep against BTV-8 on the result 
of several specific RT-qPCRs on blood sampled from day 0 
to day 75 after vaccination was assessed by Steinrigl et al. 
(2010). According to their results, there was a significant 
presence of viral RNA in the blood of vaccinated sheep 
during at least the first 9 days following vaccination. Other 
studies reported contradictory results, no viral RNA being 
detected in the blood of subcutaneously vaccinated sheep 
(Eschbaumer et al., 2010; Oura et al., 2009). The differences 
in the RNA extraction method and the RT-qPCR used might 

explain these discrepancies (Steinrigl et al., 2010). No data 
are available in cattle and viral RNA is known to be detec- 
table in cattle blood and spleen for longer periods after BTV 
infection than in sheep (Garigliany et al., 2011). 
To shed new light on this question, we undertook a large 
study on the presence of viral RNA in the blood and spleen 
at several time points after vaccination in cattle. Our results 
strongly support the hypothesis of an impact of vaccination 
on the result of BTV specific RT-qPCR. 

2. Materials and methods

2.1.  Animals, procedures and sampling

All animals were blood sampled before vaccination. Mixed-
breed fattening calves were subcutaneously vaccinated using 
the commercially available binary ethyleneimine (BEI) inac-
tivated BTV-8 vaccine BTVPUR Alsap 8 (Merial, France). BEI 
acts on BTV-RNA and can degrade the RNA (Ramakrishnan 
et al., 2006). For experiments 1, five groups of ten calves each 
were vaccinated at 1 week, 2 weeks, 1 month, 2 months or 3 
months before the scheduled slaughter date (mean slaugh-
ter age: six months). For experiments 2, three groups of  ten 
mixed-breed fattening calves each were vaccinated at 1 day, 
2 days or 4 days before the scheduled slaughter date. In both 
experiments samples of blood and spleen were taken during 
the normal slaughter procedure, kept on dry ice during the 
transport and stored at -80°C upon arrival in the laboratory. 
For the third experiment, 51 fattening calves of five months 
old were subcutaneously vaccinated. Blood samples after 
vaccination were taken from the tail vein at 1 day and 3 days 
post-vaccination (dpv). Samples were processed as before. 
Twenty-one days after the first vaccination, the same ani-
mals were revaccinated and sampled at the same intervals 
after this second shot (1 and 3 days post revaccination – 
dprv). The experiments were performed in an all-in all-out 
calf-fattening farm during the official vector-free periods in 
Belgium of 2010-2011 and 2011-2012. A bluetongue sentinel 
surveillance programme- and a cross-sectional serological 
survey in cattle demonstrated the absence of BTV in Bel-
gium since 2010 (Vangeel et al., 2012).
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2.2.  RNA extraction and RT-qPCR

RNA extraction from the EDTA-blood samples was per-
formed according to Garigliany et al. (2011). The triplex 
RT-qPCR (RT-qPCR) assay included primers and probes for a 
Pan-BTV/S5 specific reaction and for an internal control (IC) 
and external control (EC) as described by Vandenbussche et 
al. (2010) and was performed on a LightCycler-480 (Roche 
Diagnostics, Mannheim, Germany). For this assay, crossing 
point values (Cp-values) < 40.0 were classified as positive, 
Cp-values ≥ 40.0 and < 45.0 were classified as doubtful and 
Cp-values ≥ 45.0 were considered as negative (Neg) (Vanden-
bussche et al., 2010). A sample scoring around the negative 
cut-off value of CP 45 has 50% probability of resulting in a 
positive test result if it were tested a second time (Goris et al., 
2009). Vandenbussche et al. (2010) set the acceptance crite-
ria for the IC at a Cp-value of 28.9 for blood and at 35.0 for 
spleen samples; for the EC at a Cp-value of 33.6 for blood and 
35.0 for spleen samples. The ‘TaqVet Bluetongue Virus NS3 
All Genotype’ real time PCR Kit (here below referred to as 
the ‘LSI/S10’ assay; Laboratoire Service International - LSI, 
France) targeting segment 10 of the BTV genome encoding 
for non-structural protein 3 (NS3) of the bluetongue virus 
was used as the confirmatory test in experiment 3. Each 
assay was repeated in parallel. Both tests have similar per-
formance characteristics but their primers/probes target 
a different BTV genome segment (5 and 10, respectively) 
which helps with excluding false positives.

2.3.  Statistical analysis

Statistical analysis was performed using R software (R Core 
Team, 2012) under which the Fisher Exact test was done 
using the ‘Exact’ package (P. Calhoun, 2013). The Bartlett’s 
test was used to check the homogeneity of variance in the 
data. To verify the difference in results between the animal 
groups a two-way repeated-measure ANOVA was applied. 
The Fisher Exact test was used to analyse the difference in 
the proportion of test results when the sample size of the 
different animal groups was unbalanced.

3. Results
All RT-qPCR results for the IC and EC were within the accep-
tance criteria. All blood samples from animals before vacci-
nation were negative in RT-qPCR.

3.1.   Study on the presence of BTV RNA in the 
blood and spleen of cattle between 7 and 
90 dpv (Experiment 1)

Within the five groups of ten fattening calves, vaccinated at 
different time points before slaughter, three animals were 
no longer available at the date of sampling: two in the “2 
weeks” group and one in the “1 month” group. Among these 
47 calves the Pan-BTV/S5 specific RT-qPCR reproducibly 
revealed the presence of low amounts of viral RNA (Cp value 
of 38.2 and 38.3) in the blood of two calves vaccinated one 
week before slaughter and in the spleen of one calf vacci-
nated 2 months before slaughter (Cp 39.6). All other samples 
remained negative. 

3.2.   BTV RNA detection in the blood and 
spleen of cattle during the first week after 
vaccination (Experiment 2)

The same vaccination procedure was applied to calves 1, 2 
or 4 days before slaughter. From the group sampled at 1 dpv, 
only eight out of the original ten calves could be sampled. 
The spleen of all tested animals was negative for BTV RNA. 
At 1 dpv one calf was positive (Cp 38.5) and one was doubtful 
(Cp 40.0) and at 2 dpv one calf was found positive (Cp 38.1).

3.3.   BTV RNA detection in the blood shortly 
after vaccination and revaccination of 
cattle (Experiment 3)

To further investigate the PCR status of the blood of animals 
in the days following vaccination, a larger number of calves 
(N=51) were controlled for the presence of BTV RNA in their 
blood at 1 and 3 dpv and 1 and 3 dprv using two different 
RT-qPCRs, each assay being repeated in parallel. The Bartlett’s 
test showed homogeneity of variance in the data (p = 0.92).

At 1 dpv, out of the 51 calves 47 and 48 were positive for at 
least one of the Pan-BTV/S5 or LSI/S10 assays, respectively, 
and the number of positives per test ranged from 39 to 41 
and from 37 to 40, respectively (Table 1). The Pan-BTV/S5 
RT-qPCR appeared as resulting in more doubtful results as 
the LSI/S10 assay (results not shown), but when doubtful 
and positive results are summed, there was no significant 
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difference between both tests. Cp values were high, meaning 
only low amounts of RNA were present, the lowest Cp value 
being 35.4. At 3 dpv, the number of PCR positive calves dras-
tically dropped, since only twelve calves remained positive 
or doubtful for at least one Pan-BTV/S5 RT-qPCRs. Again, 
results obtained with the LSI/S10 RT-qPCRs were compara-
ble and overall 16 calves were positive/doubtful for at least 
one assay (data not shown). A two-way repeated-measure 
ANOVA revealed a significant difference in the number of 
PCR positives between the groups 1 dpv and 3 dpv (p<0.01).

Twenty-one days after the first vaccination, the same ani-
mals were revaccinated and sampled at 1 dprv and 3 dprv. 

Here again, at 1 dprv a large number of calves (30 out of 51) 
were positive or doubtful for at least one of the repeated 
Pan-BTV/S5 RT-qPCRs and the number of positives per test 
ranged from 21 to 22 (Table 1). At 3 dprv, 7 calves were still 
positive or doubtful in one of the parallel tests using the 
same assay. Results with the LSI/S10 RT-qPCRs were very 
similar (Table 1). The difference in the number of PCR posi-
tives between the groups 1 dprv and 3 dprv was significant 
(p<0.01).

The two-way repeated-measure ANOVA also showed a sig-
nificant difference in the number of PCR positives between 
the groups 1 dpv and 1 dprv (p<0.01).

 

 1 dpv 3 dpv 1 dprv 3 dprv

Assay Pan-BTV/S5, T1 Pan-BTV/S5, T2 Pan-BTV/S5, T1 Pan-BTV/S5, T2 Pan-BTV/S5, T1 Pan-BTV/S5, T2 Pan-BTV/S5, T1 Pan-BTV/S5, T2

Number of 
positives/
doubtfuls

41 39 6 6 21 22 2 5

Average Cp 39.0 
(38.2 - 39.8)

39.2 
(38.6 - 39.8)

40.7 
(39.2 - 42.3)

41.8 
(40.4 - 43.1)

40.1 
(39.1 - 41.0)

41.5 
(40.4 - 42.6)

40.9 
(32.0 - 49.8)

43.2 
(41.2 - 45.2)

Cp Range 35.4 - 44.7 36.7 - 43.8 38.3 - 42.7 40.2 - 43.8 38.0 - 44.1 38.1 - 45.0 40.2 - 41.6 40.4 - 44.4

Assay LSI/S10, T1 LSI/S10, T2 LSI/S10, T1 LSI/S10, T2 LSI/S10, T1 LSI/S10, T2 LSI/S10, T1 LSI/S10, T2

Number of 
positives/
doubtfuls

37 40 7 6 19 24 5 3

Average Cp  
(95% C I)

38.0 
(37.5 - 38.4)

38.6 
(38.0 - 39.3)

39.1 
(38.4 - 39.7)

41.6 
(40.5 - 42.7)

39.5 
(38.4 - 40.5)

39.0 
(38.3 - 39.7)

40.8 
(38.3 - 43.3)

40.8 
(32.9 - 48.8)

Cp Range 36.4 - 43.7 36.3 - 44.1 38.1 - 39.9 40.1 - 43.2 36.5 - 43.9 36.9 - 44.2 38.5 - 42.8 38.5 - 44.5

O Table 1.
Results of the Pan-BTV/S5 and the LSI/S10 RT-qPCR, each test repeated in parallel, on blood sampled 1 and 3 days post vaccination (dpv) and 1 and 3 days post revaccination (dprv; 21 days after the first shot) of 
51 five months old fattening calves with the BTVPUR Alsap 8 vaccine (Merial, France).
T1: first RT-qPCR test; T2: parallel RT-qPCR test.
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4. Discussion
In the aftermath of the large-scale outbreak caused by 
BTV-8 in domestic ruminants in Western Europe in 2006-
2009, countries tried to substantiate freedom of disease to 
regain full access to the international markets without the 
obligation to vaccinate or to test their animals with varying 
waiting periods (Steinrigl et al., 2010; Vangeel et al., 2012). 
BT sentinel surveillance programmes were initiated towards 
the end of 2010 in accordance with European Commission 
(EC) Regulation No 1266/2007 (Commission of the European 
Communities, 2007). With a serological surveillance the 
post vaccination population immunity can be assessed but it 
cannot be used to demonstrate absence of virus circulation. 
As a consequence, large numbers of EDTA blood samples 
were and are routinely tested for the presence of BTV RNA 
by RT-qPCR. Given the sensitivity of this method, a posi-
tive result can be obtained from a few copies of viral RNA 
in a given sample and the interpretation of weakly positive 
results can be difficult, notably in cattle (Zientara et al., 2012). 
The hypothesis of a possible interference of vaccination on 
the blood PCR status was proposed by several authors (Gari-
gliany et al., 2011; Steinrigl et al., 2010; Zientara et al., 2012) 
and in sheep it was shown experimentally that vaccination 
with inactivated BTV-8 vaccine could result in the detection 
of viral RNA during at least the first 9 days following the 
injection (Steinrigl et al., 2010).

To enlighten this point, it was decided to assess the presence 
of BTV RNA in bovine blood and spleen samples taken at 
different time points after vaccination against BTV-8. The 
spleen is an interesting test sample given the long persistence 
of BTV viral RNA at this level in cattle (Garigliany et al., 2011). 
To have access to the spleen, fattening calves were vacci-
nated at the corresponding times before the scheduled date 
of slaughter. Two calves were found positive 7 dpv and one 
calf 60 dpv. As vaccinated sheep appeared to be PCR-positive 
in the blood mainly during the first 9 days following vaccina-
tion (Steinrigl et al., 2010), a second experiment was started 
focussing on the first week after vaccination of calves. The 
results of experiment 2 were consistent with those of the 
first experiment. Spleen samples were negative, suggesting 
a difference in the presence of BTV RNA in the spleen of 
naturally infected animals (Garigliany et al., 2011) and ani-
mals injected with an inactivated vaccine. The number of 
positive animals 1 dpv and 7 dpv probably seems limited but 
with a specificity of 98.5% (Vandenbussche et al., 2008) these 
results can only partially be explained by considering them 
as false positives. At the scale of a country’s bovine popula-
tion, it indicates the possible problems in interpreting weak 
positive results during surveillance programmes and the 

random distribution of low loads of viral RNA makes it also 
difficult to obtain reproducible PCR results (Steinrigl et al., 
2010; Zientara et al., 2012).

To further investigate the vaccine RNA carriage in the blood 
in the first days following vaccination, a third larger expe- 
riment was initiated. In addition, the impact of a revaccina-
tion (21 days after the first one) was assessed. Results were 
impressive, since 50 out 51 calves were positive or doubtful 
for BTV RNA in their blood for at least one of the four assays 
at 1 dpv. This proportion quickly dropped at 3 dpv to 16 po- 
sitives or doubtfuls in at least one of the four tests. These 
results are in agreement with some observations made in 
sheep (Steinrigl et al., 2010), but are in contrast to the results 
from other teams (Eschbaumer et al., 2010; Oura et al., 2009). 
Performing four RT-qPCR assays in parallel increases the 
overall sensitivity (Cameron, 1999) and according to Stein-
rigl et al. (2010) the fact of using only one test could explain 
partially the lack of detection of viral RNA after vaccina-
tion of sheep in other studies. In addition, the difference in 
PCR method used can affect the detection rate (Steinrigl et 
al., 2010) but in experiment 3 no significant difference was 
noticed between the Pan-BTV/S5 and the LSI/S10 RT-qPCRs 
(p>0.05) . Lastly, the difference in number of animals used 
might influence the outcome especially when a low level of 
RNA load is involved. If a low number of animals was used in 
some studies (Eschbaumer et al., 2010; Steinrigl et al., 2010), 
Oura et al. (2009) used 33 sheep sampled at 1 and 7 days 
post-vaccination, which is more similar to the conditions in 
our study. When comparing the results of the Pan-BTV/S5 
RT-qPCR at 1 dpv of experiment 3 (39 or 41/51 positives) with 
experiment 2 (2/8 positives) only the fisher exact test could 
be applied for comparing proportions. This test found a sig-
nificant difference in the proportion of positive test results 
(p<0.01) but due to the unbalanced sample size (51 or 8 sam-
ples) it was not meaningful to quantify the difference.

Concerning the mechanisms underlying the presence of 
viral RNA in the blood of vaccinated ruminants, several 
hypotheses were previously proposed in the literature: unin-
tentional intra-vasal injection, enhanced blood permeability 
at the site of injection, systemic distribution of viral RNA 
via phagocytic cells or association of inactivated virus to  
erythrocytes (Eschbaumer et al., 2010; Steinrigl et al., 2010). 
Unintentional intra-vasal injection is unlikely to occur to 
such a high proportion of vaccinated animals. The trans-
port of viral RNA from the injection site to the blood com-
partment by phagocytes appears as plausible and it would 
be informative at this level to separate red blood cells from 
leucocytes before the RNA extraction of each fraction to 
determine if vaccine-derived viral RNA is associated with 
leucocytes or red blood cells.
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Viral RNA loads were systematically low in PCR-positive 
vaccinated animals (Cp>35.0), which, again, is comparable to 
observations made in vaccinated sheep (Cp>35.0) (Steinrigl et 
al., 2010) and suggests that BTV RT-qPCR results above this 
threshold might be considered as at risk to be “vaccine-asso-
ciated”. An essential difference with BTV-8 infection asso-
ciated presence of BTV RNA is the fact that the blood BTV 
RNA carriage in vaccinated cattle is relatively short-lasting. 
In a second RT-qPCR assay two weeks after the first one 
the majority of animals is expected to be negative in the 
case of vaccine-associated positives as was experienced in 
the post-vaccination surveillances in Belgium. It is recom-
mended that this method is used to avoid misinterpretation 
of results. The long-term persistence of viral RNA in the 
blood of vaccinated cattle was only assessed in blood sam-
ples taken at slaughter. This carriage seems to be relatively 
long in sheep, up to 54 days (Steinrigl et al., 2010). Informa-
tion based on longitudinal conventional blood sampling in 
vaccinated cattle would be of interest regarding the risks of 
vaccine-associated positives in cattle and requires further 
investigations. More research is also needed before extra- 
polating the conclusions of this study to other BTV serotypes 
as several countries have years of experience in using inacti-
vated BTV vaccines of other serotypes without reporting the 
detection of vaccine-associated BTV RNA.

In conclusion, the data presented here clearly show that 
positive BTV RT-qPCR results in cattle blood can be associ-
ated with vaccine-derived viral RNA. This strongly supports 
similar conclusions made in sheep. Our results suggest that 
weak positive and doubtful results observed in diagnosis and 
surveillance BTV programmes in cattle in 2010 and 2011 in 
BTV-free regions could be associated to vaccine BTV RNA 
detection. Paired sampling procedures should be imple-
mented to allow the discrimination between infectious virus 
and vaccine-derived RNA avoiding any misinterpretation. 

5. Acknowledgments
This study was financially supported by the Veterinary and 
Agrochemical Research Centre (CODA-CERVA), the Federal 
Agency for the Safety of the Food Chain and EC-ORBIVAC 
KBBE-245266. The authors would like to thank all technicians 
for their careful work and the veterinary practitioners Boone 
R., Cornelis C. and Leterme L. for vaccinating the calves in 
experiments 1-3 and blood sampling in experiment 3.



CODA-CERVA  Scientific RepoRt 2013/2014  O  animal HealTH

29

O    investigAtion of A PossiBle link Between vAccinAtion And the 2010 
sheeP Pox ePizootic in morocco

A. HAEGEMAN1, K. ZRO2,3, D. SAMMIN5, F. VANDENBUSSCHE4, M.M ENNAJI2, K. DE CLERCQ1

1. Introduction
Sheep pox virus (SPPV) belongs to the genus Capripoxvirus 
(Capx), subfamily Chordopoxvirinae, family Poxviridae. It is 
a DNA virus of approximately 150 kbp (Tulman et al., 2002) 
and is the causative agent of a severe and contagious disease 
which primarily affects sheep although some strains can 
infect goats albeit with different virulence (Bhanuprakash 
et al., 2010; Le Goff 2009). Sheep pox is endemic in diffe- 
rent parts of Asia, the Middle East, in African countries 
north of the Equator (reviewed by Babiuk et al., 2012) and 
has made frequent incursions into southern Europe (Man-
gana et al., 2008). Sheep pox viruses in endemic areas are 
associated with significant production losses because of 
reduced milk yield, decreased weight gain, increased abor-
tion rates, damage to wool and hides, and increased suscep-
tibility to pneumonia and fly strike, while also being a direct 
cause of mortality (Yeruham et al., 2007). Morbidity and 
mortality rates can be very high, approaching 100% in naïve 
animals (reviewed in Bhanuprakash et al., 2006). Therefore 
the socio-economic impact can be devastating and a contri- 
butory factor to poverty, especially in countries where sheep/
goat trade is a major, if not the only, source of income for 
some of the local populace. For these reasons, SPPV is con-
sidered to be one of the most important infectious and con-
tagious diseases in the sheep industry in Morocco (Moroccan 
Ministry of Agriculture Rural Development and Sea Fisher-
ies, 2008; Sbihi, 2002). By the late 1990s, SPPV was almost 
eradicated from the country but around 2002 the number of 
SPPV cases increased again culminating in a remarkable epi-
zootic peak in 2010 with a clinical form of SPPV which until 
then had not been observed in Morocco (Zro et al., 2014a).

In order to control SPPV in Morocco, vaccination programmes 
were implemented on a national basis until 2007 continuing 
on a regional basis from 2008 to 2010 and in all cases using 
a live attenuated SPPV strain (Office National de Sécurité 
Sanitaire des Produits Alimentaires; ONSSA). The vaccina-
tion coverage of the sheep population in Morocco differed 
from year to year (OIE-Wahid database; http://www.oie.int/
wahis_2/public/wahid.php/Wahidhome/Home). Although 
no vaccination efficacy experiment, using the Moroccan vac-
cine, has been carried out to evaluate the protective effect 
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against the new clinical form of SPPV, there was a significant 
reduction in the number of reported outbreaks following 
the 2010-2011 vaccination campaign, from 1892 outbreaks 
in 2010 to 152 in 2012. In addition, the number of clinical 
cases within affected flocks was reduced following that 
campaign (Zro, personal communication). Notwithstanding 
the benefits of live attenuated vaccines (such as increased 
efficacy and prolonged duration of immunity), their use has 
some drawbacks. In rare occasions a reversion to virulence 
can occur (Lee et al., 2012). The safety and quality of the vac-
cine is also an important factor, as insufficient attenuation 
or contamination with trace amounts of the wild type virus 
can result in outbreaks (Shah et al., 2009). Zro et al (2014a, 
2014b) recently reported a high degree of similarity between 
isolates from the SPPV epizootic of 2010 in Morocco and 
the live attenuated vaccine strain used in vaccination pro-
grammes was reported. This finding might be attributable to 
sequencing of highly conserved parts of the Capx genome 
(Tulman et al 2002) rather than a close relationship between 
both viruses. However, the intriguing possibility that the 
2010 epizootic in Morocco may have been attributable to 
vaccinal virus warranted further study. If proven, this could 
have serious implications for the use of vaccination as a 
disease control strategy against SPPV in Morocco but also 
worldwide as the Romania 65 is a well-known SPPV vaccine 
(Bhanuprakash et al., 2006). Other possible explanations for 
the re-emergence of SPPV in 2010, could have been due 
to: 1) subclinical circulation of the virus in Moroccan sheep 
flocks (with goats and other wildlife species possibly acting 
as reservoir hosts) and the possibility that factors such as 
decreased vaccination coverage favoured transmission and 
the development of clinical disease; 2) the re-introduction of 
the virus with animals coming in (trade) from neighbouring 
countries, such as Mauritania and Algeria where SPPV has 
been reported consistently over the last few years (OIE-Wa-
hid database); 3) vaccine associated outbreaks. 
It was the purpose of this study to (1) look more closely into 
the epizootic of 2010 in Morocco, using a recently developed 
PCR panel (Haegeman et al., 2013) and (2) investigate the pos-
sible link between the Moroccan vaccine used in that period 
and the virus isolated from the field by exploring sequence 
similarity in different regions of the genome and by develop-
ing PCR methods to differentiate between vaccine and wild-
type virus. 
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2. Materials and methods

2.1. Flocks, clinical history and samples 

Samples were collected from 104 clinically-affected sheep 
in 19 flocks located within four provinces in the eastern 
region of Morocco (Fig. 1). All of the animals that were sam-
pled displayed various clinical signs associated with SPPV 
infection. They were predominantly of mixed local breeds 
but also included pure breeds such as Sardi, Beni Guil and 
Ouled Jellal and were generally between 1 and 4 years old. 
Sixteen of the sampled flocks were medium-sized (contai- 
ning between 30 and 80 sheep) and there were three large 
flocks each comprising around 400 sheep. Different types of 
clinical samples (sample matrices) were collected from these 
animals, and included buccal, nasal, ocular and rectal swabs, 
EDTA-blood, clotted blood and scab material. All samples 
were chilled during transport to the laboratory.
For the evaluation of the new PCR methods developed 
during this study, Capx positive samples were obtained from 
an experimental infection study which has previously been 
described (Haegeman et al., 2013).

O Fig 1. 
Sampling map showing the 4 provinces in Morocco where samples where obtained (indicated with a circle)

2.2. Polymerase chain reaction (PCR)

2.2.1.  DNA extraction and diagnostic Haegeman PCR 
panel

DNA was extracted from blood, swabs and scabs and ana- 
lysed, using a real-time PCR panel with primers and probes 
as described by Haegeman et al. (2013) (“Haegeman PCR 
panel”; Table 1). A sample was considered to be positive if it 
was scored as positive in at least one of the three PCRs. 

2.2.2. Phylogenetic and vaccine / wild type 
differentiating (real-time) PCRs

The development of new PCR methods was based upon the 
alignment of publicly available Capx genome sequences 
(NCBI nucleotide database: http://www.ncbi.nlm.nih.gov/) 
and sequences obtained during this study. The primers were 
designed using the primer 3 software (Rozen and Skaletsky, 
2000; source code available at http://fokker.wi.mit.edu/
primer3/) and the sequences are summarised in Table 1.

For phylogenetic purposes two genomic regions were tar-
geted. Firstly, the E3L/E5R/E4L region, corresponding to 
ORF34/35/36, was amplified using the primers described by 
Lamien et al. (2011) (“Lamien PCR”; Table 1). Briefly, the PCR 
was carried out in a total volume of 50 µl and consisted of 2 
µl Capx DNA, 5 µl PCR Taq buffer (10x), 2.5 mM MgCl2, 0.3 
mM of each dNTP (Roche Applied Science, Vilvoorde, Bel-
gium), 1,25 U Taq Polymerase (Life Technologies, Gent, Bel-
gium) and 33.75 pmol of a forward and reverse primer. The 
following cycling profile was applied: one cycle of 95 °C for 
4 min; 40 cycles of 95 °C for 30s, 55 °C for 30s, 72 °C for 30s; 
one cycle of 72 °C for 10 min.

Secondly, to provide for greater resolution and discrimina-
tion between viral/vaccine strains, a new method was deve- 
loped targeting another region of the genome (ORF 25/26) 
(“PCR_fylo”; Table 1). An identical mix, apart from the new 
primer pair (SPPV_17395F/SPPV_18077R), was used for this 
method as for the Lamien PCR method. The thermal cycling 
profile was as follows: one cycle of 95 °C for 4 min; 45 cycles 
of 95 °C for 30s, 57 °C for 30s, 72 °C for1 min; one cycle of 72 
°C for 10 min. 

Using the sequence data obtained for the ORF25/26 am- 
plicon, 2 new gel-based PCRs were designed exploiting the 
deletions found in the Moroccan and Romania 65 (RM-65) 
reference vaccine strain sequences. A common forward 
primer (SPPV_Dif1F) was combined with 2 different reverse 
primers (SPPV_Dif1R and SPPV_Dif2R) (Table 1). The last 
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O Table 1.
Overview of PCRs used in this study. For the newly developed PCRs the primer sequences are listed as well as the annealing temperature (Tm) values when using a gel-based PCR format.

ten nucleotides (nt) at the 3’ end of the SPPV_Dif1R primer 
are situated within the region of the genome that has been 
deleted from the vaccine strains such that use of this primer 
will result in the amplification of wild type SPPV if present 
but not of the Moroccan or RM-65 reference vaccine strains 
(“PCR-dif_1”; Table 1). In contrast, the target sequence for the 
Dif2R primer is situated after the second deletion such that 
both wild-type virus and vaccine strains yield a PCR product 
but the amplicon length for vaccine strains is 41 base pairs 
shorter than that for wild type SPPV and can be differenti-
ated on this basis in a gel-based method (“PCR-dif_2”; Table 
1). The PCR mix composition and the thermal cycling profile 
were identical to those used for the PCR_fylo method with 
exception of the annealing temperature (Tm) (Table 1).

In order to increase detection sensitivity, the SPPV Dif1F/
Dif1R PCR was adapted for real-time PCR using LC Green 
Plus+ (Bioké, Leiden, The Netherlands) (“PCR-dif_1r”; Table 
1). The final PCR mix, total volume of 20 µl, and cycling pro-
file was as follows: 10.0 µl LightCycler 480 (LC480) Probes 
Master Mix (Roche, Vilvoorde, Belgium), 2.5 µl Viral DNA 
Template, 1 U FastStartTaq DNA polymerase (Roche, Vil-
voorde, Belgium), 0.8 mM MgCl2, 2 µg BSA, 100 mM beta-
ine and 2 µl LC Green Plus+ (Bioké, Leiden, The Netherlands) 
and 9.3 pmol of each primer. The primers and DNA template 
were denatured separately at 95°C for 3 min before the rest 
of the mix was added. The LC480 (Roche, Vilvoorde, Bel-
gium) thermal cycling profile was: 95°C for 10 min and 45 

cycles of 95°C for 10s and 61 °C for 30s. Fluorescence acqui-
sition was performed at the end of each annealing/extension 
step on a LightCycler 480 (Roche, Vilvoorde, Belgium).

2.3. Virus and Cells

2.3.1. Cells: OA3.Ts

The OA3.Ts cells (ATCC-CRL-6546, LGC standards, Middle-
sex, United Kingdom) were cultured in DMEM (Life Tech-
nologies, Gent; Belgium) supplemented with 10% FCS, fun-
gizon (1µg/ml) and gentamycin (20 µg/ml). Seed densities in 
96-well plates were set at 104 cells/well to attain confluence 
after 24 h.

2.3.2. Viruses and vaccines

Cell culture isolates of sheep pox (SPPV), goat pox (GPV) 
and lumpy skin disease (LSDV) including the RM-65  
reference vaccine strain, listed in Table 3, were kindly pro-
vided in 2004 by Dr P. Kitching, at that time working at 
National Centre for Foreign Diseases, Winnipeg, Manitoba, 
Canada in collaboration with Dr P. Mellor, at that time wor- 
king at the Pirbright Institute (Pirbright, United Kingdom). 
The vaccine used in Morocco during the vaccination cam-
paign was kindly provided by Dr. K. Zro at that time working 
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at Laboratoire Régional d’Analyses et de Recherches d’Oujda, 
Office National de Sécurité Sanitaire des Produits Alimen-
taires, Oujda, Morocco. Considering the purpose (2) of this 
study, the virus(es) present in the “Moroccan vaccine”, used 
in 2010, were considered as unknown and were therefore 
referred to as Moroccan vaccine strain and possible conta- 
minant wild type strain.

Foot and Mouth Disease (FMD), Vesicular stomatitis virus 
(VSV), Orf (Parapox) strains, obtained from CODA-CERVA 
collections and listed in Table 3, were used to evaluate PCR 
specificity.

2.4. Virus neutralization test (VNT)

Sera obtained from naturally infected animals in Morocco 
were analysed using virus neutralisation test. The sera 
were diluted 1:5 in DMEM containing 2% FCS and antibi-
otics (fungizione (1µg/ml) + gentamicin (20µg/ml)). The sera 
were decomplemented by incubation at 56°C for 30 mi- 
nutes. A dilution series of the SPPV 2010 field isolate 
Morocco was prepared in DMEM containing 2% FCS and 
antibiotics; the series comprised 5.0, 4.0; 3.5; 3.0; 2.5; 2.0 and 
1.5 log10 TCID50 per ml of the virus. Equal amounts (50 µl) of 
serum and virus were mixed and subsequently incubated for 
1h at 37°C in a 96 well plate. Finally 100 µl of OA3.Ts cells (105 
cells / ml) was added to each well (two wells per dilution were 
used). The plates were incubated at 37°C for 4 days. Negative 
and positive controls were added to each plate.

Detection of virus that had not been neutralised was car-
ried out using immunoperoxidase monolayer assay (IPMA). 
Briefly, after removing the medium the plates were washed 
2 times with PBS and dried (1h at 37°C). Prior to fixation, 
the plates were stored at -70°C for at least 30min. The dried 
cell monolayers were fixed with 4% paraformaldehyde 
(Sigma-Aldrich, Diegem, Belgium) for 10min at room tem-
perature (RT). Subsequently, 100 µl of methanol/3% H2O2 
solution was added and incubated for 5 min at RT. The mono-
layers were then probed with the primary anti-Capx anti-
bodies (Abs (Capx bovine reference serum, Pirbright, United 
Kingdom) 1:320 diluted in PBS with 1% skimmed milk (dilu-
tion buffer). Following an incubation period of 1h at 37°C, the 
plates were washed twice with PBS plus 1% Tween80 before 
50 µl of the secondary Abs was added (Anti-Bovine IgG- 
peroxidase, Sigma Aldrich, Diegem, Belgium). This secon- 
dary Abs was diluted 1:1000 in dilution buffer and an incu-
bation period of 1h at 37°C was used. After a final wash  
(2 times in PBS + 1% Tween80), a substrate consisting of 2.5 

mg of 3-amino-9-ethylcarbazole (Sigma Aldrich, Belgium) 
per ml and 0.05% hydrogen peroxide in 50 mM Na acetate 
buffer (pH 5.0) was added and the mixture was incubated at 
RT. The staining was stopped by eliminating the substrate 
and adding 100 µl of the Na acetate buffer. Finally the stai- 
ning was analysed using an inverted contrast microscope. 

A neutralisation index (NI) was determined by calculating 
the log titre difference between a negative serum and the 
test serum. A sample with an NI of ≥ 1.5 was considered to 
be positive.

2.5. Virus isolation

Culture flasks (25cm2) were seeded with OA3.Ts and left to 
grow until 90% confluence was obtained. Culture medium 
was then removed and 500 µl homogenised sample + 500 µl 
fresh culture medium was added. The culture flask was incu-
bated for 24h before 9 ml additional culture medium was 
added. The cells were incubated for another 6 days before 
being stained using the IPMA method described above with 
adjustment of reagent volumes (increased 20-fold) in order 
to accommodate for the larger surface area of the flasks. 

2.6.  Sequencing

Sequencing reactions were carried out as described by 
the manufacturer using the BigDye Terminator v3.1 cycle 
sequencing kit and subsequently purified using BigDye 
XTerminator Purification Kit (Life Technologies, Gent, 
Belgium). Sequencing reactions were run on an ABI 3130 
Genetic Analyzer (Life Technologies, Gent, Belgium). The 
sequences obtained were identified and compared with pu- 
blicly available sequences and with the reference sequence 
obtained using the “blast” engine at “http://www.ncbi.nlm.
nih.gov/BLAST/” (Tatusova and Madden, 1999). 

2.7. Phylogenetic analysis

As described in section 2.3.3 above, two genomic regions were 
amplified for phylogenetic analysis. Following sequencing, 
the phylogenetic analysis was carried out using the Neigh-
bour Joining method (Saitou and Nei, 1987) via the MEGA6 
software package (Tamura et al., 2013). The genetic distances 
between the nucleotide sequences were computed using the 
Kimura-2-parameter model (Kimura, 1980). Bootstrap values 
of the phylogenetic nodes were calculated out of 1000 repli-
cates (Felsenstein, 1985).
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3. Results

3.1.  Virus neutralisation, virus isolation and 
PCR analysis of field samples 

In total 422 samples, including blood, tissue and swabs (nasal, 
buccal, ocular and rectal), from 104 animals were analysed by 
the Haegeman PCR panel. The PCR results on the different 
sample types used were summarised in Table 2. All except 
one animal gave a positive result in at least one of their sam-

ples (i.e. over 99%). Aside from scab material, blood was the 
sample type which most frequently gave a positive result 
(98% positive) followed by buccal and ocular swabs, 93% and 
91% positive, respectively. Most variability was seen in blood 
samples when using the Haegeman PCR panel, ranging from 
64%, 69% to 85% positivity. Virus could be isolated from ten 
out of eleven flocks tested. Serum was obtained from 41 ani-
mals in 18 flocks and was tested by VNT. Seroconversion for 
Capx was detected in 80.5% of the animals and in each flock 
(i.e. at least one of the animals sampled in each of the flocks 
tested positive).

O Table 2.
PCR results of the Moroccan field samples using the Haegeman PCR panel (*). An animal was considered positive if at least one sample type was positive on the PCR-panel. Between brackets is the number of doubtful 
results. N= Nasal; R= Rectal; B= Buccal; O= Ocular.

3.2. Phylogenetic analysis

In order to investigate the outbreaks two genomic regions 
were analysed. The E3L/E5R/E4L region was successfully 
amplified for 13 out of the 19 herds sampled. A global align-
ment of the complete amplicon (1 sequence / herd), over 
approximately 1100 bases, was carried out and showed a 
100% identity among all sequences. Comparison of the vac-
cine strain sequence with the data from the field samples 
revealed a similarity of 99.6% with 3 single-nucleotide poly-
morphisms (SNP’s). A SNP situated in the E3Lgene resulted 
in a glycine to valine change (G70V). The second SNP was 

found in the E4L gene of the vaccine strain, more precisely 
in the transcription factor S-II part, induced a lysine to 
asparagine (K183N) change. The third SNP was found in a 
non-coding region situated between the coding sequences 
of E5R and E4L; it was not present in the RM-65 reference 
vaccine strain and was the only nucleotide difference in this 
region of the genome between the two vaccine strains. In 
order to construct a phylogenetic tree containing the com-
plete amplicon, the corresponding region was amplified for 
multiple SPPV, GPV and LSDV strains/isolates. Sequences 
obtained were compared with several publically available 
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sequences. As expected the Capripox sequences were dis-
tributed in 3 clusters: SPPV, GPV and LSDV with the former 
2 having 2 sub-groups each (Fig. 2). On the basis of this phy-
logenic analysis, the field and vaccine viruses from Morocco 
were mapped into the same sub cluster within a broader 
sheep pox cluster and a close relationship was seen between 
the vaccine strain used in Morocco and the RM-65 vaccine 
virus. However bootstrap values for these nodes were less 
than 80% such that the topology of this part of the tree was 
considered to be uncertain (Fig. 2).

O Fig 2. 
Phylogenetic tree based upon the E3L/E5R/E4L amplicon. Sequences obtained from genbank are 
identified by their accession number at the end of the name. Bootstrap values below 80% were replaced 
with an aterisk (*)

Similar to the E3L/E5R/E4L region, the sequence analy-
sis of a second genomic region (ORF 25/26) showed that all 
field isolate sequences were 100% identical to each other. 
However, the differences with the vaccine strain were sig-
nificantly more pronounced. No nucleotide changes were 
observed in the ORF25 part of the amplicon while 4 point 
insertions, namely 3 thymines (T) and 1 adenine (A), and 3 
deletions (of 20, 21 and 16 nucleotides respectively) were 
noted in the ORF26 part of the vaccine strain compared to 
the field isolates. Aside from the RM-65 reference sequence, 
which also contained the 4 point insertions, some of the 
point insertions were also seen in SPPV Pakistan (3 of the 4) 
and SPPV Kenyan (1 of the 4) while in the SPPV Turkey the 
single insertion of A had become a triple inserted A. One of 
the point insertions was also observed in a GPV strain/isolate 
(GPV Gorgon). In contrast, the 3 deletions were not observed 
in any of the Capripox strains/isolates that were sequenced 
except for RM-65 reference vaccine strain. A single T to gua-
nine (G) change was the sole difference between the Moroc-

can vaccine strain and the RM-65 reference sequence. These 
similarities and differences are also observed when the phy-
logenetic analysis is performed based upon this amplicon 
(Fig. 3) where the Moroccan vaccine and RM-65 reference 
vaccine strain form a separate cluster. 

O Fig 3. 
Phylogenetic tree based upon the ORF25 and ORF26 amplicon. Sequences obtained from genbank are 
identified by their accession number at end of the name. Bootstrap values below 80% were replaced with 
an aterisk (*)

3.3.  Vaccine specific PCRs  
(real-time and gel-based)

The analytical sensitivity of the real-time PCR-dif_1r was 
compared with the Haegeman PCR panel using a ten-fold 
dilution series (up to 10-5) of a positive blood sample. The last 
dilution detected by both test systems was 10-3. A fit for pur-
pose evaluation was carried out following the guidelines of 
the OIE terrestrial Manual (OIE 2013, Chapter 1.1.5). Analy- 
tical specificity of the new gel-based PCRs and the real-time 
PCR-dif_1r was assessed by analysing: 1) positive samples 
obtained from sheep experimentally infected with SPPV 
(Haegeman et al., 2013); 2) other Capripox viral strains and 
3) a number of closely related viruses and viruses associated 
with similar clinical syndromes, including foot-and-mouth 
disease (FMD) virus, vesicular stomatitis (VS) virus and Orf 
virus (Parapox) (Table 3). The status of the samples used was 
determined by Haegeman PCR panel. PCR-dif_1 detected all 
the wild type SPPV samples while remaining negative for 
the reference vaccine strain RM-65 and other viruses (Table 
3). In the PCR-dif_2 PCR only a “wild type band” was seen 
on gel for all experimentally infected animals and SPPV 
strains except for the RM-65 reference vaccine strain where 
an amplicon with different length was observed (“vac-
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cine-band”); no bands of either type were observed for any 
of the other viruses. The ability to detect wild type SPPV in 
the presence of the vaccine strain was tested by mixing both 
at different ratios. For the gel-based PCRs, wild type SPPV 
(Turkey strain) could be detected with PCR-dif_1 up to a 
ratio of 1:7 (i.e. one part wild type virus to seven parts vac-
cine virus). The real-time format of this assay, PCR-dif_1r, 
had much greater sensitivity as it was able to detect the wild 
type up to a ratio of 1:3000. Therefore PCR-dif_1r was used 
to check for the presence of wild type virus in the Moroccan 
vaccine - no trace of wild type SPPV was found in the vac-
cine. The PCR-dif_2 was found to detect wild type and vac-
cine strains simultaneously up to ratios of 1:3 and 3:1 respec-
tively. Using this method to test the Moroccan vaccine, only 
the “vaccine band” was observed. Field samples of different 
types (i.e. different matrices) from 42 animals from 17 flocks 
were screened for the presence of the vaccine strain and no 
trace of the vaccine strain was found in any of these samples.

O Table 3.
Summary of the PCR results with the Haegeman PCR-panel and the vaccine/wild type differentiating PCRs. 
(A) Cp range of the Haegeman PCR-panel; (B) Number of positive samples/total samples tested; (C) 
Number of positive samples for wild type (WT)/total samples tested; (D) Cp for a single virus strain of the 
real-time PCR-Dif_1r; (E) presence of band at the expected height in the gel-based PCR-dif_1; (F) WT or 
VT: wild type band or vaccine type band in gel-based PCR-dif_2.

4. Discussion
Despite several vaccination campaigns, SPPV remains an 
important problem in Morocco which peaked in 2010 with 
a major epizootic (1892 outbreaks, 11917 cases and 2978 dead 
sheep) (private communication from ONSSA, the Moroc-
can epidemiology and sanitary monitoring service). Initial 
reports citing similarity between the field isolates and the 
vaccine strain used in Morocco (Zro et al 2014a and 2014b), 
warranted a closer investigation of the virus associated with 
the 2010 outbreaks. This was achieved by obtaining further 
clinical samples from different provinces in Eastern Morocco 
and by sequencing and phylogenetic analysis of different 
regions of the viral genome. 

As there was targeted sampling of those animals displaying 
clinical signs typical of SPPV infection, it was not surpri- 
sing that almost all (over 99%) of the sampled animals tested 
positive by PCR. Supporting the findings of Zro et al (2014a, 
20014b) ocular swabs were found to be a useful sample type 
to test with a detection rate of the Haegeman PCR-panel 
of 91%. For rectal and nasal swabs the detection rates were 
noticeably lower but this was heavily influenced by negative 
results obtained for these types of samples in 4 or 5 flocks 
compared with the other swab types suggesting that the 
timing of sample collection relative to the course of infec-
tion may be more critical for nasal and rectal swabs than for 
other sample types. The virus detection rate in buccal swabs 
(93%) was similar to that for ocular swabs and indicates 
buccal swabbing as an alternative way of sampling animals 
for routine testing with the added advantage of being easier 
than ocular swabbing. The PCR-panel detection rate in blood 
was found to be 98%. However, this sample type may be less 
suited as the individual PCR detection rates of the PCR-panel 
were more variable. 

Based upon the sequence analysis, it is clear that a single 
SPPV strain/variant was responsible for the epizootic of 
2010 in the Eastern part of Morocco as no variation was 
found in either region of the genome (E3L/E5R/E4L; ORF 
25/26) in any of the field isolates sequenced. This suggests a 
single (re-)emergence event. The first step in investigating a 
possible link between the vaccine used during the vaccina-
tion campaigns in Morocco and the field cases observed was 
to confirm the identity of this vaccine strain as having been 
derived from RM-65. A single nucleotide difference between 
the Moroccan vaccine strain and the reference RM-65 vac-
cine strain was observed in each of the two regions of the 
genome that were sequenced and both SNPs were situated in 
non-coding areas of the genome (between E4L and E5R; and 
in the ORF26 region). This close relationship between the 
two vaccine strains was also confirmed by the phylogenetic 
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analysis of the ORF25/26 region (Fig. 3) with the small diffe- 
rences possibly arising due to a different passage history for 
the reference RM-65 strain and the one used to generate the 
live attenuated vaccine used in Morocco.

When the Moroccan vaccine strain was compared to the field 
isolates a different picture was seen. The differences found in 
the E3L/E5R/E4L amplicon were rather limited with 3 nucle-
otide changes only two of which resulted in an amino acid 
change including a conserved glycine to valine. In contrast, the 
differences in the ORF25/ORF26 region were clearly more pro-
nounced. This was confirmed by phylogenetic analysis of the 
E3L/E5R/E4L region being inconclusive regarding the relation-
ship between the vaccine and field strain (Fig. 2) whereas the 
analysis of the ORF25/ORF26 region indicated clearly that the 
field isolates were different from the Moroccan vaccine strain 
(Fig. 3). The observation of many genomic alterations in ORF26 
of SPPV and GPV (data not shown) during this study is sup-
ported by data of Tulman et al (2002) where a higher mutation 
frequency was observed in this ORF in SPPV and GPV com-
pared to LSDV. It should be noted that the four point insertions 
(three T and one A) found in the vaccine strains were part of 
mononucleotide repeat structures, containing six to eight T or 
A. Such structures are ideal sites for DNA transcriptional or 
translational slippage with possible frame shifts (Strauss, 1999) 
(Baranov et al., 2005; Gurvich et al., 2003). On the other hand, 
such DNA slippage can also occur in vitro during PCR amplifi-
cation, resulting in artefacts and misinterpretation. However, 
copying a template accurately becomes a problem when the 
number of repeats exceeds ten (Clarke et al., 2001; Fazekas et 
al., 2010) which was not the case here. Furthermore, the same 
four insertions were seen in the RM-65 reference sequence 
but never in any of the field isolates tested. This makes it very 
unlikely that the four point insertions were PCR artefacts. 
Sequencing errors can be excluded as well as the region in ques-
tion was sequenced from both directions. A possible explana-
tion for our findings is the apparent inactivation of ORF26 in 
SPPV and GPV (Tulman et al 2002).

The significant differences found between the Moroccan 
vaccine strain and the field isolates in the present study con-
trasts with the findings of Zro et al (2014a, 2014b). It most 
probably reflects the degree of conservation of the different 
genomic regions selected for analysis in both studies. The 
inverted terminal repeat regions (ITRs) used by Zro et al 
(2014b) showed 100% conservation between the SPPV NK 
vaccine strain and the progenitor field isolate SPPV A but 
also with for example TU-V02127 (AY077832) from Turkey, 
making it less suitable for distinguishing SPPV strains. 

Based upon findings from the present study, it can be stated 
with considerable confidence that the vaccine strain incor-
porated in Moroccan vaccine did not revert to virulence as 

no simple mutational event could explain the genomic dif-
ferences between the vaccine strain and the field isolates. 
Furthermore, using the deletions found in vaccine strains 
as a marker which could be detected by newly developed 
PCR methods, no trace of the vaccine strain was detected 
in the field samples. The latter indicates that the vaccine 
strain did not co-circulate at the time of sampling with an 
existing SPPV isolate and was therefore not involved in the 
emergence of the new clinical form. The release of a new 
isolate by means of a contaminating agent in the vaccine 
preparation itself can also be excluded as no field isolate (or 
any other wild type SPPV) could be found within the vaccine 
vial. Recombination between the vaccine strain and a circu-
lating SPPV isolate could give rise to a new variant (Black et 
al., 1986; Gershon et al., 1989). However, the SPPV control 
strategy between 2008 and 2010 was aimed at vaccinating 
only in the outbreak area, including an encircling zone of 
3km radius (Dr. Zro K., personal communication), resulting 
in a significantly reduced coverage of the total population 
(OIE-Wahid). The animals sampled were born after the last 
general vaccination campaign in 2007 and had not been vac-
cinated before 2010. Furthermore, outbreaks were further 
controlled with movement restrictions, culling of infected 
herds and disinfection. This suggests that the co-circulation 
of vaccine strain and a wild type SPPV is very unlikely, and 
thereby making a recombination variant equally less likely. 
However, a co-circulation/recombination event in the past 
cannot be excluded. The possibility of (re-) introduction 
from neighbouring countries remains one option as well 
as a re-emergence of a local variant which acquired a new 
mutation changing its virulence (resulting in the new cli- 
nical picture) (Zro et al 2014a). Further sequence analysis 
of isolates from neighbouring countries and from Morocco, 
before 2010, is therefore warranted. 

In conclusion, no evidence was found linking the vaccine 
(vaccine strain or presence of wild type virus) directly to the 
epizootic. However, further analysis is needed to clarify the 
epidemiological picture in relation to recombination, re-in-
troduction or re-emergence. The two newly developed PCRs, 
able to differentiate between the RM-65 vaccine strain and 
wild type SPPV, can be a useful tool in future epidemiological 
investigations during vaccination programmes.
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O    A thiAzePino[4,5-A]BenzimidAzole derivAtive hAmPers the rnA 
rePlicAtion of eurAsiAn serotyPes of foot-And-mouth diseAse virus
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Abstract 
The stamping-out policy for the control of foot-and-mouth 
disease virus (FMDV) in countries that are free from FMD 
without vaccination has a dramatic socio-economic impact, 
huge animal welfare issues and may result in the loss of farm 
animal genetic resources. As an alternative to pre-emptive 
culling or emergency vaccination we further explore the 
possibility to use antiviral drugs in the event of an FMD 
outbreak. In the present study, we tested the in vitro cyto-
toxicity and anti-FMDV activity of 1,2,4,5-tetrahydro-[1,4]
thiazepino[4,5-a]benzimidazole. The molecule was shown to 
inhibit the replication of reference strains of the Eurasian 
FMDV serotypes O, A, C and Asia but neither the FMDV 
serotypes from the South African Territories (SAT) nor a 
related picornavirus, i.e. swine vesicular disease virus. The 
molecule can be added until 2 hours post inoculation in a 
‘single replication cycle experiment’ without losing its anti-
viral activity. The genetic characterisation of progressively 
selected resistant FMD viruses shows that the molecule 
presumably interacts with the non-structural 2C protein of 
FMDV. Further studies are required on the use of this mo- 
lecule in vivo.

Keywords
Antiviral drug, foot-and-mouth disease virus, RNA replica-
tion, control policy

1. Introduction
Foot-and-mouth disease virus (FMDV) is an aphthovirus 
from the family Picornaviridae that causes a highly morbid, 
fast spreading disease in (domestic) cloven-hoofed animals. 
FMD is listed by the World Organisation for Animal Health 
(OIE) and countries and zones are classified, not only depen- 
ding on the presence or absence of the virus, but also on the 
use of vaccination to control the infection. Control measures 
of potential outbreaks in free-without vaccination countries 
include the culling on the spot of all susceptible animals 
of the infected holdings and those from epidemiologically 
linked holdings, which might result in socio-economically 

devastating consequences and animal welfare issues.

After the 2001 FMD epizootic in Western Europe, the Euro-
pean guidelines were amended to increase the support for 
emergency vaccination in case of a future outbreak of FMD 
(Official Journal of the European Union, Council Directive 
2003/85/EC). However, the currently available emergency 
vaccines only confer complete clinical protection from 7 days 
post-vaccination onwards (Golde et al., Vaccine, 2005). These 
emergency vaccines are serotype- and subtype-specific and 
their use requires specific diagnostic tests to differentiate 
between vaccinated and non-vaccinated animals (Paton et 
al., Rev. Sci. Tech. Off. Int. Epiz., 2005). Alternative strate-
gies such as the use of small chemical molecules (Sakamoto 
et al., FAO Report of the Research Group of the Standing 
Technical Committee of the European Commission for the 
control of Foot-and-Mouth Disease, 2006; Goris et al., Anti-
viral Res., 2007; Rai et al., Antiviral Res., 2013), interferons 
(Dias et al., J. Interferon Cytokine Res., 2011; Perez-Martin 
et al., J. Virol., 2012), immunostimulatory CpG oligonucle-
otides (Kamstrup et al., Antiviral Res., 2006), poly IC (Dias 
et al., J. Interferon Cytokine Res., 2012), RNA or DNA(-like) 
interference (Chen et al., J. Virol., 2006;  Vagnozzi et al., J. 
Virol., 2007; Kim et al., Antiviral Res., 2008) or a combina-
tion of these strategies (Kim et al., Antiviral Res., 2012) have 
the potential to induce immediate, serotype non-specific pro-
tection against FMDV replication under field circumstances. 
They could support the EU emergency vaccination policy or 
might even in themselves  be a valid alternative for pre-emp-
tive culling of animals at risk of infection with FMDV, in the 
EU or elsewhere.  

The aim of the present study was to characterise the in vitro 
activity of 1,2,4,5-tetrahydro-[1,4]thiazepino[4,5-a]benzi- 
midazole against reference strains of FMDV. This molecule 
is derived from a class of compounds of which the syn-
thesis and structural features were originally described by 
Chimirri et al. (Heterocycles, 2000). We were first able to 
identify in vitro activity of this class of compounds against 
FMDV during a high-throughput screening of a library of 
drug-like small molecules (Willems et al., J. Virol. Methods, 
2011). 
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2. Materials and methods

2.1. Compound

The molecule 1,2,4,5-tetrahydro-[1,4]thiazepino[4,5-a]ben-
zimidazole, hereafter referred to as CHI-83, has a molecular 
weight of 204.29 g/mol. Its structural formula is shown in 
Fig.1 and was originally described by Chimirri et al. (Hetero-
cycles, 2000).

O Fig 1. 
Structural formula of CHI-83.

2.2. Cells and Viruses

The present in vitro antiviral studies were performed on 
SK-6 (swine kidney) cells. The SK-6-adapted FMDV reference 
strains O1/MAN/TUR/69 (O1 Manisa), A22/IRQ/24/64, A/
IRN/11/96 (A Iran 11/96), C1/Noville/SWI/65, Asia1/Shamir/
ISR/89, Asia1/CAM/9/80, SAT1/ZIM/25/89, SAT2/ZIM/3/97 
and SAT3/ZIM/4/99 were used, as well as swine vesicular 
disease virus (SVDV) UKG/27/72. The latter is an enterovi-
rus (family Picornaviridae) and is the most important dif-
ferential diagnosis for FMDV in pigs. These FMD and SVD 
viruses were originally obtained from the World Reference 
Laboratory for FMDV and the European Community Refe- 
rence Laboratory for SVDV at the Pirbright Institute, UK.

2.3. In vitro assays

The cytotoxicity of CHI-83 was determined as previously 
described by Goris et al. (Antiviral Res., 2007). Briefly, after 
48h of incubation of 5-fold serial dilutions of CHI-83 on SK-6 
cells, the cell viability was determined with the CellTiter 96® 
AQueous One Solution Cell Proliferation Assay (Promega, 
Leiden, The Netherlands) according to the manufacturer’s 
instructions, and confirmed by light microscopic examina-
tion. The 50% cytotoxic concentration (CC

50
) of CHI-83 was 

calculated as the concentration that reduced the cell viability 
by 50%, as described by Goris et al. (Antiviral Res., 2007).
The in vitro antiviral activity of CHI-83 was determined 
in 96-well plates as described by Goris et al. (Antiviral Res., 
2007). Briefly, the culture medium was removed from SK-6 
cell monolayers with 80-90% confluency and 100 µl of 5-fold 
serial dilutions of CHI-83 was added per well, immediately 
followed by 100 µl containing 50 Tissue Culture Infectious 
Dose

50
 (TCID

50
) of FMDV or SVDV. At 48 hours post inocu-

lation (hpi), the inhibition of viral replication-induced cyto-
pathic effect (CPE) was determined with the cell viability 
assay described above and confirmed by light microscopic 
examination. The 50% and 90% effective concentrations 
(EC

50
 and EC

90
) of CHI-83 were calculated as the concentra-

tions which protected 50% and 90% of the SK-6 cells against 
viral replication-induced CPE, respectively, as previously 
described (Goris et al., Antiviral Res., 2007).

Similarly, the effect of CHI-83 on the viral RNA yield was 
determined by adding 2-fold serial dilutions of CHI-83 per 
well in 96-well plates, immediately followed by 50 TCID

50
 of 

FMDV strain O1 Manisa. After a 30 min adsorption period, 
the inoculum was removed, the cells were washed twice and 
fresh culture medium containing 2-fold serial dilutions of 
CHI-83 was added. At 48 hpi, supernatant fluids and cells 
were collected. The nucleic acids were extracted with the 
Nucleospin® RNA virus columns (Macherey-Nagel, Düren, 
Germany) according to the manufacturer’s instructions. 
One-step real-time RT-PCR for the FMDV RNA-depen-
dant RNA-polymerase (FMDV 3D gene) was performed as 
adapted from the reference method from Callahan et al. (J. 
Am. Vet. Med. Assoc., 2002).

So-called time-of-drug addition assays were performed by 
inoculating SK-6 cells in 96-well plates with 50 TCID

50
 of 

FMDV strain O1 Manisa for 30 min (Goris et al., Antiviral 
Res., 2007). After two washes, fresh medium was added. 
Every hour post inoculation until 6 hpi, CHI-83 was added to 
a final concentration of 60 µM, which is the lowest concen-
tration that completely inhibited CPE formation and infec-
tious virus yield in preliminary assays (data not shown). At 
6 hpi, i.e. after one replication cycle (Goris et al., Antiviral 
Res., 2007) supernatant fluids and cells of compound-treated 
cultures and control-infected non-treated cultures were col-
lected and stored at -80°C until use. The viral RNA levels 
of the collected fractions were determined by RT-PCR as 
described above (Callahan et al., J. Am. Vet. Med. Assoc., 
2002).

To unravel the mode of action of CHI-83, CHI-83 resistant 
mutant FMDV was selected by culturing 50 TCID

50
 of O1 

Manisa and A Iran 11/96 in the presence of serial dilutions of 
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CHI-83 ranging from 50 µM to 5 µM in 96-well plates. After 
2 days of incubation, the content of 5 to 10 wells of the hi- 
ghest concentration of CHI-83 that showed CPE were serially 
passaged in 24-well plates with increasing but sub-optimal 
concentrations of CHI-83. This was repeated until full-blown 
CPE was observed at 100 µM of CHI-83. Infected, untreated 
cells (virus controls) were passaged in parallel.

2.4. Virus amplification and sequencing

To investigate the effect of continuous treatment with 
sub-optimal and increasing concentrations of CHI-83, the 
complete FMDV genome (except for the poly(C) region) of 
the resistant mutant virus, the virus control and the original 
virus were amplified, sequenced and analysed as described 
before (Abdul-Hamid et al., Virus Genes, 2011; Valdazo-Gon-
zalez et al., PLoS One, 2012). Briefly, viral RNA was extracted 
and reverse-transcribed using SuperScript™ III Reverse 
Transcriptase (Invitrogen, CA, USA) and the UKFMD Rev 6 
primer (5’-GGC GGC CGC TTT TTT TTT TTT TTT-3’). After 
cDNA purification, the Platinum® High Fidelity Taq (Invitro-
gen, CA, USA), 12 universal primer pairs for the non-struc-
tural protein (NSP) and 3’-poly(A) tail; and 12 lineage-specific 
primers to amplify the 5’-untranslated region (UTR) and cap-
sid-coding region (Abdul-Hamid et al., Virus Genes, 2011) 
were used to amplify the virus genome in 24 overlapping 
fragments. Cycle sequencing reactions, using the same pri- 
mers pairs used for amplification and using the Big Dye-Ter-
minator v3.1 Cycle Sequencing Reaction Kit, were analysed 
in an ABI 3730 DNA Analyzer (Applied Biosystems, USA). 
Sequences were assembled, proof-read, and edited with the 
Lasergene version 10.1 package (DNASTAR Inc, USA). Subse-
quent nucleotide and amino acid sequence alignments were 
performed as described by Valdazo-Gonzalez et al. (PLoS 
One, 2012).

3. Results
The cytotoxicity and antiviral activity of CHI-83 were 
assessed with a colorimetric assay that measures the cell 
viability. The CC

50
 of CHI-83 was 382.2 ± 18.5 µM. CHI-83 

demonstrated antiviral activity against the 4 FMDV sero-
types of the Eurasian continent (O, A, C and Asia). Antiviral 
activity could not be demonstrated for the SAT (South Afri-
can Territories) serotypes or SVDV. This is shown in Table 1.

Virus strain EC50 (μM)a EC90 (μM)a

FMDV O1/MAN/TUR/69 15.6 ± 8.6 44.2 ± 14.3

FMDV A22/IRQ/24/64 18.4 ± 8.2 41.1 ± 4.3

FMDV A/IRN/11/96 8.0 ± 1.5 28.5 ± 16.7

FMDV C1/Noville/SWI/65 39.7 ± 27.8 58.8 ± 32.9

FMDV Asia1/Shamir/ISR/89 51.4 ± 27.1 83.8 ± 39.6

FMDV Asia1/CAM/9/80 26.6 ± 5.8 51.2 ± 11.6

FMDV SAT1/ZIM/25/89 >100 >100

FMDV SAT2/ZIM/3/97 >100 >100

FMDV SAT3/ZIM/4/99 >100 >100

SVDV UKG/27/72 >100 >100
a Data represent the mean ± S.D. from 3 independent experiments.

O Table 1.
Reduction of FMDV- and SVDV-induced CPE by treatment with CHI-83.

The EC
50

 and EC
90

 values of CHI-83 for inhibition of viral 
RNA yield of the FMDV strain O1 Manisa were 11.3 ± 5.1 
µM  and 23.3 ± 7.7 µM for inhibition of the extracellular viral 
RNA yield and 13.6 ± 5.4 µM and 34.0 ± 13.7 µM for the inhi-
bition of the intracellular RNA yield, respectively. Figure 2 
depicts the dose-activity curve and represents the mean ± 
S.D. from 3 independent experiments.

Time-of-drug addition assays were performed during one 
single replication cycle of the FMDV strain O1 Manisa (Goris 
et al., Antiviral Res., 2007).

O Fig 2.
Dose-activity curve for FMDV RNA reduction by CHI-83. Grey bars represent extracellular viral RNA and white 
bars represent intracellular viral RNA.
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When CHI-83 was added at a concentration of 60 µM 
during the first 2 hpi, the intracellular viral RNA synthe-
sis was inhibited for 99% and extracellular viral RNA could 
not be observed. A gradual loss of the antiviral activity was 
observed when the compound was added between 3 and 6 
hpi, as shown in Figure 3. The data in Figure 3 represent the 
mean ± S.D. from 3 independent experiments.

O Fig 3.
Effect of delayed addition of CHI-83 on intra- and extracellular viral RNA levels. Grey bars represent 
extracellular viral RNA and white bars represent intracellular viral RNA. 

To determine the mode of action of CHI-83, FMDV O1 Manisa 
and A Iran 11/96 were serially passaged in sub-optimal and 
increasing concentrations of CHI-83. For both strains it was 
observed that after 4 passages 50 TCID

50
 of FMDV induced 

full-blown CPE in the presence of 100 µM of CHI-83. Com-
parative consensus sequencing analysis revealed amino acid 
(aa) changes T1242I (Isoleucine instead of Threonine) for 
O1 Manisa and Q1371R (Arginine instead of Glutamine) for 
A Iran 11/96 respectively. Both aa changes were located in 
the non-structural 2C protein and were not observed in the 
wild type viruses or in the serially passaged control viruses. 
The present data confirm previous data in which similar aa 
changes were observed in the 2C protein of an O1 Manisa 
that was resistant to a precursor molecule of CHI-83 (data 
not shown).

4. Discussion
The European Council Directive 2003/85/EC has opened the 
door for animal friendly containment strategies for FMD. 
An alternative for emergency vaccination might be the pro-
phylactic use of small chemical molecules that inhibit the 
viral replication cycle. This is not wishful thinking as recent 
modelling studies from Ribbens et al. (Prev. Vet. Med., 2012) 
and Backer et al. (Antiviral Res., 2013)  have, for example, 
shown that an outbreak of classical swine fever in a densely 
populated livestock area could be successfully and cost-ef-
fectively contained by the prophylactic use of the molecule 
5-[(4-Bromophenyl)methyl]-2-phenyl-5H-imidazo[4,5-c]
pyridine or BPIP.  Recently, our research consortium has 
described the activity of small chemical molecules against 
FMDV in laboratory animals, i.e. the ribonucleoside analogue 
2’-C-methylcytidine (2’CMC) in severe combined immunode-
ficient mice (Lefebvre et al., Transbound. Emerg. Dis., 2014) 
and the 3-oxo-3,4-dihyro-2-pyrazincarboxamide derivative 
(T-1105) in Guinea pigs (De Vleeschauwer et al., Transbound. 
Emerg. Dis., 2014). However, the dose and quantity of 2’CMC 
or T-1105 to be used in farm animals may be too high to allow 
an economically viable FMD control strategy in large num-
bers of animals.

In the present manuscript, the in vitro activity of CHI-83 is 
demonstrated against the 4 Eurasian serotypes of FMDV. 
However, antiviral activity could not be demonstrated 
against the SAT serotypes of FMDV even not at a high con-
centration (100 µM). This is particularly an issue in the EU 
as FMDV SAT2 has spread northward in the recent years, 
crossing the historical physical barrier of the Sahara, and 
causing several independent outbreaks in North-Africa and 
the Middle East (Ahmed et al., Transbound. Emerg. Dis., 
2012; Lockhart et al., FAO Empres Watch, 2012). The ideal 
antiviral drug should be active against all 7 serotypes of 
FMDV.

Goris et al. previously observed the onset of the viral RNA 
synthesis between 2 to 3 hpi and extracellular viral RNA was 
observed from 5 hpi onwards (Antiviral Res., 2007). This was 
confirmed in the present study (data not shown). The data 
of the present study thus suggest that CHI-83 interferes at 
a stage that coincides with the onset of the viral RNA repli-
cation, presumably by interacting with the viral 2C protein. 
The latter is a large membrane-associated RNA-binding pro-
tein with ATP-ase activity (Lawrence et al., J. Virol., 2009; 
Sweeney et al., J. Biol. Chem., 2010) that interacts with and 
modulates different host cell factors during the viral re- 
plication cycle (Gladue et al., J. Virol., 2012; Gladue et al., J. 
Virol., 2013). To our knowledge, this is the first description of 
an antiviral compound that specifically targets the viral 2C 
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protein of FMDV, although such inhibitors are described for 
other picornaviruses (De Palma et al., J. Virol., 2008; Ulferts 
et al., Antimicrob. Agents Chemother., 2013). Although it 
has been described that single mutations from threonine to 
isoleucine (Heise et al., J. Virol., 2000) or from glutamine to 
arginine (Samal et al., J. Gen. Virol., 2011) can attenuate viral 
replication in vivo, we have no indications that the described 
aa mutations in the FMDV 2C protein may alter viral replica-
tion on SK-6 cells in vitro (data not shown). Further research 
might give a better insight into the functions of the FMDV 
2C protein, particularly in natural hosts.

In conclusion, the present study further illustrates the poten-
tial of small molecule inhibitors to interfere with the replica-
tion cycle of FMDV, which alludes to their prospective use 
for containing future outbreaks of FMD. Although practi-
cal applications are not yet commercially available, further 
research and development towards this goal is ongoing.
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Introduction
In 2011 Bréard et al. reported an instance of contamination 
in which the challenge inoculum used in a bluetongue virus 
serotype 8 (BTV-8) vaccination trial in goats was contami-
nated with BTV-11. The inoculum consisted of a pool of two 
blood samples that had been collected from BTV-8-infected 
calves. The first blood sample originated from a calf that had 
been experimentally infected in 2008 at the Friedrich-Loef-
fler-Institut (FLI, Insel Riems, Germany) using a BTV-posi-
tive field sample. The second sample was collected from an 
infected calf in France in 2007 and handled at the French 
Agency for Food, Environmental and Occupational Health 
& Safety (ANSES, Maisons-Alfort, France). Analysis of indi-
vidual blood samples using group- and serotype-specific 
RT-qPCR demonstrated that the German, but not the French 
blood sample, was contaminated with traces of BTV-11 
(Bréard et al., 2011). Interestingly, preliminary sequence 
analysis revealed that the BTV-11 contaminant was closely 
related to the partial sequence of genome segment 2 of the 
BTV-11 virus that had been detected in Belgium in 2008 (De 
Clercq et al., 2009; Bréard et al., 2011). As Bréard et al. (2011) 
pointed out, the contamination could be due to either a la- 
boratory contamination during sample preparation or a na- 
tural double infection of the original donor calf with BTV-8 
and BTV-11. Unfortunately, the origin of the viral contami-
nant could not be identified unambiguously.

As partial sequence data did not yield sufficient information 
to accurately identify the source of contamination, we per-
formed a full-genome analysis on the BTV-11 contaminant 
(BTV 11_DE; re-isolated from a BTV-8-vaccinated goat) as 
well as on three other BTV-11 isolates, namely the BTV-11 
reference strain (BTV-11_REF), the BTV-11 vaccine strain 
(BTV 11_VAC) and a recently isolated BTV-11 strain obtained 
from asymptomatic cattle from Martinique (BTV-11_MQ). 
The obtained sequences were compared to each other as well 
as to other eastern and western BTV sequences, including 
the partial sequence from the Belgian BTV-11. To our know- 
ledge, these are the first complete genome sequences of BTV- 
11 viruses.

Materials and Methods
All viruses were propagated in BHK-21 cells using Eagle’s 
minimal essential medium (Life Technologies, Carlsbad, 
CA, USA) supplemented with 2% foetal calf serum, 100 
mg/l streptomycin and 100 000 IU/l penicillin. Total RNA 
was extracted from cell culture using TRIzol reagent (Life 
Technologies) according to the manufacturer’s instructions. 
After removal of the single-stranded RNA by selective LiCl 
precipitation, the double-stranded RNA was further puri-
fied and concentrated using a NucleoSpin RNA II extraction 
kit (Macherey-Nagel, Düren, Germany). Full-length cDNA 
copies of all 10 BTV genome segments were synthesized 
according to the sequence-independent amplification pro-
tocol described by Potgieter et al. (2009). Five micrograms 
of nebulized cDNA was sequenced on a GS FLX (Roche 
Diagnostics, Basel, Switzerland) according to standard pro-
cedures using GS FLX Titanium chemistry (Roche Diagnos-
tics) and Multiplex Identifier (MID) adaptors. All sequencing 
reactions were performed by the Genomics Core at the Uni-
versity Hospital Leuven (Belgium). The raw sequence data 
were assembled and analysed using SeqMan NGen version 3 
(DNASTAR, Madison, WI, USA).

All available full-length sequences of the 10 segments of 
BTV were retrieved from GenBank (accessed on 17/05/2013). 
Duplicate sequences were removed from the data sets using 
the derep-full-length function of USEARCH v6.0.307 (Edgar, 
2010). The remaining sequences were aligned by MUSCLE 
v3.8.31 (Edgar, 2004). Gaps were removed partially using the 
gappyout function of trimAl v1.4 (Capella-Gutierrez et al., 
2009). Maximum likelihood phylogenetic trees were cons-
tructed using PhyML 3.0 applying the best-fit nucleotide 
substitution model as determined by jModelTest according 
to the Bayesian information criteria (Guindon et al., 2010). 
Robustness of the tree topologies was assessed with 500 
bootstrap replicates.
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Results and Discussion
All four BTV-11 genomes were fully covered with an ave-
rage depth ranging from 82- to 238 fold. The full-genome 
sequences of the four BTV-11 isolates were submitted 
to GenBank (BTV-11_REF: GenBank accession numbers 
JQ972831 to JQ972840, BTV-11_VAC: GenBank accession 
numbers JQ972841 to JQ972850, BTV-11_DE: GenBank 
accession numbers JQ972851 to JQ972860, BTV-11_MQ: 
GenBank accession numbers JQ972861 to JQ972870). Phy-
logenetic analyses indicated that all segments belong to the 
western topotype.

Comparison of the consensus sequences of the isolated 
BTV-11_DE strain with that of the BTV-11 reference and 
vaccine strains clearly indicated that the BTV-11_DE con-
taminant is in fact the BTV-11_REF strain (Table 1). These 
sequences differed by only a single synonymous substi-
tution at position 904 in segment 5 (BTV-11_REF: 62-fold 
depth of coverage, 100% C versus BTV-11_DE: 42-fold depth 
of coverage, 85.7% T and 14.3% C). Interestingly, the BTV-11 
reference strain used at the FLI, which is the only BTV-11 
isolate available there, does not carry this substitution (data 
not shown).

Although only limited sequence information is available for 
BTV-11_BE (De Clercq et al., 2009), our analysis confirms 
that the virus was most likely derived from the South Afri-

can modified live virus (MLV) BTV-11_VAC vaccine strain, as 
was previously suggested by De Clercq et al. (2009). The par-
tial sequence of genome segment 2 of the BTV-11_BE virus is 
not only identical to the vaccine strain, but also differs from 
the reference strain by a single non-synonymous substitu-
tion (BTV-11_REF versus BTV-11_BE: G874A). Our findings 
also suggest that the BTV-11 contaminant (BTV-11_DE) and 
the Belgian BTV-11 (BTV-11_BE) are not the same viruses. 
Interestingly, the three additional substitutions that were 
reported by De Clercq et al. (2009) were also present in the 
consensus sequence of our reference strain (position 973: 
36-fold depth of coverage, 100% G; position 1579: 100-fold 
depth of coverage, 100% A; position 1705: 86-fold depth of 
coverage, 100% A), suggesting the existence of two closely 
related but distinct BTV-11 reference strains. The close rela-
tionship between BTV 11_DE/BTV-11_REF and BTV-11_BE/
BTV-11_VAC becomes even more apparent when their 
genomes are compared to that of the non-related BTV-11_
MQ. For instance, the consensus sequences of BTV-11_DE 
and BTV-11_MQ exhibit no fewer than 2090 differences at 
the nucleotide level, which result in 202 amino acid changes.

Although the introduction route of the BTV-11 MLV vac-
cine strain into Belgium remains unelucidated, similar 
vaccine incidents, suggesting the improper use of the mul-
tivalent South African MLV vaccines, have been reported 
in the Netherlands (BTV-6) (Maan et al., 2010; ProMED-
mail, archive number 20081031.3431) and Russia (BTV-14) 

BTV-11_REF

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

BTV-11_VAC C63T A617G T1917C - T510C C115T G227A C1078T T83G G535T

T3245C G874A T2143C C1403T A809G G112A

A2478G

BTV-11_DE - - - - C904T - - - - -

BTV-11_BE n.a. G874A n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

BTV-11_REF

VP1 VP2 VP3 VP4 NS1 VP5 VP7 NS2 VP6 NS3

BTV-11_VAC R18C E206G S634P - F159S S29L L70L G353G M23R L172F

F1078F D292N M709T L457L K260K V33M

T821A

BTV-11_DE - - - - S290S - - - - -

BTV-11_BE n.a. D292N n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

O Table 1.
Differences in the nucleotide and amino acid sequences of the BTV-11 isolates: BTV-11_VAC, BTV-11_DE and BTV-11_BE compared to BTV-11_REF. The numbers correspond to the positions in the BTV-11_REF sequence. 
The BTV-11_REF sequence is always shown left from the position number



44

(ProMED-mail, archive number 20121205.1439689). In this 
respect, it is interesting to note that the northwestern Euro-
pean BTV-8 virus has the unusual ability to cross the pla-
centa at high frequency (De Clercq et al., 2008; Menzies et al., 
2008; Vercauteren et al., 2008) and be excreted in the semen 
of infected bulls and rams (Vanbinst et al., 2010; Leemans 
et al., 2012), two characteristics which have been associ-
ated typically with laboratory-adapted BTV strains (Kirk-
land and Hawkes, 2004; Kirkland et al., 2004; MacLachlan 
et al., 2009; Savini et al., 2012). Despite their proven effi-
cacy, BTV MLV vaccines suffer from a variety of potential 
drawbacks including adverse effects due to under-attenua-
tion of the vaccine strain and dissemination of the vaccine 
strain into the environment (Savini et al., 2008; Zientara 
and Sanchez-Vizcaino, 2013). Spread of BTV MLV vaccines 
into the environment has been described previously (Fer-
rari et al., 2005; Monaco et al., 2006; Barros et al., 2007) 
and is thought to be responsible for the sporadic incidence 
of teratogenic defects in unvaccinated livestock in South 
Africa, North America and southern Europe (MacLachlan 
et al., 2000; MacLachlan and Osburn, 2008; Savini et al., 
2012). Adequate measures should therefore be taken to 
avoid the introduction of viraemic MLV-vaccinated ani-
mals into BTV-free areas where there may be competent 
vectors. The lack of adverse effects of the BTV-6, BTV-11 
and BTV-14 MLV vaccine strains in these recent incidents 
cannot be extrapolated to other MLV strains. Previous 
studies have clearly indicated that the type and extent of 
adverse effects not only depend on the BTV MLV vaccine 
strain that is being used but also on the host species and 
environmental factors (Savini et al., 2008).

Although MLV vaccines have been used to control BTV infec-
tions for over 100 years, the molecular determinants that 
influence the phenotypic properties of BTV are still poorly 
understood which greatly hampers risk-benefit analyses 
(Coetzee et al., 2012). Similar to the BTV-2, BTV-4 and BTV-9 
vaccine and reference strains (Caporale et al., 2011), the BTV 
11_VAC and BTV-11_REF strains only differ from each other 
by a few amino acids. Full-genome sequence analysis of both 
the reference and the vaccine strain revealed five synony-
mous and eleven non-synonymous nucleotide substitutions 
(Table 1). However, unlike BTV-2, BTV-4 or BTV-9 vaccine 
strains, VP3 of BTV-11_VAC contained the highest number 
of amino acid changes, whereas no changes were found in 
VP4, VP7 and NS2. Of all viral proteins, only VP1 and VP2 
consistently showed amino acid changes in BTV-attenuated 
strains as compared to the corresponding reference strains. 
As the mutations were scattered along both segments and 
showed no clear mutational hotspots, the sequence data on 
their own did not allow determination of the amino acid 

substitutions that contributed to the attenuated phenotype. 
However, it should be noted that the reference strain used 
in this study has undergone a large number of cell culture 
passages which might have altered its virulence. Future 
research using virulent field strains with a low passage 
history is needed to identify potential attenuating muta-
tions that can then be tested individually with the recently 
described reverse genetic system (Boyce et al., 2008).

Although the BTV-11 contamination did not influence the 
outcome of this particular experiment (i.e. efficacy of BTV-8 
vaccines in goats could be demonstrated), contamination 
incidents must be prevented (Bréard et al., 2011). Indeed, 
such incidents can have a profound impact on experimental 
results, as was reported by Eschbaumer et al. (2011). In that 
study, possible cross-protection between BTV-8 and BTV-1 
was examined in both cattle and sheep. The BTV-1 challenge 
inoculum was later found to be contaminated with BTV-15, 
which resulted in a radically different outcome depending 
upon the host species. Whereas in cattle, the BTV-15 con-
taminant dominated the infection, in sheep, BTV-15 replica-
tion was markedly lower or even undetectable in some of 
the animals. These contamination incidents highlight the 
need for rigorous application of quality control, which, in 
the case of BTV challenge experiments, means testing for 
all 26 serotypes. Although publicly available primer sets 
were initially limited to the European BTV serotypes (Mer-
tens et al., 2007), Eschbaumer et al. (2011) and Maan et al. 
(2012) recently described primer sets that allow typing of 
BTV serotypes 1–26. In addition, random sequencing and/or 
full-genome sequencing, which provide genome-wide cha- 
racterization of viruses at the nucleotide level, could repre-
sent useful additions to the quality control process. Although 
such detailed analysis is not needed in all experiments, mo- 
nitoring the genetic content of viruses should be considered 
(i) when field isolates of viruses with segmented genomes are 
being used or (ii) when a single virus strain is used in several 
experiments at different passage levels.

In conclusion, full-genome sequences of four BTV-11 isolates, 
including the reference and vaccine strains, were deter-
mined for the first time. Although the origin of the conta- 
mination incident could not be identified, the results indicate 
that the BTV-11 contaminant is identical to the BTV-11 refe- 
rence strain, but different from the Belgian BTV-11 virus. 
This study also confirms that the Belgian BTV-11 virus was 
most likely the BTV-11 vaccine strain. The obtained sequence 
data may facilitate the development and evaluation of diag-
nostic assays, the determination of virulence factors and 
phylogenetic analyses of BTV in general.
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Introduction
Next Generation Sequencing technologies’ (NGS) ability 
to produce a spectacular number of sequence reads from 
a nucleic acid sample resulted in an exponential increase 
of characterized pathogens over recent years (reviewed in 
Barzon et al., 2011;  Belak et al., 2013; Blomstrom, 2011; Van 
Borm et al., 2015). In veterinary virology, virion enrichment 
followed by random amplification (Allander et al., 2005; Dji- 
keng et al., 2008) and NGS has resulted in the characteriza-
tion of an increasing number of viral nucleic acid sequences 
from outbreaks of unknown etiology (Blomström et al., 2010; 
Honkavuori et al., 2011), well-known disorders presumed to 
be of multifactorial etiology (Cox-Foster et al., 2007; Gran-
berg et al., 2013; Blomström et al., 2009), and reservoir spe-
cies and vectors (Ge et al., 2012; Li et al., 2010; Blomstrom et 
al., 2012; Bodewes et al., 2013; Bishop-Lilly et al., 2010).

Case summary
In Belgium, since 2009, over 50 dairy herds had been con-
fronted with a sudden decrease in milk production, with 
or without other clinical signs. Despite the identification in 
several herds of pathogens of diseases such as bovine viral 
diarrhoea virus (BVDV), Anaplasma phagocytophilum, Lep-
tospira hardjo or Schmallenberg virus (regardless of nutri-
tional issues), several outbreaks remained without etiology. 
In July 2013, again 4 outbreaks of milk drop were reported in 
Flanders, and this time typically accompanied by high fever 
(40-41°C), unresponsive to antimicrobial or anti-inflamma-
tory treatment, characteristic nose lesions (“red nose”), and 
vasculitis-suggesting teat injuries (redness, necrosis, edema). 
Specific diagnostic tests for known pathogens with a mucosal 
distribution (BVDV, malignant catarrhal fever, bluetongue, 
epizootic haemorrhagic disease virus, Schmallenberg virus, 
A. phagocytophilum and bovine herpesvirus 1) were nega-
tive.

Metagenomic sequencing.
A viral metagenomics approach was used to investigate 
this undiagnosed cluster of dairy cattle (this report is a par-
tial reproduction of our publication Rosseel et al., 2014, to 
which we refer for more details). Serum and whole blood 
samples were taken in the predicted hyperviremic state of 
an animal that a few days later presented with these clinical 
signs. Briefly, the sample pretreatment consisted of virion 
enrichment (using size-selective filtration and optimized 
nuclease treatment). DNA and RNA were extracted from 
the virion enriched fraction, ribosomal RNA was removed 
from the RNA, followed by cDNA synthesis (RNA work-
flow) or second strand DNA synthesis (DNA workflow) and 
random amplification. The resulting random amplification 
products were size selected and sequencing libraries for the 
Genome Sequencer Junior (GS Junior, Roche) were prepared 
according to the manufacturer’s instructions for Titanium 
Series reagents making use of multiplex identifiers (MID) to 
identify the different libraries. The resulting libraries were 
sequenced with a GS Junior using Titanium Series reagents 
(Roche).

The sequence output files were sorted per sequencing library 
according to their MID sequences. The random amplification 
primer sequence was trimmed off the reads and de novo 
assembly was performed using the GS De Novo Assembler 
software v2.7 with default parameters. The resulting contigs 
(contiguous sequences assembled from overlapping sequence 
reads) and singletons (single sequences) were subjected to a 
BLAST (Basic Local Alignment Search Tool) sequence align-
ment analysis using locally installed blast-2.2.27+ software 
(Tao, 2010 [Updated 2012]), aiming to identify sequence simi-
larities in publicly available nucleotide and protein sequence 
databases. The E-value cutoff was set at 0,001. BLAST 
output files were subsequently processed with the MEtaG-
enome ANalyzer software (MEGAN v4.70.4 , Huson et al., 
2011) to classify the reads according to the NCBI taxonomy.  
Relevant singletons showing similarity to viral sequences 
were subjected to a repeated de novo assembly in order to 
find overlapping regions.
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Follow-up strategy using  
real-time PCR
Specific SYBR green real-time PCR assays were designed targe- 
ting relevant contig or singleton sequences using Pri- 
mer-BLAST (Ye et al., 2012) to confirm or exclude the presence 
of the metagenomically detected sequences in the original and 
additional samples. The reactions were performed with the 
LightCycler 480 SYBR Green I Master kit (Roche) using 1 µM 
final concentration of each primer and an annealing tempera-
ture of 52°C. A melting curve analysis was included to verify 
the specificity of the PCR reaction. PCR’s not yielding a specific 
melting curve profile were abandoned, resulting in 3 reliable 
and specific real-time SYBR green PCR tests targeting Parvovi-
rus-like contigs and singletons, and 1 test targeting 2 overlap-
ping circovirus-like singletons (Rosseel et al., 2014). DNA was 
re-extracted (QIAamp DNA Blood Mini Kit (QIAGEN)) from the 
original samples and tested to confirm the presence of Parvovi-
rus-like nucleic acids. Three negative control extractions were 
performed with the QIAamp Viral RNA Mini Kit (QIAGEN) 
using only elution buffer. As an alternative extraction method 
the NucleoSpin RNA Virus kit (Macherey-Nagel) was used 
according to the manufacturers’ instructions.

Results and discussion
The selection of properly targeted and fresh (field) samples 
is of great importance in any virus discovery method (Ros-
seel et al., 2012). The sample that was subjected to our opti-
mized metagenomic virus discovery workflow was therefore 
selected with great care in order to increase the probability 
to detect viruses. 

The DNA virus identification workflow yielded a total of 
32757 sequences (average length of 335 bases). A de novo 
assembly resulted in 1463 contigs (comprising 16993 reads) 
and 12421 singletons. Table 1 summarizes the BLAST ana- 
lysis results. A very low number of host genome sequences 
indicated a successful removal of host nucleic acids by the 
nuclease treatments.  The BLAST analysis could identify 
56 contigs and 450 singletons similar to viruses. Most viral 
contigs/singletons were similar to bacteriophage sequences. 
Five singletons showed a nearly exact match to a goatpox 
virus strain of which we made a sequencing library in the 
lab 1 week earlier. As a specific pox qPCR tested negative 
on a new DNA extraction of the original sample (data not 
shown), we could exclude involvement of a poxvirus. Three 
contigs (comprising 25 reads) and 17 singletons were similar 

DNA virus identification workflow RNA virus identification workflow

32757 raw reads (10984762 bases ) 
31308 trimmed reads (9649226 bases)

31365 raw reads (10116997 bases) 
28742 trimmed reads (8884507 bases)

Classification Virus family # contigs (reads) # singletons # contigs (reads) # singletons

Archaea 4 (62) 27 2(56) 4

Bacteria 514 (6036) 3575 242 (9402) 271

Eukaryota 285 (3461) 1642 222 (9569) 312

Unclassified 604 (6803) 6727 164 (6375) 475

Viruses 56 (631) 450 18 (617) 26

bacteriophage-like myoviridae, podoviriae, siphoviridae, 
microviridae, …

52 (608) 400 16 (575) 17

 (uncultured) marine virus -like phycodnaviridae, environmental samples 3 (25) 17 2 (73)

parvovirus NIH-CQV-like, densovirus-like parvoviridae 1 (17) 10

circovirus-like (Circovirus-like genome RW-E, 
beak and feather disease virus, ...)

circoviridae 8

herpesvirus-like (ROOT) herpesviridae 6

goat pox/ lumpy skin disease/ sheep pox  
virus-like

poxviridae 5 6

mimivirus-like (ROOT, low complexity) mimiviridae 4

retrovirus-like (ROOT) retroviridae 3

O Table 1.
Results of BLAST analysis (E-value threshold = 0,001) of contigs (≥ 100 bp) and singletons from a de novo assembly with GS De Novo Assembler.
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to marine virus sequences, mostly to regions associated with 
capsid or replication proteins. One contig (comprising 17 
reads) and 9 singletons were similar to the Parvovirus NIH-
CQV (GenBank: KC617868.1). Parvovirus NIH-CQV was dis-
covered and sequenced by Xu and colleagues (2013) using a 
similar metagenomic approach. This study claimed this virus 
was highly prevalent in human patients with seronegative 
hepatitis and phylogenetic analysis indicated that NIH-CQV 
was located at the interface of Parvoviridae and Circovi- 
ridae. The origin of this new virus was later questioned by 
Naccache and colleagues as a likely reagent contaminant 
(Naccache et al., 2013; Smuts et al., 2014; Editorial, 2014; 
Naccache et al., 2014). In addition, our blast analysis (Table 
1) identified 8 circovirus-like singletons. To confirm the pre- 
sence of these parvo/circovirus–like sequences in our sample 
we developed 4 qPCR tests based on relevant contigs and sin-
gletons. The tests confirmed the presence of these sequences 
in new DNA extractions of the original blood and serum 
sample, as well as in DNA extractions of a blood and serum 
sample from a second animal with the same characteris-
tic symptoms (Table 2). Surprisingly, a negative extraction 
control (elution buffer extracted with QIAamp DNA Blood 
mini kit) also contained qPCR detectable Parvovirus-like 
sequences, while negative extraction controls using a diffe- 
rent extraction kit (NucleoSpin, Macherey-Nagel) tested ne- 
gative (Table 2). After our initial metagenomic data analy-
sis, new Parvovirus-like hybrid virus (PHV) sequences at the 
interface between the Parvoviridae and Circoviridae were 
submitted in GenBank (accession numbers KF170373 and 
KF214637 to KF214647) by Naccache and colleagues (2013). 
The genome sequence was nearly identical to the NIH-CQV 
sequence. The authors demonstrated the origin of the PHV 
DNA to be contaminated silica-binding spin columns used 

for the nucleic acid extraction (RNeasy MinElute, RNeasy 
Mini, QIAamp MiniElute and QIAampMini spin columns). 
Our findings confirm the risk of reagent contamination 
stressed by Naccache and colleagues (2013) and are also in 
accordance with a study (Lysholm et al., 2012) using a similar 
metagenomic sequencing strategy to characterize viruses in 
human patients with severe lower respiratory tract infection. 
In that study, detected densovirus-like and circovirus-like 
contigs were linked to the use of the QIAamp DNA Blood 
Mini Kit (QIAGEN). The remaining identified viral sequences 
in our study (Herpesvirus-like, Mimivirus-like; Table 1) were 
low complexity reads or showed only limited similarity to 
the blast hits. Low complexity sequences frequently occur in 
metagenomic datasets and are most likely artefactual ampli-
fication products. 

The RNA virus identification workflow yielded in total 
31365 sequences with an average length of 323 bases. De 
novo assembly resulted in 648 contigs (comprising 26019 
reads) and 1088 singletons. BLAST analysis (Table 1) again 
indicated a successful removal of host nucleic acids by the 
nuclease treatments as almost no sequences were similar to 
the host genome. Eighteen contigs and 26 singletons were 
similar to virus sequences, again mostly bacteriophages and 
marine virus-like sequences.  As in the DNA virus work-
flow, we identified 6 goatpox and lumpy skin disease virus-
like sequences. The fact that we found these DNA virus 
sequences also in the RNA virus discovery workflow (where 
a DNase treatment was performed on the RNA extract), con-
firms the likelihood of contamination after amplification. 
Three singletons were similar to primate retroviruses and 
genomic sequences, unlikely to be involved in bovine patho- 
logies. 

PCR contig 1 (parvo-like) PCR contig 2 (parvo-like) PCR contig 3 (parvo-like) PCR contig 4 (circo-like)

Animal 1 – blood 33,96 30,19 40 N

Animal 1 – serum 32,62 31,43 39,96 35,11

Animal 2 – blood 34,76 31,6 40 34,87

Animal 2 – serum 33,88 31,79 40 36,86

QIAGEN extraction control 1 33,44 31,18 40 32,22

QIAGEN extraction control 2 33,19 30,9 N 36,57

QIAGEN extraction control 3 34,19 28,85 36,87 32,71

NucleoSpin extraction control N N N N

Negative qPCR control N N N N

O Table 2.
Cp (crossing point = the threshold cycle on a Roche LightCycler480 real-time PCR instrument) values of qPCR tests on new DNA extractions of blood and serum samples from 2 diseased animals and negative extraction 
controls. N: negative result.
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In conclusion, using a metagenomic virus discovery work-
flow, we did not find any indication for the involvement of a 
viral agent in the disease of these dairy cattle. However, this 
case study clearly demonstrates the importance of potential 
contamination at different levels in metagenomic workflows. 
Contamination can occur for instance at the time of sam-
pling, during the laboratory work (cf. the goatpox virus-like 
sequences in our dataset), reagent contamination (cf. parvo/
circo hybrid virus sequences), etc. The false positive results 
detected here stress the importance of careful interpretation 
of metagenomic sequencing data and emphasize the impor-
tance of thorough follow-up diagnosis. We illustrated that 
PCR-based prevalence studies in matching disease cases and 
healthy controls can provide a tool to detect false positive 
metagenomic results. While such studies can provide further 
evidence for disease association (Mokili, Rohwer, and Dutilh, 
2012), isolation of candidate pathogens is required to assign 
causality by addressing the Koch’s postulates (Fredericks and 
Relman, 1996). The assembled data from such a multidisci-
plinary approach (pathology, epidemiology, metagenomic 
data, PCR prevalence studies, isolation, characterization, …) 
should be used to identify the most likely candidate etiologi-
cal agent and to make informed intervention decisions. 
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Summary
P-glycoprotein (P-gp) plays a major role as an efflux pump 
for endogenous and exogenous substrates at the blood-
brain barrier and is localized in the brain at the apical side 
of capillary endothelial cells. Bovine spongiform encephalo- 
pathy (BSE) is marked primarily by the build-up of protease 
resistant misfolded prion protein (PrPres) in the brain. In the 
present study, the relationship between P-gp and BSE was 
investigated. An increase in the expression of vascular P-gp 
in the obex was found in classical BSE, more prominent in 
the pre-clinical cases. This up-regulation of P-gp in the early 
stages of the disease might be a protective regulatory mecha-
nism to increase the clearance of the abnormal PrPres protein 
in an attempt to protect the brain from the accumulation of 
PrPres.

Introduction
P-glycoprotein (P-gp) was first demonstrated by Juliano and 
Ling (1976) and described by Thiebaut et al. (1987) because of 
its major role as an efflux pump for endogenous and exoge-
nous substrates. Being a key-player in the blood-brain bar-
rier, P-gp is strongly expressed in the brain at the apical side 
of capillary endothelial cells. Reduced expression of P-gp 
may diminish this barrier protection and lead to increased 
exposure to possible toxic compounds.

There are a number of diseases of the central nervous system 
in humans that appear to be associated with the alterations 
in P-gp expression. These include diseases such as Alzhei-
mer, Creutzfeldt-Jakob and Parkinson (reviewed by Lee et 
al., 2010).

Bovine Spongiform Encephalopathy (BSE) is a fatal neuro-
degenerative disease of cattle known as ‘Mad Cow disease’. 
The clinical signs of BSE may include tremors, gait abnor-
malities particularly of the hind limbs (ataxia), aggressive 
behaviour, apprehension, and hyper reactivity to stimuli. 
As in Creutzfeldt-Jakob disease a normal host cellular 
protein, prion protein (PrPc), is affected by conformational 
change and aggregation, which leads to the accumulation 
of a protease resistant protein PrPres usually in the nervous 

system (Bruce et al., 1997). BSE first appeared in the mid-
80s in the UK, soon evolved to epidemic proportions in 
the 90s and is naturally transmissible to a number of zoo 
species (Sigurdson et al, 2003). The use of meat and bone 
meal (MBM), possibly contaminated with infectious mam-
malian pathogenic prions, in cattle feed is considered the 
likely cause of the BSE epidemic (Sigurdson et al, 2003). The 
characteristic histological changes in the central nervous 
system (CNS) are bilateral and usually symmetrical vacu-
olization of grey matter neuropil (spongiform change) and/
or vacuolization of neurons, astrocytosis and neuronal 
degeneration. In cattle with classical BSE, these changes 
have predilection for certain neuroanatomical nuclei, 
particularly within one part of the brain stem: the obex 
(Novakofski et al, 2005). This characteristic lesion profile in 
cattle is the basis for routine histological screening for BSE 
together with the immunohistochemical detection of PrPres 
deposits in the obex.

Besides classical BSE, two well identified atypical BSE forms 
have been distinguished by Western immunoblot on the 
basis of the signature of the proteinase K-resistant frag-
ment of the pathologic PrPres with higher or lower molecular 
masses of PrPres (H-type an L-type BSE respectively) (Jacobs 
et al., 2007). They differ from the classical form as they occur 
in older animals, have predilection for the cerebrum, are not 
originating from the contamination of the MBM and might 
correspond to natural “sporadic” forms of BSE. Most of the 
atypical cases have been detected during active surveillance 
targeting fallen stock and slaughtered animals (Ducrot et al., 
2008).

So far the pathogenesis of BSE is largely unexplained. In 
Creutzfeldt-Jakob disease, Vogelgesang et al. (2006) found a 
decrease of cerebrovascular P-gp expression. They suggested 
that decreased expression of P-gp at the level of the blood-
brain barrier might facilitate the accumulation of PrPres in 
certain areas of the brain.

The purpose of this retrospective study was to evaluate 
P-glycoprotein expression in classical and atypical BSE cases 
compared to healthy animals and animals with nervous 
symptoms related to other brain lesions such as inflam-
mation and necrosis due to Listeriosis, which is the most 
important differential diagnosis of BSE (Roels et al., 2009). 
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Material and Methods

Tissue

Tissue samples of the obex of four groups of ten bovines, all 
between four and seven years old were investigated. The 
first group consisted of ten animals with nervous symptoms 
due to clinical BSE, diagnosed with a rapid enzyme-linked 
immunosorbent assay (ELISA) (TeSeE-kit Bio-Rad, Nazareth, 
Belgium), and confirmed positive by histopathology and 
immunohistochemistry. The control group consisted of ten 
healthy BSE negative animals. The third group consisted of 
ten animals diagnosed with nervous symptoms due to Liste-
riosis. And the last group consisted of ten pre-clinical BSE 
animals, positive on ELISA, without clinical symptoms or 
histopathological evidence of BSE.

Additionally, the obex of five animals with atypical BSE 
(three of the H-type and two of the L-type) were included.

Histopathology and Immunohistochemistry

Samples of the brain stem (obex) were fixed in neutral-buf- 
fered formalin, embedded in paraffin wax, sectioned at 4µm 
and stained with haematoxylin and eosin (HE) according to 
standard protocols. 

For demonstration of P-glycoprotein, the monoclonal anti-
body C219 (SIG-38710; SA Eurogentec, Ougreé Seraing, Bel-
gium) was applied on paraffin sections at a dilution of 1:5. 
For visualization Envision/HRP mouse (DAB+) kit (DAKO, 
Glostrup, Denmark) was used for immunolabelling. This 
kit also blocks endogenous peroxidase. An antibody diluent 
(Dako, Glostrup, Denmark) with background-reducing com-
ponents was used to block hydrophobic reactions.

Image analysis and Statistical analysis 

Quantification of P-gp positivity was performed on five ran-
domly chosen fields in the obex of each animal, using an 
Olympus BX50 F4 Microscope and Digital Camera PM-C35B 
(Olympus NV, Aartselaar, Belgium) and a personal comput-
er-based image analysis system (Motic image advanced 3.2, 
Motic group CO. LTD, Xiamen, China) measuring the area of 
positivity relative to the total area (%) of the fields. 

Data and Post Hoc analysis of the results was performed 
using the ‘pgirmess’ package (Giraudoux, 2012) in the statis-
tical R environment (R Core Team, 2012). The area of posi-
tivity relative to the total area (%) of the fields was compared 
between the groups, using the non-parametric Kruskal-Wal-
lis multiple comparison test. Significance was declared when 
P<0.05. In all samples, immunohistochemistry and image 
analysis was performed blinded.

Results
P-gp expression was found at the level of the endothelial 
cells in all samples of all animals (Fig 1). 

O Fig 1.
P-gp expression (brown) in endothelial cells at the level of the brain stem (obex) of a classical BSE positive 
animal. IHC.

Pairwise comparison of the mean ranks between groups, 
however, indicated that the percentage of P-gp positive area 
was significantly higher in the group of pre-clinical BSE po- 
sitive animals (Fig 2) compared to controls and animals with 
Listeriosis (P<0.05). Animals with clinical BSE also had a ten-
dency towards increased P-gp expression. Listeriosis did not 
affect the percentage of P-gp positive area compared to the 
healthy animals.

Atypical BSE cases of the L-type, however, had significantly 
decreased percentage of P-gp positive area in the obex. Also 
atypical BSE cases of the H-type tended to express P-gp in 
smaller percentage of the area when compared to the controls.
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O Fig 2.
Boxplots of P-gp positive area in the obex of all types of cattle investigated

Discussion
The four groups were age matched, as age related decrease 
of P-gp is described in older humans (Vogelgesang S. et al., 
2004) and dogs (Pekcec et al., 2011). Our results show that 
P-gp expression within endothelial cells of the capillaries in 
the obex is significantly higher in cases of pre-clinical BSE 
than in control cases.  This increase in P-gp expression is in 
contrast to the decrease in P-gp described in Creutzfeldt-Ja-
kob disease in humans (Vogelgesang et al., 2006). 

It is known that P-gp can be induced by a wide range of endoge-
nous and exogenous substrates such as cytokines, toxic compo-
nents (Epel, 1998; Borst and Elferink 2002), drugs (Thuerauf and 
Fromm, 2006), food (Zhang et al., 2009) and in certain diseases 
in humans and animals such as epilepsy (Pekcec et al., 2009). 
This up-regulation of P-gp is also described in dogs with dif-
fuse Abeta (major component of amyloid) plaques (Pekcec et al. 
2011) and in the early stages of Alzheimers’ disease in humans 
(Vogelgesang S. et al., 2004). As suggested by these authors, 
the P-gp up-regulation might be induced by the diffuse Abeta 
plaques in the brain and might act as a compensatory mecha-
nism to increase Abeta clearance from the brain. In later stages 
of this disease P-gp is diminishing and finally strongly reduced 
or completely lost. A possible explanation for our results is an 
up-regulation of P-gp induced by the protease resistant pro-
tein PrPres , acting as a defence mechanism of the body in an 
attempt to eliminate this PrPres in BSE positive animals.

In the present study P-gp increase is more evident in the 
pre-clinical stage than in the clinical stage of BSE. As the 
animals are killed immediately when showing clinical symp-
toms we might miss the down-regulation in further stages 
of this neurological disorder as described in Alzheimers’ 
disease (Vogelgesang S. et al., 2004) and Creutzfeldt-Jakob 
disease (Vogelgesang et al; 2006).

As mentioned by Vogelgesang et al. (2006 and 2011) there 
is no clear evidence that PrP itself is substrate for P-gp and 
the possibility of P-gp indirectly interacting with protein-de-
grading enzymes is suggested. It seems that P-gp is involved 
in the protection of the brain against accumulation of mis-
folded proteins in several neurodegenerative diseases such 
as Alzheimer, Parkinson, Amyotrophic Lateral Sclerosis and 
probably Huntington disease too (Bartels, 2011). Further 
studies are needed to clarify the relationship between PrP 
and P-gp in BSE and Creutzfeldt - Jakob disease.

In contrast to classical BSE, atypical L-type BSE cases showed 
a significant reduction of P-gp. H-type also tended to show 
reduced expression. Few explanations for the low P-gp levels 
in the atypical cases can be proposed. On one hand, it is pos-
sible that the brain stem is not the best part of the brain to 
examine atypical BSE as it is not the predilection site for 
PrPres in L- and H-type BSE. On the other hand, it is more 
likely that the findings are more in line with the decrease 
of P-gp in idiopathic Creutzfeldt-Jakob disease in humans as 
atypical BSE is also an idiopathic sporadic variant in older 
animals. In this way we did not miss the down-regulation in 
further stages of this neurological disorder as described in 
Creutzfeldt-Jakob disease (Vogelgesang et al; 2006). Because 
of the low occurrence of the atypical form worldwide (only 
80 cases, according to the latest updates by personal commu-
nication (Polak)) and thus the low sample size in this study, 
the results have to be interpreted carefully.

Conclusions
This study demonstrated for the first time a significant 
up-regulation of P-gp in the brain stem in pre-clinical classi-
cal BSE, which might be the result of a protective regulatory 
mechanism in an attempt to increase the clearance of the 
abnormal PrPres protein.
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Abstract
Morganella morganii was isolated from the lung of a guinea 
pig. Necropsy revealed haemorrhagic consolidation of the 
lungs, and histological examination revealed bronchointer-
stitial pneumonia.  M. morganii is a commensal gram-nega-
tive bacillus of the intestinal tract of humans, mammals and 
reptiles. Only few reports of M. morganii associated disease 
in animals are available in the literature. To the authors’ 
knowledge, this is the first report of M. morganii associated 
disease in a guinea pig.

Introduction
Morganella morganii, previously classified as Proteus mor-
ganii, belongs to the tribe Proteae of the family Enterobac-
teriaceae (Choi et al., 2002; Falagas et al., 2006; Roels et al., 
2007). This organism was isolated by Morgan (1906) as the 
predominant species in the faeces of infants with diarrhoea 
(Senior, 1987), and was identified as a rare cause of lower 
respiratory tract infection (Roels et al., 2007). Two subspe-
cies have been described: M. morganii morganii and M. mor-
ganii sibonii (Choi et al., 2002; Falagas et al., 2006; Roels et 
al., 2007). M. morganii is a gram-negative bacillus which is, 
despite its wide distribution, an uncommon cause of infec-
tions in humans (Falagas et al., 2006). Since M. morganii was 
the cause of septicaemia in patients in a cardiac surgery unit 
in 1981, it has been identified as a significant cause of no- 
socomial infection (Ono et al., 2001). It is found in the envi-
ronment and in the intestinal tracts of humans, mammals 
and reptiles as part of the normal flora (Falagas et al., 2006). 
Although the reports of M. morganii associated disease in 
veterinary medicine are limited, it has been reported in vari-
ous animal species: piglet (Ono et al., 2001), rabbit (Roels et al., 
2007), chickens (Zhao et al., 2011), jaguar (Choi et al., 2002) 
and alligators (Novak et al., 1986). To the authors’ knowledge, 
this case report describes the first isolation of M. morganii 
associated with pneumonia in a guinea pig. 

Case report
An adult four-year-old female laboratory guinea pig with a 
history of not doing well and sudden death was presented 
for necropsy. Gross examination revealed the presence of 
serohaemorrhagic fluid in the thoracic (5-10 cc) and abdomi-
nal (few cc) cavities. The cranial lungs and the cranioventral 

part of the caudal lungs showed haemorrhagic consolida-
tion. The spleen was enlarged; the gastrointestinal lymph 
nodes were enlarged and congested. The enlarged liver and 
the kidneys showed an irregular surface. Samples from the 
lung, spleen, liver, mesenterial lymph node and kidney were 
taken for histopathological examination. 

Histologic examination of the lung tissue revealed hypercel-
lularity of the interalveolar septa due to the infiltration of 
red blood cells and inflammatory cells, such as lymphocytes, 
macrophages and some neutrophils (Figure 1). Peribron-
chially and perivascularly, aggregations of inflammatory 
cells were present consisting of lymphocytes, plasma cells,  
macrophages, some neutrophils and some giant cells (Figure 
2). The mesenterial lymph node revealed focal necrosis, 
congestion of the blood vessels and infiltration with neu-
trophils.  The spleen showed depletion of germinal centres 
and mild infiltration with neutrophils. Histopathological 
examination of the liver indicated aggregates of inflamma-
tory cells (lymphocytes, plasma cells and some neutrophils) 
centrolobularly as well as in the portal triads. Sinusoids were 
mildly infiltrated with mixed inflammatory cells. The kidney 
showed a multifocal interstitial nephritis, with the presence 
of lymphocytes, plasma cells, macrophages and neutrophils. 
Degenerated neutrophils were detected in some tubuli.  
Degenerative processes, such as multifocal membranoproli- 
ferative glomerulonephritis and fibrosis, were present. 

Based on the results of the autopsy, the lungs were examined 
for bacterial agents. 

O Fig 1.
HE of the lung. Interstitial pneumonia with peribronchial and perivascular aggregates of inflammatory cells.
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O Fig 2.
HE of the lung. Detail of Figure 1. Inflammatory cells in the interalveolar septa with the presence of giant 
cells.

Discussion
Pneumonia is the most frequent cause of death in guinea 
pigs, and is usually associated with bacterial infection (O’Ro-
urke et al., 2003; Allen et al., 2005). Although Bordetella 
bronchiseptica is the most commonly diagnosed agent, other 
pathogens, such as Streptococcus pneumonia or Streptococ-
cus zooepidemicus, may be involved (O’Rourke et al., 2003; 
Allen et al., 2005). Less frequently implicated agents are 
Klebsiella pneumoniae, Pasteurella pneumotropica, Pseu-
domonas aeruginosa, Citrobacter freundii, Staphylococcus 
aureus (Allen et al., 2005) or adenovirus (O’Rourke et al., 
2003; Allen et al., 2005). M. morganii has been associated 
with lung lesions in a piglet (Ono et al., 2001), a jaguar (Choi 
et al., 2002) and a rabbit (Roels et al., 2007).  Histologically, 
the lung lesions in the rabbit and the jaguar were charac-
terized by the presence of neutrophils, serofibrinous fluid, 
macrophages, and desquamated and necrotic epithelial cells. 
In both cases, alveolar septa were thickened due to conges-
tion and mixed inflammatory cells. No significant histologi-
cal changes were noted in the other examined organs (Choi 
et al., 2002; Roels et al., 2007). The histological examination 
of the lung of a piglet revealed severe serofibrinous pleuro-
pneumonia composed of parenchymal coagulative necrosis, 
moderate macrophage and neutrophil exudation into alve-
oli, haemorrhage, vasculitis, thrombosis and interlobular 
oedema. Hemosiderin accumulation was observed in liver, 
kidney and spleen (Ono et al., 2001). In contrast with the pre-
viously reported cases, the lung lesions in the present case 
were characterized by the thickening of the interalveolar 
septa by the infiltration of mostly lymphocytes and plasma 
cells, indicating a sub acute to chronic infection. Lesions were 
also present in other organs, such as spleen, kidney and liver.

M. morganii is considered to be a rare pathogen in humans, 
which is most often encountered in postoperative patients, 
and is mainly associated with urinary tract infections, bac-
teraemia/sepsis in children as well as in adults, skin and soft 
tissue infections, meningitis, ecthyma, chorioamnionitis, 
septic arthritis and endophthalmitis (Falagas et al., 2006). 
Generally, M. morganii causes disease in sites previously 
infected by other organisms and may cause pyogenic infec-
tion when accidentally introduced into the body (Choi et al., 
2001; Roels et al., 2007). In veterinary medicine, M. morganii 
has been associated with various diseases such as pneumo-
nia and acute death in several animal species (Ono et al., 
2001; Choi et al., 2002; Roels et al., 2007; Zhao et al., 2012). 
In general, Morganella morganii causes disease in sites pre-
viously infected by other organisms and may cause pyogenic 
infection when accidentally introduced into the body (Choi 
et al., 2002; Roels et al., 2007). As in the case of the jaguar 
and the rabbit, the exact source and mode of infection in the 
present case could not be determined. PRRSV infection has 
been demonstrated in a piglet, and the combination of this 
infection and change in environment might have increased 
the susceptibility of the pig to Morganella morganii infection 
(Ono et al., 2001). In the case of the chickens, the highest 
mortality occurred 24-48 hours after an injection/immu-
nization of the neonatal chicks. The use of a continuous 
syringe to inoculate the vaccine must have resulted in cross 
contamination of the chicks with bacteria (Zhao et al., 2012). 
Necropsy of the alligator in which blood culture results 
reported Proteus sp. and Morganella morganii indicated a 
wide spread septicaemia originating from skin wounds and 
subcutaneous abscesses that were apparently the results of 
fighting (Novak et al., 1986).

The presence of inflammatory cells in the liver and kidneys 
of the guinea pig in the present case may suggest septicae-
mia; the lesions found in the spleen and kidneys may indi-
cate an underlying primary disease. Unfortunately, none of 
these organs were taken for bacteriological or viral examination. 
Hence, it could not be proved that the histological lesions in 
the other organs were caused by Morganella morganii. Fur-
thermore, the presence of a bacterial or virological primary 
disease could not be excluded.  

Although M. morganii as a pneumonic pathogen in animals 
needs to be further elucidated, the present case, together 
with the few reports in other animals, documents the poten-
tial pathogenic character of this organism. This organism 
should be considered as a differential diagnostic agent in 
bacterial pneumonias in domestic as well as in wild animals. 
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O    Potency testing of veterinAry vAccines following the 3rs exAmPle: 
inActivAted erysiPelAs vAccine from in vivo to in vitro 
PIERRE GROGNET, FRANÇOISE VERDEBOUT, ALFRED STOCKMANS, MATHIAS TRUYENS AND STEFAN ROELS

Erysipelas is an infectious disease caused by a Gram + bac-
terium [

catalase -, rod-shaped, non-spore-forming, non-acid-fast, non-motile
] Erysipelo-

thrix rhusiopathiae found in most if not all growing or adult 
swine farms as up to 50 % of animals may carry it in their 
tonsils. There are at least 26 serotypes of which swine are 
susceptible to at least 15. Disease may be acute (septicaemia 
with a high mortality rate), sub acute or chronic (nonfatal 
form of the disease resulting  in the greatest economic loss). 
It is also found in many other species, including birds (e.g. 
turkeys), fish, reptiles and sheep, and can survive outside the 
pig for a few weeks and longer in light soils. Thus making it 
impossible to eliminate from a herd. Infected faeces are pro-
bably the main source of infection, particularly in growing 
and finishing pens. The bacteria are sensitive to penicillin/
tetracycline (usually) but resistant to sulphonamide antibi-
otics.

Therefore vaccination against E. rhusiopathiae (alone or 
in combination with parvovirus) is needed. These vaccines 
are subject to Art. 82 OCABR procedure (Official Control 
Authority Batch Release) - as are others like Newcastle Dis-
ease or Rabies- meaning that the OMCL (Official Medicines 
Control Laboratories) have to re-test the vaccine before it can 
be delivered. Our service belongs to the OMCL Network as 
EU Official Control Authority Batch for veterinary vaccines. 

Historically E. rhusiopathiae inactivated vaccine was tested 
by a virulent challenge (EDQM reference strain BRP1 Sero-
type 1 strain A 360) in mice. 

Group #  Briefly: the test vaccine and a reference 
vaccine are administered to groups of 16 
mice, each. Three weeks later, all animals 
(including a control group of ten mice) are 
challenged with a virulent strain of  
E. rhusiopathiae. Potency is calculated by 
comparison of the survival rate within the 
reference and the test groups Spearmann-
Kärber.

controls 10

Vaccine dilution 1/25 16

Vaccine dilution 1/125 16

Vaccine dilution 1/625 16

Vaccine dilution 1/3125 16

From the viewpoints of animal welfare and ethics this raises 
the following issues:
O A lot of animals are used
O There is no ‘human end point’
O Manipulation of pathogenic living bacteria (protection of 

personnel)

Our laboratory has therefore shifted to an alternative 
potency assay following the 3Rs (Replace, Refine, Reduce) a 
serological assay system (indirect) ELISA to replace this chal-
lenge-based model following a new EDQM monograph with 
some modifications.
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Potency of vaccine: 

a) Immunization: ten (10) mice are immunized with vac-
cine (200 µl SC). After 3 weeks, the mice are sacrificed 
under anaesthesia and blood is collected. The sera of the 
10 mice are pooled -minimizing the variability between 
mice- and tested in indirect ELISA.

b) Immunoassay: briefly, Erysipelas ELISA coating antigen 
BRP (Supplier EDQM Y0000051) is coated overnight at 
4°C in high binding microplates. After washing 3 times 
with PBS, non-specific background is blocked with 0,1 % 
casein in PBS overnight at 4°C. Reference serum (4 wells), 
control serum (4 wells) as pooled mice tested vaccine (8 
wells) are diluted 1/100 in sample buffer, incubated at 
20-25°C for 1 hour with mixing. After washing 3 times 
with WB, emptied and filled with 100 µl/well conjugate 
(Goat anti-mouse IgG HRP, optimal pretitred), incubated 
1 hour at 20-25°C with mixing. After washing 3 times 
with WB, wells are emptied and filed with 100 µl sub-
strate (TMB) for 30 min protected from light. Reaction is 
stopped with addition of 50 µl H

2
S0

4
 and reading at 450 

nm.

Calculation: average, standard deviation, dispersion (< 15 %) 

RP: Relative Potency Ratio: average tested vaccine/average reference serum 

Validation: reference serum must give an OD450 nm of 0,600 ± 0,150 and control serum 
RP of 1,3 ± 0,2

O A lower number of animals is used (10 versus 74)
O Animals are used with ‘human end point’
O No manipulation of pathogenic living bacteria 
O Standardized protocol and reagents (our reference serum 

has been calibrated in comparison with 2 references 
from different companies)

Antigen concentration ELISA 

New vaccines against E. rhusiopathiae (alone or in combina-
tion with parvovirus) are now on the market. In the regis-
tration file, the minimal potency is calculated on the antigen 
concentration in the vaccine and therefore no more animal 
immunization is needed. The antigen is extracted from the 
adjuvant and the quantity is measured in ELISA.

Principle: the ELISA is based on an antibody competition 
between the extracted antigen from the vaccine (fluid phase) 
and the antigen on the coated plate (solid phase): 
O high OD: means no inhibition (or no antigen in the fluid 

phase): MRC 
O low OD: means a high antigen quantity present in the 

fluid phase (high inhibition): MIC

This is done in comparison with a Reference concentration 
of antigen in vaccine 0.025L/L (minimal protective dose). 
After extraction, the antigen is put in wells with geome-
tric dilution (fluid phase). Positive polyclonal swine serum 
competes between the solid phase (microplate) and the well 
(extracted antigen). After washing, a monoclonal anti-swine 
HRP label detects the bound antibodies in the solid phase. 

Calculation
MRC: no inhibition (100 % signal)
MIC: 100 % inhibition (lowest signal)
For each dilution calculate % inhibition as 

[(average OD sample - average OD MIC) / (average OD sample - average OD MIC)]*100
There is a linearity correlation binding ‘% inhibition’ <–> ‘antigen concentration’
Looking at the slope and curve constant, the 50 % inhibition can be calculated.

Acceptance criteria of the test
MRC: average OD between 0.73 - 1.18.
MIC: average OD between 0.08 - 0.18.
Reference standard vaccine: between 2.21- 3.34 log2 EI 50%.

Potency Test samples: log2 EI 50%.> 3.34

O
Summary number of mice used in the different tests
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Abstract
Indigenous Culicoides biting midges are suggested to be puta-
tive vectors for the recently emerged Schmallenberg virus 
(SBV) based on SBV RNA detection in field-caught midges. 
Furthermore, SBV replication and dissemination has been 
evidenced in C. sonorensis under laboratory conditions. 
After SBV had been detected in Culicoides biting midges 
from Belgium in August 2011, it spread all over the country 
by the end of 2011, as evidenced by very high between-herd 
seroprevalence rates in sheep and cattle.
This study investigated if a renewed SBV circulation in 
midges occurred in 2012 in the context of high seropre- 
valence in the animal host population and evaluated if a 
recently proposed realtime RT-PCR approach that is meant 
to allow the assessment of the vector competence of Culi-
coides for SBV and bluetongue virus under laboratory con-
ditions was applicable to field-caught midges. Therefore 
midges caught with 12 OVI traps in four different regions 
in Belgium between May and November 2012, were mor-
phologically identified, age graded, pooled and tested for the 
presence of SBV RNA by realtime RT-PCR.

The results demonstrate that although no SBV could be 
detected in nulliparous midges caught in May 2012, a 
renewed but short lived circulation of SBV in parous midges 
belonging to the subgenus Avaritia occurred in August 2012 
at all four regions. The infection prevalence reached up to 
2.86% in the south of Belgium, the region where a lower 
seroprevalence was found at the end of 2011 than in the rest 
of the country. Furthermore, a frequency analysis of the Ct 
values obtained for 31 SBV-S segment positive pools of Ava-
ritia midges showed a clear bimodal distribution with peaks 
of Ct values between 21-24 and 33-36. This closely resembles 
the laboratory results obtained for SBV infection of C. so- 
norensis and implicates indigenous midges belonging to the 
subgenus Avaritia as competent vectors for SBV.   

Keywords 
Schmallenberg virus, arbovirus, Culicoides, vector, vector 
competence

Introduction
Schmallenberg virus is an orthobunyavirus belonging to the 
Simbu serogroup and was first identified in 2011 [1]. It causes 
a non-specific syndrome including high fever, decrease 
in milk production and severe diarrhoea in adult cattle [1] 
and is furthermore responsible for abortions, stillbirths and 
congenital malformations such as the hydranencephaly-ar-
throgryposis syndrome in cattle, sheep and goat [2-4]. Since 
its initial appearance in Germany and The Netherlands, fol-
lowed by Belgium, the United Kingdom and France, SBV has 
now spread over much of Europe and beyond [5-8].

Culicoides biting midges have in the meantime been impli-
cated as putative vectors of SBV what is in line with the 
knowledge that related viruses belonging to the same 
serogroup like Akabane and Aino virus are transmitted by 
midges and mosquitoes [9-12]. Several studies have detected 
SBV in (heads of) field caught Obsoletus complex, C. dewulfi, 
C. chiopterus and C. punctatus midges [13-19] and SBV repli- 
cation and dissemination in C. sonorensis midges has been 
shown under laboratory conditions [20]. 

In Belgium, SBV had spread all over the country by the end 
of the vector season of 2011 as evidenced by a very high 
between-herd seroprevalence in sheep and goats [21,22]. In 
the southern part of the country, a relatively lower with-
in-herd seroprevalence was found. This was in line with the 
observation that SBV positive Culicoides could be found at 
different sampling regions in the country, except in the most 
southern trapping locations [13, unpublished results]. 

Despite the overall presence of anti-SBV antibodies in the 
host populations [21-23] which have been shown to protect 
against challenge infections under experimental conditions 



CODA-CERVA  Scientific RepoRt 2013/2014  O  animal HealTH

59

[24,25], clear indications of a renewed SBV circulation in 2012 
in sheep and cattle in Belgium and surrounding countries 
have been found [26-29]. In this study, the presence of SBV 
in field trapped Culicoides at different locations in Belgium 
in 2012 was examined and compared with the results from 
midges in 2011. Furthermore the results were used to evalu-
ate a recently proposed method to assess vector competence 
of Culicoides for arboviruses via semi-quantitative RT-PCR 
[20,30].

Material and Methods

Culicoides trapping 

From May till November 2012, Culicoides were caught with 
Onderstepoort Veterinary Institute (OVI) traps [31] at 12 
different locations (Table 1) covering 4 different regions 
of Belgium (Figure 1): Antwerp (north-east), Liège (east), 
Gembloux (centre) and Libramont (south). During that time 
period, Culicoides were caught biweekly during one night 
with the black light traps. Attracted insects were caught 
in a container containing 60% ethanol. All OVI traps were 
installed at places where livestock was present in the imme-
diate vicinity (Table 1). 

location livestock longitude (°E) latitute (°N)

Antwerp
Betekom sheep, deer, chickens 4.79206 51.00200

Varendonk cows 4.954160 51.085820
Berlaar cows 4.665713 51.118610
Nijlen cows 4.693747 51.159744

Viersel cows 4.63627 51.18454
Liège

Amay Chickens, rabbits, sheep 5.185050 50.33694
Boncelles horses 5.554803 50.567739

Sart-Tilman cows, sheep, goats, chickens, 
horses

5.587336 50.576544

Nandrin horses, cows, pigs 5.358419 50.528464
Gembloux cows, sheep, pigs 4.72662 50.56509
Libramont sheep 5.35956 49.92881

cows 5.35636 49.92931

O Table 1.
Detailed information on Culicoides trapping locations. 

O Fig 1.
Culicoides trapping locations during the Culicoides monitoring of 2012.

Ethics statement

A permission of access and implementation of light trapping 
of Culicoides was given by the farmers of the different sam-
pling locations. No protected species were sampled during 
this study.

Morphological identification, determination of the physio-
logical status and pool preparation:
The biting midges of each capture place and time were kept 
separately and were morphologically identified under the 
stereomicroscope using the key of Delécolle [32] and further 
stored in 80% ethanol. Culicoides from Antwerp, Gembloux 
and Libramont were identified at subgenus level and female 
midges belonging to the following subgenera were further 
examined: Avaritia (C. obsoletus, C. scoticus, C. dewulfi, C. 
chiopterus), Culicoides (C.pulicaris, C. punctatus, C. impunc-
tatus, C. lupicaris, C. newsteadi, C. deltus, C. grisescens, C. 
fagineus) and Monoculicoides (C. nubeculosus, C. riethi, C. 
puncticollis). Midges belonging to other subgenera were 
grouped in separate pools designated as ‘other species’. Culi-
coides caught in the region of Liège were identified at species 
or complex level and females of the following species or com-
plexes were further examined: Obsoletus complex, C. dewulfi, 
C. chiopterus, C. pulicaris and C. furcillatus. Before preparing 
subgenus, complex or species specific pools of maximum 20 
whole Culicoides, their physiological status was determined 
as ‘nulliparous’, ‘parous non-engorged’, ‘blood present’ or 
‘blood and eggs present’ as described by Fassotte et al. (2008) 
[33]. Sixty nine pools were prepared representing 1,359 nul-
liparous females caught in May in the region of Antwerp 
(Betekom, Nijlen, Varendonk) and Gembloux, while all other 
pools only contained parous non-engorged females (904 
pools representing 17,461 midges). 
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rRT-PCR analysis of pools of Culicoides:

To examine the presence of SBV in Culicoides, pools were 
analysed by real-time reverse transcription PCR (rRT-PCR) 
as described before [13]. Briefly, each pool was homoge-
nized in 500 µl Trizol (Life Technologies, Ghent, Belgium) 
with a 5mm steel bead (Qiagen, Hilden, Germany) by high 
speed shaking (3 min, 25 Hz) in a TissueLyser (Qiagen). 
Following the manufacturer’s instruction,  total RNA was 
extracted from the aqueous phase using the MagMAX Total 
Nucleic Acid Isolation kit and the MagMAX Express-24 
purification system (Life Technologies). RNA was eluted in 
90 µl elution buffer. The presence of SBV RNA was ana-
lysed by using the AgPath-ID One Step RT-PCR kit (Life 
Technologies) following the manufacturer’s instructions in 
a duplex rRT-PCR for detection of the SBV-S segment [34] 
and the 18S rRNA from Culicoides [35] as an internal con-
trol for RNA extraction and amplification. Pools positive 
for the SBV-S segment were subjected to another rRT-PCR 
detecting the L segment of the virus [13] (primers and probe 
sequences were kindly provided by FLI, Germany) using 
the same one-step RT-PCR kit for confirmation. When this 
second rRT-PCR resulted in data difficult to interpret due to 
Ct values derived from atypical fluorescence amplification 

curves, the RNA extract was retested with the same primers 
but in a two-step PCR with the FastStart TaqMan Probe 
Master kit (Roche, Basel, Switzerland) following the manu-
facturer’s instructions after reverse transcription using the 
M-MLV reverse transcriptase system (Life Technologies, 
Ghent, Belgium). In the end, only pools that were positive 
for the S and L segment were considered as SBV positive. 

Results and Discussion
The extensive spread of SBV in 2011 in Belgium associated 
with the induction of high between- and within-herd sero-
prevalence rates in cattle and sheep [21,22] raised the ques-
tion at the beginning of the vector season 2012 if a renewed 
SBV circulation in hosts and Culicoides would be observed. 
The results of this study show that in all 4 regions where 
Culicoides were sampled, SBV positive pools were found at 
the beginning of August 2012 (Figure 2), confirming the pre- 
sence of SBV. Despite the examination of a similar number 
of pools containing midges caught in July, no SBV positive 
Culicoides could be detected then. 

O Fig 2.
Overview of pools of Culicoides examined for the presence of Schmallenberg virus originating from 4 trapping regions in 2012. The numbers mentioned above the bars indicate the exact number of Culicoides tested. 
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These results correlate well with a report describing that 
SBV was found in a single sheep belonging to a flock held 
in Namur (Belgium) around mid-July 2012, while most other 
sheep of the flock became viremic only between mid-Au-
gust and late September [28].  A limited number of reported 
SBV-positive newborn calves at the beginning of 2013 [27] 
and a few SBV-positive aborted lambs and calves diagnosed 
at the Belgian reference laboratory CODA-CERVA from 
November 2012 onwards support an SBV circulation during 
August 2012. 
At Libramont in the south of Belgium, the observed number 
of positive pools in 2012 was unexpectedly high with 57% 
(20/35) of Avaritia pools and 60 % (3/5) of Culicoides pools 
being rRT-PCR positive (Figure 2, Table 2). 

If only 1 midge per pool was SBV positive, this would cor-
respond to an infection rate in August 2012 at Libramont 
of 2.86 and 3.26% in the subgenera Avaritia and Culicoides, 
respectively. These percentages are similar to the infection 
rates of 3.6 and 2.4% reported in Obsoletus complex midges 
in September 2011 in Antwerp and October 2011 in Liège 
respectively [13; unpublished results]. The infection rates of 
2011 were however reached in the setting of a naïve host 
population while most potential host individuals were con-
sidered seropositive in 2012. It should be taken into account 
that in the 2011 study, examined pools contained only heads 
whilst in the present study whole midges were used. Since 
Ct values for SBV tend to be higher in heads of infected 
midges than in their abdomen [20], it can be assumed that 
the true infection rate in 2011 was possibly even higher 
than the reported values. The most probable explanation for 
the high infection rate in midges in the south of Belgium is 
the presence of hosts that had not been infected during the 
SBV epidemic in 2011. This hypothesis is supported by the 
reported relatively lower seroprevalence in sheep and cattle 
in the south of Belgium at the end of 2011 [21,22] and the  
presence of a partially seronegative population of wild cer-
vids in southern Belgium at that time [23]. If a fast drop of the 
acquired immune protection or a non-protective immune 
response induced by the previous infection would be  
considered as alternative explanations, it would seem logi-
cal that in the other examined regions infection prevalences 
should be similar  to Libramont.

However, the infection prevalences in August in the other 
regions were however clearly lower (0.4, 0.3, and 0.2% in 
Avaritia in Antwerp, Liège and Gembloux, respectively, and 
0.4% in Culicoides in Gembloux). In those regions, non-pro-
tected sheep and calves born after the 2011 epidemic have 
probably allowed the replication of the virus and served as a 
source for SBV infection of the midges.

Ct value
location subgenus/

species
collection 

date
I.C. S 

segment
L 

segment
Antwerp

Betekom Avaritia 01 Aug 2012 17.07 24.73 26.69
Berlaar Avaritia 03 Aug 2012 13.05 22.01 23.82
Berlaar Avaritia 03 Aug 2012 14.25 25 26.13
Viersel Avaritia 14 Aug 2012 9.84 28.09 31.89
Berlaar Avaritia 14 Aug 2012 10.87 23.67 26.32

Liège
Nandrin Obsoletus 

complex
09 Aug 2012 11.6 27.8 30.06

Nandrin Obsoletus 
complex

09 Aug 2012 11.3 34.09 35.18

Boncelles Obsoletus 
complex

09 Aug 2012 11.02 30.34 32.38

Amay Obsoletus 
complex

22 Aug 2012 11.64 21.6 23.53

Nandrin Obsoletus 
complex

22 Aug 2012 12.56 21.68 23.13

Gembloux Culicoides 07 Aug 2012 8.19 30.9 30.81
Avaritia 07 Aug 2012 9.54 31.1 31.51

Libramont Culicoides 08 Aug 2012 15.05 33.96 40.0*
Culicoides 08 Aug 2012 14.98 34.2 38.8*
Avaritia 08 Aug 2012 17.62 34.28 40.0*
Avaritia 08 Aug 2012 17.27 22.12 23.6
Avaritia 08 Aug 2012 17.14 33.46 37.0*
Avaritia 08 Aug 2012 17.22 35.06 40.0*
Avaritia 08 Aug 2012 17.92 35.01 40.0*
Avaritia 08 Aug 2012 16.73 35.84 40.0*
Avaritia 08 Aug 2012 17.91 35.06 40.0*
Culicoides 23 Aug 2012 9.56 33.54 38.76*
Avaritia 23 Aug 2012 10.51 21.71 23.96
Avaritia 23 Aug 2012 10.7 21.02 23.04
Avaritia 23 Aug 2012 10.22 31.94 38.03*
Avaritia 23 Aug 2012 10.3 33.33 37.98*
Avaritia 23 Aug 2012 10.88 21.05 23.64
Avaritia 23 Aug 2012 11.8 30.34 36.35*
Avaritia 23 Aug 2012 10.56 33.24 40.0*
Avaritia 23 Aug 2012 10.93 20.99 22.26
Avaritia 23 Aug 2012 11.31 21.54 23.89
Avaritia 23 Aug 2012 10.86 19.35 21.0
Avaritia 23 Aug 2012 10.36 33.07 38.79*
Avaritia 23 Aug 2012 10.32 33.22 40.0*
Avaritia 23 Aug 2012 10.92 19.91 21.53

*tested in two-step rRT-PCR    I.C. = internal control

O Table 2.
Detailed overview of Schmallenberg virus positive pools of Culicoides.
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The sudden appearance of SBV infected midges in all stu- 
died regions in August raises the question as to where the 
virus came from. A first possibility could be that the virus 
had overwintered in either its host or its vector. Since only 
a short viraemia occurs in sheep and cattle [1,24,25,36,37], 
it seems unlikely that the virus overwintered in these ani-
mals. Overwintering in another, so far unidentified, animal 
host could be another possibility. When overwintering in 
Culicoides is considered, this could either occur in the low 
number of adult midges that are capable of surviving Belgian 
winter conditions [38] or in infected eggs or larval stages 
after transovarial virus transmission. To get a first idea if 
overwintering in the vector had occurred by transovarial 
virus transmission in Belgium, 69 pools representing 1,359 
nulliparous females caught in May 2012 at places where SBV 
had circulated in 2011 were tested (Table 3). The fact that all 
were found negative provides an indication that transovarial 
transmission is not likely to occur.  

Antwerp Gembloux # SBV pos

Avaritia 24 (476) 31 (620) 0

Culicoides 5 (85) - 0

Monoculicoides 8 (160) - 0

Other species 1 (18) - 0

Total 38 (739) 31 (620) 0

O Table 3.
Schmallenberg virus detection in nulliparous female midges caught in May 2012.

This should, however, be further investigated since it was 
recently reported that SBV RNA was detected in midges 
considered as nulliparous based on visual inspection in 
Poland in 2012 [18]. Laboratory based studies will probably 
be necessary to unambiguously show whether transovarial 
transmission in biting midges occurs or not. Another possi-
bility that cannot be excluded at the moment is that, besides 
Culicoides, other hematophagous insects can function as 
(overwintering) vectors for SBV. In this respect, no SBV has 
been found in 868 hibernating mosquitoes in The Nether-
lands collected from January to March 2012 [39]. Although 
no SBV positive insect vectors have been detected during 
winter yet, the finding that sheep became viremic for SBV in 
the beginning of January 2013 in Germany during a period 
characterized by a rise of the minimum temperature above 
5°C supports the hypothesis that SBV overwinters in hema-
tophagous insects [40].  Alternatively to overwintering in 
hosts or vectors, the observed presence of SBV in 2012 in 
Belgium could also have been the result of a reintroduction 
of the virus by arthropods coming in from neighbouring 
countries since SBV circulation in 2012 has been reported in 

France, Germany and The Netherlands [16,26,29].

Similarly to the sudden appearance of SBV in Culicoides in 
August 2012,  the abrupt absence of SBV in examined pools 
of Culicoides caught in September 2012 and later is remar- 
kable (Figure 2). Based on the knowledge of the fast spread of 
SBV during the 2011 epidemic, this is most probably caused 
by the rapid infection of all residual non-protected ani-
mals, associated with the induction of a protective immune 
response that prevented further spread.  

Due to the outbreak of bluetongue virus in 2006 in Central 
and Northern Europe [41] and the recent SBV emergence, 
scientists have been confronted with two viruses that were 
immediately suspected to be spread by biting midges once 
first diagnosis in animal hosts had occurred. In the urge 
to identify responsible vector species as fast as possible,  
several Culicoides species have been proposed as putative 
vectors based on the identification of the virus in pools of 
field caught Culicoides by rRT-PCR [14,17-19,35,42-44].  
Several aspects related to (1) the diagnostic technique, (2) 
arbovirus replication and dissemination characteristics in 
their vectors and (3) pool composition, however, cause that 
such results should be interpreted with caution, particularly 
if only a limited number of positive pools are found [20,45]. 
Two main obstacles are that i) rRT-PCR also detects non-in-
fectious viral RNA, making it uncertain that obtained Ct 
values truly represent virus capable of infecting new hosts, 
and ii) rRT-PCR positive whole midges do not necessarily 
represent vectors producing transmissible virus since bar-
riers preventing virus from entering or escaping from the 
midgut and preventing virus dissemination through the 
haemocoel exist in Culicoides that may prevent dissemina-
tion of the virus to the head and salivary glands after uptake 
of an infectious blood meal [46, 47]. Upon the emergence of 
SBV, these issues were partially addressed by some studies 
that attempted to detect SBV in species-specific pools con-
sisting only of Culicoides’ heads [13,15] since this implicates 
that rRT-PCR positive pools contain most probably fully 
disseminated infections. However, this method is labour 
intensive and therefore offers only the chance to detect 
virus positive Culicoides in the restricted number of pools 
tested when vector competence for the studied virus is high 
[20]. Recently, a new approach to evaluate arbovirus dis-
semination via rRT-PCR in field-caught whole Culicoides 
was proposed based on the results obtained with laboratory 
grown C. sonorensis midges orally fed with SBV or BTV-in-
fected blood via a membrane system [20,30]. It was found 
that SBV infection of a susceptible vector species resulted in 
a bimodal distribution of the obtained Ct values. Ct values 
close to the first peak indicate a fully disseminated infection 
and presence of transmissible virus while Ct values close to 
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the second peak indicate sub-transmissible infections. SBV 
infection of refractory species (C. nubeculosus) did not result 
in a bimodal distribution of obtained Ct values. When a simi-
lar data analysis was applied to the Ct values obtained in this 
study for the 31 SBV-S segment positive pools of Avaritia 
(Table 2), a bimodal distribution could be found with a first 
peak of Ct values between 21 and 24 and a second peak with 
Ct values between 33 and 36 (Figure 3). 

O Fig 3.
Ct value frequency distribution of Schmallenberg virus positive pools of Avaritia.

Following the interpretation of the proposed approach [20], 
this result predicts that the subgenus of Avaritia contains 
competent SBV vector species. This is in line with previous 
publications suggesting Obsoletus complex, C. chiopterus 
and C. dewulfi midges as putative vectors based on rRT-PCR 
analysis of species-specific pools of heads [13,15] and there-
fore represents a field validation of the proposed approach.

The necessity for a relatively high number of rRT-PCR 
positive midges of a certain species to reliably estimate if a 
bimodal distribution is present will probably sometimes limit 
the applicability of this approach to assess the vectorial com-
petence of field caught midges. In the present study, 4 SBV-S 
positive pools containing midges of the subgenus Culicoides 
were found with Ct values for the SBV-S segment between 
30.9 and 34.2 (Table 2). This number is clearly not sufficient 
to assess if species belonging to the subgenus Culicoides are 
refractory species to SBV or if they (or a specific species of the 
subgenus Culicoides) are susceptible and the pool contained 
individuals with sub-transmissible amounts of SBV. Similar 
inconclusive results were obtained by rRT-PCR analysis of 
pools of heads of C. pulicaris since these were positive for the 
S segment of SBV but not the L segment [13]. It seems advi- 
sable to interpret these data in a conservative way and not 
to propose C. pulicaris as a competent vector at this moment. 
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Abstract
Schmallenberg virus (SBV) is an orthobunyavirus affecting 
European domestic ruminants. In this study, the dose-de-
pendent effect of experimental infection of sheep with SBV 
was evaluated. Four groups of three ewes were each inocu-
lated subcutaneously with 1 mL of successive 10-fold dilu-
tions of an SBV infectious serum. The ewes were monitored 
for 10 days, but no clinical signs were observed. The number 
of productively infected animals within each group, as evi-
denced by viraemia, seroconversion and viral RNA in the 
organs, depended on the inoculated dose, indicating that a 
critical dose has to be administered to obtain a homogeneous 
response in infected animals under experimental conditions. 
In the productively infected animals, no statistical diffe- 
rences between the different inoculation doses were found 
in the duration or quantity of viral RNA circulating in blood, 
nor in the amount of viral RNA present in virus positive 
lymphoid organs.

Introduction
Schmallenberg virus (SBV) is a newly emerged orthobunya-
virus transmitted by Culicoides spp. (De Regge et al., 2012) 
that causes abortions, stillbirths and malformations in 
domestic ruminants (Herder et al., 2012; Hoffmann et al., 
2012). In a recent study in cattle, subcutaneous inoculation 
with a 1/100 dilution of an SBV infectious bovine serum 
induced a longer duration of viral RNA circulating in blood 
compared to inoculation with undiluted infectious serum 
(Wernike et al., 2012). The present study was conducted to 
determine if a similar dose-dependent effect occurs in sheep.

Twelve 1-year-old Mourerous ewes, negative for SBV by 
ELISA, serum neutralisation test (SNT) and quantitative 
reverse transcriptase PCR (qRT-PCR), were included in the 
study. Three randomly selected ewes in each of four groups 
were inoculated subcutaneously in the left axilla with 1mL 
undiluted, or 1/10, 1/100 or 1/1000 diluted, SBV infectious 
bovine serum in phosphate buffered saline (PBS). The infec-
tious serum was obtained fromFriedrich Loeffler Institute 
and had been tested in cattle and sheep (Hoffmann et al., 
2012; Wernike et al., 2012, 2013). The inoculum contained 
2*103 50% tissue culture infectious doses/mL (TCID50/
mL), as determined by end-point titration on baby hamster 
kidney (BHK) cells (Wernike et al., 2012) and was sent to 
CODA-CERVA on dry ice under appropriate transport con-
ditions. The study was approved by the joint Ethical Com-
mittee of the Belgian Scientific Institute of Public Health and 
CODA-CERVA (project number 121017-01; date of approval 
11 February 2013).

During the 10-day period following infection, clinical 
examinations of ewes were performed daily and blood was 
collected from the jugular vein. Two ewes, inoculated with 
the undiluted or the 1/1000 diluted inoculum had rectal 
temperatures of 40 °C 1 day post inoculation (dpi), but the 
average and median temperatures in the groups stayed in 
the normal range (38.3– 39.9 °C). No other clinical signs 
were detected throughout the experiment.

The presence of SBV RNA in serum and whole blood was 
determined by detection of the SBV S segment using a one-
step qRTPCR (De Regge et al., 2013). In case of doubtful 
results, RNA extracts were retested in a two-step PCR with 
the same primers, as described previously (De Regge and 
Cay, 2013). Cycle threshold (Ct) values were converted into 
S segment copy numbers using an RNA standard curve (see 
Appendix A: Supplementary material).

All ewes inoculated with the undiluted or 1/10 diluted SBV 
infectious serum, along with one ewe inoculated with the 
1/100 infectious serum, were positive by qRT-PCR for viral 
RNA in blood (Fig. 1). No SBV RNA could be detected in other 
ewes by qRT-PCR during the experiment. The number of 
ewes in each group that were positive for viral RNA in blood 
decreased significantly as a function of the inoculated dose 
(Fisher’s exact test; n = 12; P = 0.045), providing evidence that 
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a critical dose needs to be administered to induce a homo- 
genous productive infection in sheep. When the Spearman–
Karber method was applied to the data (Hierholzer and Kil-
lington, 1996), the undiluted serum contained at least 101.83 
sheep infectious doses per mL. It would be interesting to see 
if inoculation of other sheep breeds with SBV would have 
similar results, since differences in breed susceptibility have 
been described for another bunyavirus, Rift Valley fever 
virus (Busquets et al., 2010). The influence of the inoculum 
should be considered when planning future experiments in 
sheep and there is a need to be careful with extrapolation 
of TCID50 values used in this experiment. Previous studies 
have shown that the origin of the virus and the way it has 

been passaged might strongly influence the outcome of an 
experimental infection, even if high inoculation doses are 
used (Wernike et al., 2013).

In all sheep that became positive by qRT-PCR for viral RNA 
in blood, SBV RNA could be detected from 2 to 7 dpi. The 
duration of detection of viral RNA in blood by qRT-PCR and 
the SBV copy number at the peak of detection were not sig-
nificantly different between groups inoculated with undi-
luted or 1/10 diluted infectious bovine serum (two-sample t 
tests with unequal variances; n = 6; P = 0.14 and 0.26, respec-
tively). The copy number at the peak of detection of viral 
RNA by qRT-PCR in blood in sheep inoculated with 1/100 
diluted infectious serum reached a similar level. Comparable 
results were obtained when the presence of SBV RNA was 
determined in whole blood samples (data not shown).

All ewes were euthanized at 10 dpi. No gross lesions were 
observed at post-mortem examination. Portions of cere-
brum, cerebellum, brain stem, lung, spleen, left superficial 
cervical and mesenteric lymph nodes, tonsils and ovary 
were collected. Virus was detected in the spleen, and the 
superficial cervical and mesenteric lymph nodes, in all 
seven ewes, and in the lungs of two ewes, that were positive 
by qRT-PCR for viral RNA in blood (Table 1). There was no 
significant difference in the SBV RNA copy number in the 
superficial cervical and mesenteric lymph nodes, or spleens, 
between sheep inoculated with the undiluted and 1/10 
diluted infectious serum (two-sample t test with unequal 
variances; n = 6; P = 0.30, 0.99 and 0.38, respectively). The 
copy numbers in the three different lymphoid organs of the 
sheep that were positive by qRT-PCR for viral RNA in blood 
following inoculation with 1/100 diluted infectious bovine 
serum reached similar levels. These observations raise the 
question of the importance of the lymphatic system in the 
pathogenesis of SBV in sheep. Interestingly, similar obser-
vations were obtained after SBV infection of other sheep 
breeds (Wernike et al., 2013). However, as little is known 
about the pathogenicity of orthobunyaviruses of vete- 
rinary importance (Doceul et al., 2013), it remains difficult 
to interpret these data. Further studies quantifying SBV in 
these lymphatic tissues over time are needed to clarify this 
issue.

The presence of neutralising anti-SBV antibodies was 
assessed by SNT (De Regge et al., 2013). All ewes that were 
positive by qRTPCR for viral RNA in blood seroconverted 
between 7 and 9 dpi (Fig. 2), while the other ewes were nega-
tive. The number of SBV antibody positive animals by group 
decreased significantly as a function of the inoculated dose 
(Fisher’s exact test; n = 12; P = 0.045). Serum samples col-
lected on the day of euthanasia were also tested by the ID 
Screen Schmallenberg virus Indirect Multi-Species ELISA 

O Fig 1.
Detection of Schmallenberg virus (SBV) S segment RNA by qRT-PCR (copy number/mL) in the blood 
of sheep (three ewes in each group: ewe 1 —, ewe 2 —, ewe 3 —) inoculated subcutaneously at 
day 0 with undiluted (a), or 1/10 (b) or 1/100 (c) dilutions, of SBV infectious bovine serum. None 
of the animals inoculated with a 1/1000 dilution became positive for SBV RNA by quantitative reverse 
transcriptase PCR.
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O Table 1.
Detection of Schmallenberg virus (SBV) S segment RNA in inoculated sheep at post-mortem examination.

(IDVet); all samples were negative. This discrepancy is pro- 
bably because the SNT can detect immunoglobulin (Ig)M 
antibodies with neutralising capacity, while the ELISA only 
detects IgG because it uses an anti-multi-species IgG-horse-
radish peroxidase conjugate.

The productively infected animal in the 1/100 dilution group 
was inoculated with a calculated dose of, at most, 20 TCID50. 
It seems reasonable to assume that infectious doses of this 
magnitude can be delivered by SBV-infected Culicoides 
spp. during feeding. For BTV, another disease transmitted 
by Culicoides spp., a single midge can transmit 0.32–7.79 
TCID50 (Fu et al., 1999). Recent reports of Ct values of around 
30 for the SBV S segment (obtained using the same qRTPCR) 
in the saliva of SBV-infected Culicoides sonorensis (Veronesi 
et al., 2013) indicate that this could also be realistic for SBV.

In conclusion, this experiment provides evidence that a  
critical dose needs to be administered to induce a homoge-
neous productive infection in sheep. However, when a suf-
ficient dose is administered, no dose dependent effect was 
observed, either in the duration and quantity of viral RNA 
detected by qRT-PCR in blood, or in the amount of viral RNA 
present in the lymphoid organs.
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O Fig 2.
Seroconversion in Schmallenberg virus (SBV) inoculated animals. Titres of neutralising anti-SBV antibodies 
measured in serum from four groups, each of three ewes (ewe 1 —, ewe 2 —, ewe 3 —),  inoculated 
subcutaneously at day 0 with undiluted (a), or 1/10 (b) or 1/100 (c) dilutions, of an SBV infectious 
serum. None of the animals inoculated with a 1/1000 dilution seroconverted. The dashed line indicates 
the cut-off value of the serum neutralisation test (SNT). Sera were considered to be positive if the SNT titre 
was ≥4 (specificity 100%, De Regge et al., 2013). The columns ( ) represent the cumulative number of 
ewes which had seroconverted at different days post-infection.
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Abstract
Schmallenberg virus (SBV) is a newly emerged virus respon-
sible for an acute non-specific syndrome in adult cattle 
including high fever, decrease in milk production and severe 
diarrhoea. It also causes reproductive problems in cattle, 
sheep and goats including abortions, stillbirths and malfor-
mations. The role of pigs in the epidemiology of SBV has not 
yet been evaluated while this could be interesting seen their 
suggested role in the epidemiology of the closely related 
Akabane virus. To address this issue, four 12-week-old sero-
negative piglets were subcutaneously infected with 1 ml of 
SBV infectious serum (FLI) and kept in contact with four 
non-infected piglets to examine direct virus transmission. 
Throughout the experiment blood, swabs and faeces sam-
ples were collected and upon euthanasia at 28 dpi different 
organs (cerebrum, cerebellum, brain stem, lung, liver, iliac 
lymph nodes, kidney and spleen) were sampled. No clinical 
impact was observed and all collected samples tested nega-
tive for SBV in rRT-PCR. Despite the absence of viraemia and 
virus transmission, low and short lasting amounts of neu-
tralizing antibodies were found in 2 out of 4 infected piglets. 
The limited impact of SBV infection in pigs was further sup-
ported by the absence of neutralizing anti-SBV antibodies 
in field collected sera from indoor-housed domestic pigs (n 
= 106).

In conclusion, SBV infection of pigs can induce seroconver-
sion but is ineffective in terms of virus replication and trans-
mission indicating that pigs have no obvious role in the SBV 
epidemiology.

Introduction
In December 2011, researchers from the Friedrich Loeffler 
Institute (FLI; Greifswald, Germany) isolated and identified 
a newly emerged virus responsible for an acute non-specific 
syndrome including high fever, decrease in milk production 
and severe diarrhoea in adult cattle during summer and 
autumn 2011 (Hoffmann et al., 2012). The virus was named 
Schmallenberg virus (SBV) after the city where it was first 
identified (North Rhine-Westphalia, Germany; Hoffmann 
et al., 2012; Muskens et al., 2012). From December 2011 
onwards, SBV was responsible for abortions, stillbirths and 
malformations such as the hydranencephaly–arthrogryposis 
syndrome in cattle, sheep and goats (Garigliany et al., 2012; 
Herder et al., 2012; van den Brom et al., 2012). The identifica-
tion of SBV in biting midges (Culicoides spp.) collected during 
summer and autumn of 2011 suggests an important role of 
these vectors in the wide and fast spread of SBV (De Regge 
et al., 2012).

Beside the animals mentioned above, SBV has been detected 
by real-time reverse transcription PCR (rRT-PCR) in bison, 
deer, moose, alpacas and buffalos and antibodies to SBV 
have been detected in fallow deer, roe deer, red deer, dogs 
and wild-boars (Linden et al., 2012; EFSA, 2013; Desmecht et 
al., 2013; Sailleau et al., 2013).

To date, the role of pigs in the epidemiology of SBV has not 
yet been evaluated. This could however be interesting seen 
their suggested role in the epidemiology of Akabane virus 
(AKAV), another virus of the Simbu serogroup that is closely 
related to SBV (Huang et al., 2003; Hoffmann et al., 2012). 
Seen the high density of pigs in the countries affected by 
SBV and their economic importance, an experimental infec-
tion of pigs with SBV was performed to study their possible 
role in the SBV epidemiology.
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Material and methods

Ethical statements

All experiments described in this study were approved by 
the Ethical Committee of the IPH-VAR (Scientific Institute 
of Public Health – Veterinary and Agrochemical Research 
Centre, project number 121017-01).

Experimental infection: animals, housing, 
inoculum and samples

Nine 12-week-old Landrace breed pigs and one 10 months 
old ewe of the Mourerous breed were housed in the experi-
mental animal BSL3 facilities of CODA-CERVA. All animals 
tested seronegative in a virus neutralization test (VNT) at the 
beginning of the experiment and the absence of SBV in their 
blood was confirmed by rRT-PCR.

Eight piglets were housed together in one box, while one 
was kept apart as a negative control. Of the eight piglets, 
four were randomly selected and subcutaneously inoculated 
with 1 ml of SBV infectious serum and formed the positive 
group. The inoculum contained about 2*103 50% tissue cul-
ture infective dose/ml (TCID50/ml) (kindly donated by the 
Friedrich-Loeffler-Institute, Germany; Wernike et al., 2012). 
The other 4 piglets in the box, as well as the negative con-
trol animal, were subcutaneously mock infected with 1 ml 
of phosphate buffered saline (PBS) and formed the transmis-
sion group. The ewe was housed separately and was subcu-
taneously inoculated with 1 ml of infectious serum (FLI) and 
used as positive control of infection.

A clinical examination of all animals was performed daily 
(temperature, appetite, respiratory and neurological signs, 
diarrhoea) and at days 0, 1, 2, 3, 4, 5, 7, 9, 11, 14, 17, 20, 24 and 
28 for the pigs and 0, 1, 2, 3, 4, 9 and 17 for the ewe 2 blood 
tubes were sampled (1 with EDTA and 1 without anticoa- 
gulant). One nasal swab which was immediately immerged 
in 2 ml Minimum Essential Medium (MEM) (Dulbecco’s, 
Sigma Aldrich, St. Louis, MO) and faeces were also collected 
from the piglets. Serum was prepared from the blood tube  
without anticoagulant by 15 min centrifugation at 3000 
rpm. All samples were stored at  -80°C, except for EDTA 
blood that was stored at 4°C. The piglets were euthanized at 
28 days post-infection (dpi) and the following samples were 
collected during autopsy: cerebrum, cerebellum, brain stem, 
lung, liver, iliac lymph nodes, kidney and spleen.

Field collected samples from domestic pigs 

123 sera collected from indoor-housed pigs before the emer-
gence of SBV (before 2011), that had continuously been 
stored at -20 °C, were used to determine the VNT cut off 
value for porcine sera. Furthermore 106 sera collected from 
indoor-housed domestic pigs between 16 January 2012 
and 12 April 2013 were used to evaluate the presence of  
neutralizing antibodies after the outbreak.

Serology

The presence of anti-SBV antibodies was assessed by a VNT 
on porcine serum samples collected at  -5, 0, 7, 14, 20 and 
28 dpi during the experimental infection study and on field 
collected sera from domestic pigs. This was done following 
the protocol previously described by De Regge et al. (2013). 
Serum samples from the experimental infection study were 
also tested by ELISA with the ID Screen Schmallenberg 
virus Indirect Multi-Species ELISA using an anti-multi-spe-
cies IgG-horseradish peroxidase conjugate (IDVet) following 
manufacturer’s instructions. For each sample the S/P per-
centage was calculated. Test results were considered nega-
tive if S/P ≤ 50%, doubtful if 50% <  S/P ≤ 60% and positive if 
S/P > 60%.

SBV detection by rRT-PCR

The extraction of total RNA from blood, organs and faeces 
was done as previously described (De Regge et al., 2013). Prior 
to RNA extraction, the immerged swabs were shaken at high 
speed for 60 min at 4°C, followed by total RNA extraction 
from 140 ml of MEM using the Qiamp Viral RNA mini kit 
(Qiagen, Hilden, Germany). Subsequent downstream detec-
tion of the SBV-S segment RNA was done by rRT-PCR as 
previously described (De Regge et al., 2013). In each rRT-PCR 
run negative extraction controls and negative and positive 
amplification controls were included and tests were only  
validated when all controls were satisfactory.
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Results

Clinical observations

None of the 4 infected piglets showed any clinical signs and 
the rectal temperatures stayed within the normal range of 
38.7–39.2°C (Andersson and Jonasson, 1993) during the first 
2 weeks after the inoculation with SBV. For one SBV infected 
piglet (number 4), the rectal temperature started to rise at 
day 16 pi and peaked at day 19 pi at 41.6°C. Respiratory pro- 
blems were observed from day 18 pi associated with trans-
lucent white nasal secretions and superficial breathing. This 
was followed by loss of appetite and apathy, finally leading to 
its death in the night between day 22 and 23 post infection. 
No gross pathological lesions were found at autopsy and 
the piglet tested negative for the following diseases in PCR 
assays: porcine circovirus 2 (PCV2), porcine encephalomyo-
carditis virus (EMC), porcine reproductive and respiratory 
syndrome virus (PRRSV), swine influenza virus (SIV) and 
mycoplasma hyopneumoniae (data not shown). The negative 
control pig and the 4 transmission control pigs showed no 
clinical signs during all the experiment.

Virus replication, excretion and transmission 

No macroscopic lesions were found in any of the piglets at 
autopsy. In addition, all blood samples, swabs, faeces and 
organs of all infected and control pigs tested negative for 
SBV in rRT-PCR (data not shown).

The infectivity of the inoculum was however confirmed by 
the clear viraemia observed in the infected ewe between day 
2 and 9 (data not shown).

Serology

The analysis of 123 pig sera dating from 2009 to the end of 
2010 revealed sporadic titres up to 4 (Fig. 1a). Based on this 
result, the threshold value of the VNT for a positive SBV 
serology in piglets was set at a VNT titre of 8, corresponding 
to a specificity of 100%.

In the infection experiment, 2 out of 4 SBV infected piglets 
had seroconverted by day 14 post-infection, but only low 
neutralizing antibody titres of 8 were found (Fig. 2). By the 
end of the experiment at day 28 pi, this titre had already 
dropped below the positive threshold in the remaining piglet 
that had seroconverted at day 14. The VNT titres of all other 
piglets remained negative throughout the experiment (Fig. 
2). All samples from the experimental study were also tested 
in ELISA and scored negative (data not shown).

O Fig 1.
Neutralizing anti-SBV antibody titres in domestic pigs housed indoor. Neutralizing anti-SBV antibody titres as 
measured by a virus neutralization test are shown for sera collected from (a) domestic pigs housed indoor 
before the SBV emergence in 2011 (n = 123) and (b) domestic pigs housed indoor between January 
2012 and April 2013 (n = 106).

O Fig 2.
Evolution of neutralizing anti-SBV antibody titres in SBV infected and transmission control pigs. Neutralizing 
anti-SBV antibody titres as measured by a virus neutralization test are shown for pigs subcutaneously 
inoculated with SBV at day 0 (pig 1 (—), 3 (—) and 4 (—)) and a transmission control pig (pig 5 
(dashed line) that were present in the same pen. One inoculated pig (pig 2) and 3 other transmission 
control pigs had VNT titres <2 at each time point.



CODA-CERVA  Scientific RepoRt 2013/2014  O  animal HealTH

71

No anti-SBV neutralizing antibodies could be found in the 
field sera collected from domestic pigs in 2012–2013 (Fig. 1b).
In the SBV infected ewe, anti-SBV antibodies were observed 
at 9 dpi by VNT and a titre of 128 was obtained at 17 dpi (data 
not shown).

Discussion
An in vivo infection experiment in which pigs were sub-
cutaneously infected with SBV was performed to evaluate 
their possible role in the epidemiology of this newly emerged 
virus. The complete absence of viraemia upon infection indi-
cates that pigs do not have an obvious role in the SBV epide-
miology since SBV is normally transmitted by insects that 
can only become infectious after the uptake of virus infected 
blood (Steukers et al., 2012). This is further supported by the 
absence of SBV in nasal swabs and in faeces after infection, 
since this also eliminates a possible spread of the virus by 
other routes, as was confirmed by the absence of virus trans-
mission to contact animals in our experiment. The absence 
of viraemia in pigs is in contrast with the viraemia observed 
after infection of one ewe in this experiment and in cows 
and sheep infected with the same inoculum via the same 
route of infection described in literature (Wernike et al., 
2012, 2013a,b), indicating host dependent properties influ-
encing virus replication upon infection. During our experi-
ment, one pig developed clinical signs like fever, respiratory 
problems and apathy at 16 days after SBV infection and died 
6 days later. The complete absence of SBV in all samples col-
lected at autopsy and the presence of anti-SBV neutralizing 
antibodies in this pig indicate however that the infection 
with SBV was not the causative factor for its death.

The differences between the experimental set-up in this 
study and the published infection study of pigs with AKAV 
(Huang et al., 2003) make it difficult to compare the results 
obtained for both viruses. While viraemia and virus replica-
tion in organs could be shown after oronasal infection with 
AKAV, this was not the case upon an intramuscular infection 
what is in line with our results upon subcutaneous infection. 
Besides the difference in inoculation route, also differences 
in the amount of inoculated virus (106.5 for AKAV vs. 2.103 
for SBV) and age of the pigs (4 weeks for AKAV vs. 12 weeks 
for SBV) could be determining factors influencing the out-
come of the experiments.

The experimental infection resulted in the seroconversion of 
2 out of 4 pigs by 2 weeks after infection, but only low levels 
of neutralizing antibodies were found (VNT titres up to 8) 
and these titres had already dropped below the limit of posi-
tivity by the end of the experiment in the remaining pig that 
had seroconverted. The obtained neutralizing antibody titres 
in pigs are clearly lower than those found in the infected ewe 
(1/128) and those reported for SBV infected cows (Wernike et 
al., 2013a). Also AKAV infection of 4 week old pigs resulted 
in higher neutralizing antibody titres (up to  ≥256 at 14 dpi) 
(Huang et al., 2003), but also here it should be considered 
that the difference in the age of the pigs at the moment of 
inoculation could have an influence on the outcome of the 
induction of the antibody response (4 weeks for AKAV vs. 
12 weeks for SBV). The positive samples in VNT were not 
confirmed in ELISA. This is in line with results in sheep that 
show that the multi species ELISA (IDVet) is less sensitive at 
early time points post infection (Poskin et al., under review), 
and probably indicates that the first produced neutralizing 
antibodies have an IgM subtype, which are not detected by 
the anti- IgG conjugate in the ELISA.

Seen the difference between an experimental one-shot sub-
cutaneous SBV inoculation applied by a needle and the na- 
tural situation where pigs can be exposed to multiple inocu-
lations by insect vectors, we also tested serum samples from 
a limited number of indoor housed pigs collected after the 
emergence of SBV. It seems plausible to assume that these 
pigs have been in contact with SBV seen (i) the evidence of 
extensive SBV circulation in Belgium in 2011 (Garigliany et 
al., 2012; De Regge et al., 2012; Méroc et al., 2013a,b), (ii) the 
indications of a renewed SBV circulation in 2012 in Belgium 
and surrounding countries (Claine et al., 2012; Bayrou et al., 
2013), and (iii) the literature data showing that Culicoides 
involved in SBV transmission also feed on pigs (Bartsch et 
al., 2009; Ninio et al., 2011). Nevertheless, all samples tested 
negative providing indications that also under natural con-
ditions, no high neutralizing antibody levels that remain 
detectable for longer time periods are induced upon SBV 
infection of pigs. The lack of data on the indoor presence and 
vector activity of Culicoides in pig stables make, however, 
that these results should be interpreted with caution.

Altogether the results suggest that pigs do not play an obvi-
ous role in the epidemiology of SBV and therefore do not 
contribute to the spread of the virus among livestock.
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Conclusion
This study showed that subcutaneous infection of 12-week-
old pigs with an SBV inoculum which induced a viraemia and 
seroconversion in a sheep, can result in a low and short las- 
ting seroconversion, but without viraemia and virus excre-
tion. This indicates that pigs are only weakly susceptible to 
SBV infection what is further supported by the absence of 
neutralizing antibodies in a limited number of field collected 
sera from indoor housed domestic pigs. Taken together, this 
study emphasized that pigs do not play an obvious role in 
the wide and fast expansion of the SBV epidemic. Future 
experiments evaluating the influence of inoculation dose, 
virus strain and age of the pigs could further clarify the  
pathogenesis of SBV in pigs.

Conflict of interest
The authors declare no conflict of interest.

Acknowledgements
We would like to warmly thank all the personnel of CODA-
CERVA Machelen for taking care of the animals as well as the 
technical personal of CODA-CERVA Uccle who helped in the 
daily lab work with a special mention to Dennis Kozlowski 
for his help with the seroneutralization assays. We finally 
want to gratefully thank Martin Beer and Bernd Hoffmann 
from the FLI for providing the inoculum.

This study was financially supported by the European Union 
as outlined in Council Decision 2012/349/EU concerning a 
financial contribution by the Union for studies on Schmal-
lenberg virus.



CODA-CERVA  Scientific RepoRt 2013/2014  O  animal HealTH

73

O    detection of totAl And Prrsv-sPecific AntiBodies in orAl fluids 
collected with different roPe tyPes from Prrsv-vAccinAted And 
exPerimentAlly infected Pigs.
INGE DECORTE a,*, WANDER VAN BREEDAM c, YVES VAN DER STEDE b, c, HANS NAUWYNCK c, NICK DE REGGE a,†, 
ANN BRIGITTE CAY a,†

a Operational Direction Viral Diseases, Enzootic and (re)emerging diseases, CODA-CERVA

b Operational Direction Interactions and Surveillance, CVD-ERA, CODA-CERVA

c Department of Virology, Parasitology and Immunology, Faculty of Veterinary Medicine, Ghent University

* Corresponding author. Tel.: +32 23790400

† These authors share the last authorship

Abstract

Background

Oral fluid collected by means of ropes has the potential to 
replace serum for monitoring and surveillance of impor- 
tant swine pathogens. Until now, the most commonly used 
method to collect oral fluid is by hanging a cotton rope in a 
pen. However, concerns about the influence of rope material 
on subsequent immunological assays have been raised. In 
this study, we evaluated six different rope materials for the 
collection of oral fluid and the subsequent detection of total 
and PRRSV-specific antibodies of different isotypes in oral 
fluid collected from PRRSV-vaccinated and infected pigs. 

Results

An initial experiment showed that IgA is the predominant 
antibody isotype in porcine saliva. Moreover, it was found 
that synthetic ropes may yield higher amounts of IgA, 
whereas all rope types seemed to be equally suitable for IgG 
collection. Although IgA is the predominant antibody isotype 
in porcine oral fluid, the PRRSV-specific IgA-based IPMA 
and ELISA tests were clearly not ideal for sensitive detection 
of PRRSV-specific IgA antibodies. In contrast, PRRSV-spe-
cific IgG in oral fluids was readily detected in PRRSV-spe-
cific IgG-based IPMA and ELISA tests, indicating that IgG 
is a more reliable isotype for monitoring PRRSV-specific 
antibody immunity in vaccinated/infected animals via oral 
fluids with the currently available tests.

Conclusions

Since PRRSV-specific IgG detection seems more reliable than 
PRRSV-specific IgA detection for monitoring PRRSV-specific 
antibody immunity via oral fluids, and since all rope types 
yield equal amounts of IgG, it seems that the currently used 
cotton ropes are an appropriate choice for sample collection 
in PRRSV monitoring.

Keywords: 
PRRSV; Oral fluid; Antibody detection; Collection method

Background
In the past, studies monitoring humoral immunity to spe-
cific pathogens relied primarily on humoral responses via 
serum samples. More recently, diagnosis based on analysis 
of oral fluids is rapidly gaining interest in both human and 
veterinary medicine, as collection of oral fluids is simple, 
cheap and non-invasive. Oral fluid is a clear, slightly acidic 
mucoserous exocrine secretion composed of more than 99% 
water [1]. Like in other mucosal secretions, the immunoglo- 
bulin fraction found in oral fluids predominantly consists of 
antibodies of the immunoglobulin (Ig) A isotype [2]. Mucosal 
IgA antibodies are actively produced in and secreted from 
the plasma cells of local glandular tissue, but can also enter 
the secretions when plasma cells capable of homing to the 
mucosa are stimulated and release local IgA [3]. IgG and IgM, 
which are mainly found in serum, are also present in oral 
fluids, albeit in lower quantities than IgA, and enter the oral 
fluid by way of passive leakage via gingival crevicular epi-
thelium, although some may be locally produced in the gin-
giva or salivary glands [4]. The presence of IgA, but also of 
IgG and IgM, makes oral fluid a useful biological specimen 
for immunological assays. 

For several human viruses, detection of specific IgA, IgG 
and IgM in saliva has already been evaluated to monitor the 
levels of virus-specific antibody immunity. Virus-specific 
antibodies to measles virus, cytomegalovirus, Epstein-Barr 
virus, human immunodeficiency virus, Puumala hantavirus, 
dengue virus and hepatitis C virus [5-11] have been detected 
in saliva. As expected, the predominant isotype of the 
virus-specific antibodies in saliva was virus- and time-de-
pendent. Over the last few years, several studies have also 
evaluated the use of oral fluids as samples for use in anti-
body-based veterinary diagnostics. For instance, antibodies 
against several swine viruses, including African swine fever 
virus, classical swine fever virus, porcine circovirus type 2 
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and porcine reproductive and respiratory syndrome virus 
(PRRSV), have been detected in oral fluid specimens of pigs 
[12-16]. However, relatively little information is available on 
the amounts of virus-specific IgA, IgG and IgM antibodies 
present in oral fluids of virus-infected pigs. Moreover, all of 
the above studies in pigs use the oral fluid collection proce-
dure initially described by Prickett et al . [17], which involves 
the use of cotton ropes. It is however possible that rope mate-
rial has an important impact on the amount of antibodies 
and on the predominant antibody isotypes in samples col-
lected via this method. For instance, oral fluid specimens 
collected from pigs with cotton or hemp contained higher 
amounts of PRRSV-specific IgG compared to samples col-
lected with nylon rope [18]. 

The collection of oral fluids – by means of ropes – has a dis-
tinct advantage over the collection of blood samples – via 
venepuncture – regarding animal welfare, as it is less intru-
sive and pigs are more willing to cooperate. Moreover, it 
can greatly simplify sample collection for monitoring and 
surveillance purposes in swine herds, as samples can be col-
lected at pen level as well as farm level. Therefore, the objec-
tive of the present study was to investigate the influence of 
different rope materials on the amounts and isotypes of total 
and virus-specific antibodies recovered from oral fluid sam-
ples of PRRSV-vaccinated or -infected animals.

Methods

Animals and housing 

Eight 8-week-old Belgian Landrace piglets, purchased from 
a commercial swine herd known to be free of PRRS virus 
(TaqMan NA and EU PRRSV Reagents, Life Technologies) and 
negative for PRRSV-specific antibodies (PRRS X3 Ab Test, 
Idexx), were housed individually on slatted floors at air-fil-
tered level-2 biosecurity facilities (CODA-CERVA, Machelen). 
Each pig was randomly assigned to control or vaccination or 
infection groups. Water and food were provided ad libitum. 
Animal experiments were performed in accordance with EU 
and Belgian regulations on animal welfare in experimenta-
tion. The protocol was approved by the Ethical committee of 
the IPH-VAR (procedure agreement no. 120112-01). 

Vaccination and infection

After one week of acclimatization, two experiments were con-
ducted: a vaccination experiment and an infection experiment.

For the vaccination experiment, an attenuated PRRSV vac-
cine (Porcilis PRRS, Intervet) was used. The vaccine virus 
was diluted in Diluvac Forte according to the manufactu- 
rer’s instructions and each vaccine dose contained at least 
104 50% tissue culture infectious doses (TCID

50
) of PRRS  

vaccine virus strain DV. Three pigs were vaccinated intra-
muscularly with 2 mL vaccine/pig at 9 and 11 weeks of age. 
One pig was not vaccinated and served as a control animal.

For the infection experiment, a 5th passage on MARC-145 
cells of the PRRSV prototype strain Lelystad virus was 
used. Lelystad virus was cultivated and titrated on MARC-
145 cells as described before [19]. A virus stock containing 
1 x 105 TCID

50
/mL was aliquoted and stored at -80 °C until 

use. Three nine-week-old pigs were inoculated with PRRSV 
Lelystad virus via aerosol inoculation (105 TCID

50
 / nostril). 

One pig was not inoculated and served as a control animal. 

Sample collection

During the week before the start of the experiments, the 
animals were trained to chew on six different rope mate-
rials – two natural fibred ropes (cotton and hemp) and four 
synthetic ropes (polyester and polyamide (water absorbing); 
polypropylene and polyethylene (water repellent)) – by posi-
tive reinforcement.

In the vaccination experiment, “stimulated” oral fluids (oral 
fluids collected by masticatory or gustatory stimulation such 
as chewing [20]) were collected 1 day before the first vacci-
nation and 14 days after each vaccination with four different 
rope materials according to procedures described by Pri- 
ckett et al. [17]. In brief, one rope (length 1m; diameter 14 mm) 
was suspended in each pen and was left in place for 30 min, 
during which the animal could chew on it and moisten it with 
oral fluid. At each time-point, animals were presented with 
the cotton ropes first, followed by hemp, polyamide and poly-
ester. To recover the oral fluid samples, ropes were manually 
wrung and the oral fluids were collected in 50 mL conical 
centrifuge tubes (BD Falcon). “Unstimulated” oral fluid (oral 
fluid collected without exogenous gustatory, masticatory, or 
mechanical stimulation [20]) was collected at the same time 
points by means of suction with a small suction catheter. 
Prior to the oral fluid collection, animals were deprived of 
food for 8h to prevent cross-reaction of food products with 
antibodies. Blood samples were collected from each pig at -7 
and 28 days post vaccination using venepuncture. 
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In the infection experiment, stimulated oral fluids were col-
lected with two different rope types (cotton first, followed by 
polyester) at -1, 14 and 28 days post infection as described 
above. Blood samples were obtained at the same time points. 
The time points for sample collection were chosen based on 
literature describing that PRRSV specific IgM and IgA anti-
bodies could be detected at 14 days p.i. and IgG antibodies 
at 28 days p.i. in BAL fluids of PRRSV inoculated pigs [21]. 
All oral fluid samples were immediately chilled on ice, cen-
trifuged at 1147 × g (Jouan CR312) for 10 minutes to remove 
insoluble materials, and stored at -80 °C until use. From the 
blood samples, serum was collected, incubated for 30 min at 
56 °C and kept at -80 °C until use.

Detection of total IgA, IgG and IgM in oral fluid 
samples

Total amounts of IgA, IgG and IgM antibodies present in oral 
fluid samples from vaccinated animals were measured using 
a commercial direct sandwich ELISA (IgA, IgG and IgM (pig) 
– ELISA, Celltrend GmbH), following the manufacturer’s re- 
commendations. Oral fluid samples were diluted 1:500 (IgA), 
1:250 (IgG) and 1:50 (IgM) in phosphate-buffered saline (PBS), 
respectively. A standard curve was generated by assaying 
2-fold dilutions of a standard concentrate containing 1000 
ng/mL IgA (x-axis: log, Ig concentration; y-axis: linear, absor-
bance) and oral fluid results that fell within the linear part 
of the reference curve were extrapolated to determine con-
centrations, taking the dilution factor of the oral fluid sam-
ples into account. When the absorbance was outside the 
standard curve a subsequent determination with changed 
sample dilutions was carried out. Western Blotting was used 
to confirm ELISA results. Briefly, oral fluid samples were 
diluted 1:2 in PBS (pH 7.2) and mixed with NuPAGE Sample 
Reducing Agent (Life Technologies). The samples were  
separated by electrophoresis in 12% Tris-HCl gels (Bio-Rad) 
and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad) via Western Blotting. Membranes were 
blocked overnight in 5% non-fat dry milk in PBS containing 
0.05% Tween-20 at 4°C. Membranes were consecutively 
incubated with a 1:50,000 dilution of biotinylated goat anti-
swine IgA, IgG or IgM antibodies (AbD Serotec; 1.5 h, room 
temperature) and a 1:2,000 dilution of horseradish peroxi-
dase (HRP)-conjugated streptavidin (GE Healthcare; 1.5h, 
room temperature). Subsequently, labelled proteins were 
visualised using the SuperSignal West Dura Chemilumi-
nescent Substrate ECL kit (Thermo Scientific). The emitted 
chemiluminescent signal was detected with a VersaDoc MP 
4000 image analyser (Bio-Rad). Image J software (NIH Image) 
was used to estimate the relative amounts of protein (relative 
to antibody concentrations in unstimulated oral fluid). 

Detection of PRRSV-specific antibodies with 
IgA and IgG isotype in serum samples and oral 
fluid samples

PRRSV-specific IgG antibodies in sera were detected using 
the PRRS X3 Ab Test (Idexx) according to the manufacturer’s 
instructions. S/P ratios were calculated, using the following 
formula: S/P = (OD of sample – OD of negative control) / (OD 
of positive control – OD of negative control). Samples with an 
S/P ratio above 0.4 were considered positive for PRRSV-spe-
cific IgG antibodies. In addition, PRRSV-specific IgG antibody 
titres in sera were determined using the immunoperoxidase 
monolayer assay (IPMA) technique described by Labarque 
et al. [21]. Briefly, Marc-145 cells were seeded in 96-well cell 
culture plates, inoculated with PRRSV Lelystad virus and 
incubated for 24 h at 37 °C and 5% CO

2
. Subsequently, culture 

medium was removed, cells were washed with PBS and dried 
at 37 °C for 1 h. The plates were kept at -80 °C until use. Plates 
were thawed and cells were fixed in 4% paraformaldehyde 
for 10 min and then washed twice with PBS. A solution of 1% 
H

2
O

2
 in methanol was added to the cells for 5 min, and cells 

were subsequently washed twice with PBS. 4-fold dilution 
series (starting dilution 1:10) of the sera in phosphate-buffered 
saline supplemented with 1% Tween 80 (PBS-T) and 10% ne- 
gative goat serum were then added to the infected Marc-145 
cells and cells were incubated for 1 h at 37°C. Subsequently, 
serum dilutions were removed and cells were washed with 
PBS-T. Cells were then incubated with peroxidase-labelled 
goat anti-swine IgG antibodies (Dako; dilution 1:500 in PBS-T 
+ 10% negative goat serum) at 37 °C for 1 h. Finally, the plates 
were washed with PBS-T and 50 µL of a substrate solution of 
5% 3-amino-9-ethyl-carbazole in 0.05 M Na-acetate buffer 
(pH 5) supplemented with 0.05% H

2
O

2
 was added to each well 

and incubated at room temperature for 20 min. The reaction 
was stopped by replacing the substrate solution with Na-ace-
tate buffer and the staining was analysed via light microscopy 
(Axiovert 25, Zeiss). Positive and negative control samples 
were included on each plate.

In oral fluid specimens, PRRSV-specific IgA and IgG  
antibodies were detected using IgA- and IgG-based IPMAs, 
immunofluorescence assays (IFA), a commercial IgG-based 
ELISA (Idexx PRRS OF) and a commercial PRRSV ELISA modi-
fied for the detection of PRRSV-specific IgA in swine oral fluid 
[12]. The IPMA used for detection of PRRSV-specific IgA and 
IgG in oral fluid samples was a modified version of the IPMA 
for serum samples described above. Two-fold serial dilutions 
(starting dilution 1:2) of oral fluid samples were made in PBS 
and added to the infected Marc-145 cells. After 1 h of incu-
bation at 37 °C, oral fluid dilutions were removed and cells 
were washed with PBS-T. Subsequently, cells were incubated 
with biotinylated goat- anti-swine IgA (AbD Serotec; 1:10 in 
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PBS) or biotinylated goat- anti-swine IgG (AbD Serotec; 1:10 
in PBS) for 1 h at 37 °C. Following a washing step with PBS-T, 
cells were incubated with Streptavidine-HRP (GE Healthcare; 
1:20 in PBS) for 1 h at 37 °C. Visualization of antibody-labelled, 
PRRSV-infected cells was identical as described above. For 
IFA, Marc-145 cells were seeded on glass inserts in 24-well 
plates, infected with PRRSV Lelystad virus and incubated 
for 24 h at 37 °C and 5 % CO

2
. Cells were then fixed in 100% 

methanol for 10 min at -20 °C, air dried, and stored at -80 °C 
until use. Cells were thawed and incubated with 1:2 dilutions 
of the oral fluids in PBS for 2 h at 37 °C. Subsequently, cells 
were washed and incubated with either goat anti-swine IgA 
(dilution 1:10) (AbD Serotec) or goat anti-swine IgG (dilution 
1:20) (AbD Serotec) for 1 h at 37 °C. Finally, cells were washed 
and incubated with anti-goat FITC (dilution 1:50 or 1:100 
when previously incubated with goat anti-swine IgA or IgG 
respectively) for 1 h at 37 °C. Cells were washed, embedded 
in a glycerine-PBS solution (0.9/0.1 v/v/) containing 2.5% 
1,4-diazabicyclo-(2,2,2)-octane, mounted and analysed using a 
fluorescence microscope (Dialux 20, Leitz Wetzlar) for FITC-
stained PRRSV positive cells.

Oral fluid samples were also tested for the presence of 
PRRSV-specific IgG antibodies using the PRRS OF kit (Idexx), 
according to the manufacturer’s instructions. The OD 
values were converted into S/P ratios, using the formula 
as described above. Samples with an S/P ratio above 0.4 
were considered positive for PRRSV-specific IgG antibodies. 
PRRSV-specific IgA in oral fluid samples was measured with 
a modified PRRS X3 Ab Test (Idexx) as described by Kitta-
wornrat et al. [12]. Reference standard samples (= oral fluid 
samples collected from 37 pens at 0, 10, 15, 20, 28, 35, 41, 
49, 56, 75, and 91 days after intramuscularly vaccination of 
5-week-old pigs (n = ~1,100) with 2 ml of a type 2 PRRS MLV 
vaccine, kindly donated by prof. Zimmerman, College of Ve- 
terinary Medicine, Iowa State University) were included in 
this modified test to verify its correct performance. The raw 
plate data were converted into S/P ratios, using the formula 
as described above with the OD values of reference samples 
at day 0 and 35 as negative and positive controls, respec-
tively.

Statistical analyses

Differences in oral fluid volumes collected with different rope 
materials; differences between IgA, IgG and IgM concentra-
tions collected with a specific rope; and differences between 
ropes for IgA, IgG and IgM collection were compared by ana- 
lysis of variance (ANOVA) and a Bonferroni post hoc test was 
applied for multiple comparisons. Statistical analyses were 
performed using SPSS Statistics V21.0 (IBM) software and p 
values ≤ 0.05 were considered to be significant. 

Results

Influence of rope material on oral fluid 
collection

During the acclimatization period, animals were stimulated 
to chew on six different rope materials by positive reinforce-
ment. The polypropylene and polyethylene ropes did not 
retain sufficient amounts of oral fluid and were therefore 
excluded from the rest of the experiment. All other rope 
types absorbed and released adequate amounts of oral fluid 
to allow further analysis. Nevertheless, for one animal at 28 
days post vaccination (V1), not enough material was obtained 
from the synthetic ropes to allow IPMA and ELISA analysis. 
Pigs did not show a clear preference for any of the rope types. 
Mean oral fluid volumes (µl± SEM) of 850 (±  86.6), 2633.3 
(± 961.4), 2400 (± 862.1) and 1900 (± 1053.5) were collected 
with cotton, hemp, polyamide and polyester ropes respec-
tively at 14 dpi, compared to 1750 (± 433.0), 2833.3 (± 1013.7), 
666.6 (± 317.9) and 1200 (± 907.3) at 28 dpi. No significant dif-
ferences were found in these mean oral fluid volumes, either 
at 14 or at 28 days post vaccination . Unstimulated saliva was 
more difficult to obtain and only volumes of 112.2 ± 16.8 µL 
(mean ± SEM) were collected. 
 

Analysis of total IgA, IgG and IgM 
concentrations in oral fluid samples collected 
from PRRSV-vaccinated animals

In order to determine whether rope material had an effect 
on the total amount of IgA, IgG and IgM recovered, total 
IgA, IgG and IgM concentrations were measured at three  
different time points during the vaccination experiment, 
using a commercial direct sandwich ELISA. The ELISA 
results (Figure 1) show that IgA is the predominant antibody 
isotype in unstimulated oral fluids ( p < 0.05) at 28 days post 
vaccination (dpv), as well as in oral fluid samples collected 
using nylon ropes at 0, 14 and 28 dpv and polyester ropes 
at 28 dpv(p < 0.05). Interestingly, there were no significant 
differences between the IgA, IgG and IgM concentrations in 
samples collected using natural fibred ropes. 

When comparing the different rope materials at a particu-
lar time point, no significant differences were found in the 
IgA / IgG / IgM concentrations, neither between samples col-
lected with different ropes, nor between samples collected 
by means of ropes compared to unstimulated oral fluids. 
High individual differences between individual animals 
were however observed. Vaccination did not influence the 
total IgA, IgG  or IgM concentrations present in oral fluids, 
nor the amounts collected by different ropes. Therefore, the 
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results from the three different time points were also ana- 
lysed together, showing a significant difference between 
the rope types (P = 0.033). Two-by-two comparisons during 
the post hoc test showed that polyester ropes yielded signi- 
ficant higher amount of IgA than cotton (P = 0.011) and hemp  
ropes (P = 0.019) but equal amounts compared to polyamide 
ropes (P = 0.787).  

To validate the results of the commercial direct sandwich 
ELISA, which has previously only been validated for serum 
samples, Western Blot assays were performed on oral fluid 
samples from one animal (V3), collected at 14 days post vac-
cination. Specific protein bands of the expected molecular 
weights (60 kDa, 53 kDa or 85 kDa) [22, 23] were detected 
using swine IgA-specific, swine IgG-specific and swine 
IgM-specific antibodies, respectively (Figure 2). Quantifica-
tion of the proteins using ImageJ software confirmed the 
results obtained with the direct sandwich ELISA. 

O Fig 1.
Total IgA, IgG and IgM concentrations in porcine oral fluid samples as determined 
via ELISA. 
Total IgA, IgG and IgM antibody concentrations in oral fluid samples collected directly or using different 
rope types at 0 (A), 14 (B) and 28 (C) days post vaccination, were measured using a commercial direct 
sandwich ELISA (IgA, IgG and IgM (pig) – ELISA, Celltrend GmbH). Results represent the mean of three 
pigs. *Total IgA concentration is significantly different from total IgG and IgM concentration in this oral 
fluid sample (p < 0.1).
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O Fig 2. 
Total IgA, IgG and IgM concentrations in porcine oral fluid samples as determined via Western Blot analysis. 
Oral fluid samples were collected from one pig (V3) at 14 days post vaccination. The samples were reduced, subjected to SDS-PAGE and transferred to PVDF membranes via Western Blotting. Total IgA, IgG or IgM 
antibodies were detected using porcine IgA-, IgG- and IgM-specific antibodies. Specific bands of 60 kDa (IgA), 53 kDa (IgG) and 85 kDa (IgM) were detected. ImageJ software was used to quantify the relative amounts 
of protein and results were plotted relative to antibody concentrations found in unstimulated saliva.



CODA-CERVA  Scientific RepoRt 2013/2014  O  animal HealTH

79

Detection of PRRSV-specific IgA and IgG 
antibodies in oral fluid and serum samples from 
PRRSV-vaccinated and experimentally infected 
animals

Immunoperoxidase monolayer assays (IPMA), immuno- 
fluorescence assays (IFA) and enzyme-linked immunosor-

bent assays (ELISA) were used to detect PRRSV-specific IgA 
and IgG antibodies in oral fluid samples collected with differ-
ent rope types. 

The PRRSV-specific IgA and IgG IPMA titres detected in oral 
fluid samples from PRRSV-vaccinated and experimentally 
infected pigs are shown in Table 1. 

O Table 1. 
PRRSV-specific IgA and IgG IPMA antibody titres of PRRSV-vaccinated and experimentally infected pigs. 
PRRSV-specific IgA and IgG antibodies were respectively detected in sera and oral fluids using PRRSV-specific IgA- and IgG-based IPMA assays. 
†: Tests not performed
‡ Samples were not collected 
*: Samples could not be tested due to insufficient material
N: Negative

For the vaccinated pigs, all oral fluid samples collected at 
14 and 28 days post vaccination tested negative in IPMA 
for PRRSV-specific IgA antibodies. All oral fluid samples 
collected at 14 days post vaccination were also IPMA ne- 
gative for PRRSV-specific IgG antibodies. However, at 28 
days post vaccination, two out of three vaccinated animals 
showed positive IPMA titres of 2 and 4 for PRRSV-specific 
IgG antibodies when natural fibred ropes (cotton, hemp) 
were used for oral fluid collection (Table 1; Figure 3). Both 
these animals were also positive in IgG-based IPMA tests on 
serum samples collected at this time point. The third animal 
of the vaccinated group tested negative for PRRSV-specific 
IgG antibodies in oral fluid at 28 days post vaccination, but 
also tested negative in the IgG-based IPMA on serum col-
lected at this time point. In the experimentally infected pigs, 

no PRRSV-specific IgA antibodies were detected via IPMA 
in any of the oral fluid samples. In contrast, PRRSV-specific 
IgG antibodies were readily detected at 14 and 28 days post 
infection in all oral fluid samples tested (collected with cotton 
or polyester ropes). The IPMA titres obtained with the oral 
fluid samples correlated with the IPMA titres obtained with 
the corresponding serum samples, but were markedly lower. 
The oral fluid IPMA results were confirmed by immuno- 
fluorescence staining: incubation of PRRSV-infected cells 
with oral fluids and subsequent detection with FITC-labelled 
goat anti-swine IgG antibodies resulted in immunofluores-
cent labelling of infected cells (representative immunoflu-
orescence image in Figure 3) while detection with FITC-la-
belled goat anti-swine IgA antibodies did not result in any 
positive fluorescence signal (data not shown). 
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O Fig 3. 
PRRSV-specific IgG detection via immunoperoxidase monolayer assay (IPMA) and immunofluorescence assay (IFA). 
PRRSV-infected cells were incubated with 1:2 dilutions of oral fluid samples. PRRSV-specific IgG antibodies bound to infected cells were subsequently detected via IPMA (A), using biotinylated goat-anti-swine IgG antibodies 
and horseradish peroxidase-conjugated streptavidine, or IFA (B), using goat-anti-swine IgG antibodies and FITC-conjugated anti-goat antibodies.

When commercial ELISAs were used to detect PRRSV-spe-
cific IgG antibodies in oral fluid samples (PRRS OF, Idexx) and 
serum samples (PRRS X3 Ab Test, Idexx), no PRRSV-specific 
antibodies were detected at the start of the experiment (i.e. 
before vaccination/infection) (Table 2). In the vaccinated 
group, all oral fluid samples collected from all 3 vaccinated 

animals at 28 days post vaccination were positive in ELISA. 
However, only two out of the three vaccinated pigs had 
detectable serum antibody levels at this time point. In the 
PRRSV-infected group, all oral fluid and serum samples were 
ELISA positive at 14 days and 28 days post inoculation.

O Table 2. 
S/P ratio’s obtained by PRRSV-specific IgG ELISA tests for PRRSV-vaccinated and experimentally infected pigs. 
PRRSV-specific IgG antibodies were detected in sera and oral fluids using the HerdChek* PRRS X3 ELISA kit (Idexx) and the PRRS OF kit (Idexx), respectively, according to the manufacturer’s instructions. For both assays, 
samples with an S/P ratio above 0.4 were considered positive for PRRSV-specific IgG antibodies. 
‡ Samples were not collected 
*: Samples could not be tested due to insufficient material
N: Negative
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When the modified ELISA protocol for the detection of 
PRRSV-specific IgA in swine oral fluid was used, S/P ratios 
for all oral fluid samples of the vaccinated group remained 
< 0.12 (Table 3). In the experimentally infected pigs, S/P 
ratios of 0.86 and 0.34 were found for oral fluid samples 
collected at 14 dpi with polyester ropes from pigs I1and 
I2, while all other samples had S/P ratios < 0.15. Unfortu-

nately, oral fluid samples collected with cotton ropes could 
not be tested in the IgA-specific ELISA due to insufficient 
material. 

Oral fluid samples and serum samples from the negative 
control pigs were found negative throughout the trial in 
IPMA, IFA and ELISA. 

O Table 3. 
S/P ratio’s obtained by a PRRSV-specific IgA ELISA test for PRRSV-vaccinated and experimentally infected pigs. 
PRRSV-specific IgA in oral fluid samples of PRRSV-vaccinated and experimentally infected pigs was measured with a modified PRRS X3 Ab Test (Idexx) as described by Kittawornrat et al. [12]. 
*: Samples were not collected/available or could not be tested due to insufficient material

Discussion
Oral fluid samples collected by means of ropes have the 
potential to replace serum samples for monitoring and sur-
veillance of important swine pathogens [24]. So far, the most 
commonly used method to collect oral fluid samples is by 
placing a cotton rope in each pen and allowing the pigs to 
chew on the rope [17]. However, concerns about the influ-
ence of rope material on subsequent immunological assays 
have been raised [18]. In this study, the impact of rope mate-
rial on total and virus-specific antibody detection in porcine 
oral fluid samples was assessed. 

An initial experiment evaluated the oral fluid volumes that 
can be obtained using different rope types, and showed 
that water-repellent ropes (polypropylene, polyethylene) 
retained insufficient oral fluid to perform downstream diag-
nostic assays. Consequently, water-repellent ropes were 
excluded from the rest of the study. The amounts of oral 
fluid that could be collected with cotton, hemp, polyester and  
polyamide ropes were sufficient for downstream analysis 
and did not significantly differ from each other.

A recent study by Olsen et al. [18]  showed that the rope 
material used for porcine oral fluid collection may affect 
downstream immunoassays to determine total IgM/IgA con-
tent [18]. Other recent studies assessed the effect of collec-
tion material on IgA retrieval from human saliva samples, 
and showed that cotton may interfere with immunoassay 
results by retaining water molecules, by releasing plant-hor-
mones from the material or by binding of IgA to the cotton 
fibres [25, 26]. Therefore, we determined the total amounts 
of IgA, IgG and IgM antibodies present in stimulated oral 
fluid samples collected with different ropes and in unstim-
ulated porcine oral fluid samples. As expected, IgA was the 
dominant immunoglobulin fraction found in unstimulated 
oral fluids. Intriguingly, there were no significant differences 
in the IgA/IgG/IgM concentrations detected in unstimulated 
oral fluids and oral fluid samples collected using different 
rope types, indicating that no significant exclusion/retention 
of antibodies occurs in the rope materials.

No significant differences were observed between rope types 
when the three collection times were analysed separately, 
indicating that all ropes are equally suitable for the collection 
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of all three antibody isotypes. The observed high individual 
differences between pigs, together with the limited samples 
size, have however an important impact on the statistical 
analysis and make that future experiments using higher 
numbers of animals will have to be performed to confirm 
this conclusion. This is further underlined by the observa-
tion that when all samples of the three collection times are 
analysed together, synthetic fibred ropes show to be more 
suitable for IgA collection than natural fibred ropes. Another 
aspect that has to be taken into account when interpreting 
these results is the fact that it cannot be excluded that the 
repeated sampling of the pigs with different rope types in a 
fixed collection order could have affected the results. In this 
aspect, Olsen et al. [18] already showed that in pen-based 
oral fluid sampling, the collection order does bias results in a 
non-uniform but statistically significant way. 

Finally, we evaluated if IPMA and ELISA assays can be 
used for the sensitive detection of PRRSV-specific IgA/IgG 
antibodies in oral fluid samples of PRRSV-vaccinated or 
infected animals. In oral fluid samples of vaccinated pigs, no 
PRRSV-specific IgA antibodies were detected using either 
the IgA-specific IPMA or ELISA. This result was in line with 
the notion that intramuscular vaccination has a limited 
capacity to induce (protective) mucosal immunity [27]. In 
contrast, two oral fluid samples of experimentally infected 
pigs (collected at 14 dpi using polyester ropes) showed ele-
vated S/P values (0.86 and 0.34) in the IgA-specific ELISA, 
suggestive for the presence of PRRSV-specific IgA. However, 
none of the oral fluid samples of infected pigs tested positive 
in the IgA-based IPMA. Interestingly, when a set of refe- 
rence samples, including some with elevated S/P ratios in the 
IgA-specific ELISA (kindly provided by prof. Zimmerman), 
were tested in the IgA specific IPMA, all samples remained 
negative. These data suggest that the IgA-specific ELISA is 
more sensitive than the IgA-specific IPMA test. To exclude 
the possibility that the negative results in the IgA-based 
IPMA could be due to the use of non-functional porcine 
IgA-specific detection antibodies, the abovementioned refe- 
rence samples were tested in a modified IgA-specific ELISA 
protocol using the detection step of the IgA-specific IPMA 
(biotinylated goat-anti-swine IgA followed by Streptavi-
dine-HRP) instead of the standard detection step (HRP-con-
jugated goat-anti-pig IgA from Bethyl Laboratories). The 
modified and standard IgA-specific ELISA protocols yielded 
highly similar S/P values for the standard reference samples 
(Figure 4), indicating that the detection antibodies used for 
IgA-specific IPMA are functional and that the IgA-specific 
IPMA is indeed less sensitive than the IgA-specific ELISA.

O Fig 4. 
ELISA detection of PRRSV-specific IgA antibodies in reference standard samples. 
PRRSV-specific IgA in reference standard samples (kindly donated by prof. Zimmerman, College of 
Veterinary Medicine, Iowa State University) was measured with a modified PRRS X3 Ab Test (Idexx) 
as described by Kittawornrat et al. [12] that makes use of an HRP-conjugated goat-anti-pig IgA antibody 
(Bethyl Laboratories) PRRSV specific IgA in the reference samples was alternatively detected using 
the detection step of the IgA-specific IPMA, making use of biotinylated goat-anti-swine IgA antibodies 
(AbdSerotec) and Streptavidine-HRP. 

The presence of PRRSV-specific immunoglobulins of  
different isotypes in biological samples can (further) limit 
the sensitivity of (IgA-based) PRRSV-specific IPMA/ELISA 
assays, as antibodies with different isotypes may compete 
for the same/overlapping epitopes [28]. If it would be envi-
sioned to develop or optimize IgA based diagnostic tests 
in the future, this could potentially be overcome by inclu- 
ding an IgA capture step before evaluating the presence of 
PRRSV-specific antibodies.

Both the PRRSV-specific IgG-based ELISA and IPMA allowed 
sensitive detection of PRRSV-specific IgG antibodies in oral 
fluid samples. In vaccinated pigs, PRRSV-specific IgG was 
detected in oral fluid samples collected at 28 days post vac-
cination. In oral fluid samples of experimentally infected 
pigs, PRRSV-specific IgG was readily detected at both 14 
and 28 dpi. When it is considered that IgG primarily enters 
the oral fluid by ways of passive leakage, these results are 
in line with the expected antibody response in serum upon 
vaccination or infection of pig with PRRSV respectively [29]. 
In general, there seemed to be a good correlation between 
qualitative results of the IgG IPMA in serum and oral fluid 
samples. Nevertheless, IgG IPMA titres were considerably 
lower in oral fluid samples than in serum samples. This dis-
crepancy reflects the lower concentrations of IgG in oral 
fluid compared to blood: it was recently reported that the IgG 
concentrations in blood are approximately 800 times higher 
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than in oral fluids [18]. Similarly as for the IgG IPMA data, 
a good correlation was observed between qualitative results 
obtained by IgG ELISA tests in oral fluid and serum samples. 

Previous studies have reported that salivary IgG concentra-
tions are less influenced by chewing to stimulate saliva flow 
or stress factors than IgA concentrations [30, 31]. The results 
from our study indicate that the currently available tests for 
PRRSV-specific IgG detection in oral fluid samples are more 
sensitive than those for PRRSV-specific IgA detection in oral 
fluid, suggesting that IgG detection is preferable to IgA detec-
tion. The observation that the use of natural fibred ropes 
(cotton, hemp) may yield higher amounts of IgG suggests that 
the currently used cotton ropes are an appropriate choice for 
sample collection. Nevertheless, it should be noted that the 
inherent variability of natural fibred ropes can hamper stan-
dardization. The naturally wide variations in fibre quality, 
in combination with other factors that influence the fibber 
quality such as genetic variety, temperature, light intensity, 
herbivory by insects, irrigation method and nutrient stress 
[32], could potentially influence the diagnostic results.

Conclusions
The results showed that IgA is the predominant antibody iso-
type in porcine oral fluid. Nevertheless, the PRRSV-specific 
IgA-based IPMA and ELISA tests were clearly not ideal for 
sensitive detection of PRRSV-specific IgA antibodies. In con-
trast, PRRSV-specific IgG in oral fluids was readily detected 
with PRRSV-specific IgG-based IPMA and ELISA tests, indi-
cating that IgG is a more reliable isotype for monitoring 
PRRSV-specific antibody immunity in vaccinated/infected 
animals via oral fluids with the currently available tests. 
Since PRRSV-specific IgG detection seems more reliable than 
PRRSV-specific IgA detection for monitoring PRRSV-spe-
cific antibody immunity via oral fluids, and since the use of  
natural fibred ropes yields higher amounts of IgG, it seems 
that the currently used cotton ropes are an appropriate 
choice for sample collection in PRRSV monitoring.

List of abbreviations 
Ig: immunoglobulin; PRRSV: porcine reproductive and respi-
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Abstract 
There has been a recent interest in the use of oral fluid for 
the diagnosis of different pathogens such as Porcine repro-
ductive and respiratory syndrome virus (PRRSV). PRRSV 
and PRRSV specific antibodies have been shown to be pres-
ent in oral fluid samples, but the correlation between diag-
nostic results in oral fluid and serum samples has been insuf-
ficiently addressed. Studies investigating this correlation 
focused on boars older than 6 months and Type 2 strains, 
but it is known that the outcome of a PRRSV infection is age 
and strain dependent.  To address this gap, this study reports 
on the detection of PRRSV and PRRSV specific antibodies in 
serum and oral fluid samples collected over a 6 week time 
period after an experimental infection of 8 week old indi-
vidually housed pigs with Lelystad virus, the Type 1 proto-
type strain. Quantitative reverse transcription PCR analysis 
showed that significantly more serum samples were PRRSV 
RNA positive than oral fluid till 5 dpi. Between 7 and 21 
dpi, PRRSV RNA detection was similar in both samples but 
higher detection rates in oral fluid were found from 28 dpi. 
Compared to existing literature, this highlights that detec-
tion rates at particular time points post infection might vary 
in function of strain virulence and animals’ age and provides 
useful information for the interpretation of pen-based oral 
fluid results. An excellent agreement between the oral fluid 
and serum ELISA results was observed at every time point, 
further supporting the usefulness of oral fluid as diagnostic 
sample for antibody detection.  

Keywords: ELISA; Lelystad strain; oral fluid; PRRSV; qRT-
PCR 

Introduction
Porcine reproductive and respiratory syndrome virus 
(PRRSV) is the etiologic agent of PRRS, a chronic, infectious 
disease of swine that, despite the availability of different 
types of vaccines, is still difficult to control. 8 In Europe, 
PRRSV is endemic in nearly all countries with major pig pro-
duction, whereas countries with smaller swine stocks such 
as Finland, Norway, Sweden and Switzerland are considered 
as PRRSV free. 18 PRRSV is differentiated into 2 genetically 
distinct genotypes: Type 1, or European genotype, and Type 
2, or North American genotype. Based on DNA sequencing 
of ORF5 and ORF7, 3 genetic subtypes are recognized in 
Type 1 PRRSV and the presence of a fourth subtype has 
recently been proposed.  In Western and Central Europe, 
including Belgium, only subtype 1 (Lelystad virus-like) is cir-
culating while all subtypes are present in Eastern Europe.27 
Type 2 PRRSV has been reported sporadically in Europe and 
most isolates share a high degree of identity with the modi-
fied live vaccine strain which is based on the Type 2 VR2332 
isolate.15,19, 27

Upon natural infection via the respiratory route, the virus 
has a specific tropism for cells of the monocyte/macrophage 
lineage. 7 After replication in local macrophages the virus 
rapidly spreads to lungs and lymphoid organs. 2 Other tissues 
may also be infected, but not as commonly. Viraemia develops 
in pigs 12-24 hours post-infection and remains detectable for 
approximately 20–30 days after infection.2, 7, 29 In the oropha-
ryngeal region of growing pigs however, PRRSV and viral 
RNA have been detected for several months (up to 251 days 
post-infection).29 PRRSV infection passes often unnoticed 
since many animals do not show clinical signs and may only 
be detected during diagnosis by the presence of viral nucleic 
acids or anti-PRRSV antibodies in serum samples. 6 

Oral fluid collected with a rope has recently been described 
as an alternative diagnostic sample for PRRSV detection 22 
and has the advantage that it is less intrusive than blood 
sampling and that samples can be collected at group level 
from pigs that are housed in pens. Therefore most studies 
have focused on pen based oral fluid samples and only a few 
systematically compared the diagnostic sensitivity in serum 
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samples versus oral fluid samples. 13, 20, 24, 25 Furthermore, 
most studies investigated the sensitivity of PRRSV detection 
in oral fluid samples after infection with Type 2 field strains 
8, 21, 24 while only a limited number of studies have focused 
on infection with Type 1 strains. 8, 14 Despite the fact that a 
limited number of studies were performed in individually 
housed boars older than 6 months 8, 14, 21, the correlation 
between diagnostic results in serum and oral fluid of indi-
vidual animals at different time points post infection is cur-
rently insufficiently addressed. This is however important to 
allow a better understanding and interpretation of results 
obtained during pen based sampling. 

Therefore it was our objective to compare the detection of 
PRRSV via enzyme-linked immunosorbent assays (ELISA) 
and quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) tests in serum and oral fluid samples col-
lected from individually housed animals over a 6-week time 
period after infection with Lelystad virus, the Type 1 proto-
type PRRSV strain. 

Materials and methods

Virus strain

Lelystad virus, the Type 1 prototype PRRSV strain (fourth 
passage), was cultivated and titrated on Marc-145 cells as 
described previously. 3 Aliquots of 1 x 105 50% tissue culture 
infectious doses (TCID

50
) / mL were stored at -80 °C.

Animals, inoculation and sample collection

Sixteen Belgian Landrace piglets (average age of 8 weeks) 
without PRRSV Ig G antibodies as tested via ELISA  (Herd-
Chek® PRRS 3X ELISA, IDEXX Laboratories Inc., Westbrook, 
ME) and negative for PRRSV RNA via an ORF7 based qRT-
PCR (TaqMan NA and EU PRRSV Reagents, Life Techno- 
logies, Carlsbad, CA) were used in this study. Animals were 
divided in 2 groups (group A, n = 10; group B, n = 6) and were 
housed individually at air-filtered level-2 biosecurity facili-
ties (CODA-CERVA, Machelen). During 1 week of acclimati-
zation the animals were trained to chew on ropes that were 
soaked with apple juice. Thereafter, each piglet from group A 
was manually restrained and challenged intranasally with 
2 mL of viral inoculum containing 1×105 TCID

50
/mL of the 

PRRSV Lelystad strain (1 mL in each nostril). Pigs from group 
B were mock infected with PBS and kept as negative con-
trols. 

Blood and oral fluid samples were taken in the morning 
on days 0, 3, 5, 7, 10, 14, 21, 28, 35 and 42 days post infec-
tion (dpi) for evaluation by qRT-PCR and ELISA. Oral fluid 
sampling was conducted before blood sampling to prevent 
that animals would refuse to bite on the ropes after physi-
cal manipulation. Blood was collected by jugular venipunc-
ture, centrifuged at 1000 × g for 10 min and the serum was 
then aliquoted and stored at −80 °C until assayed. At each 
time-point, oral fluid samples were first collected with non-
treated cotton ropes (Barrois-Cebef, Neder-Over-Heembeek, 
Brussels, Belgium) and subsequently with polyester ropes 
(Barrois-Cebef, Neder-Over-Heembeek, Brussels, Belgium) 
to evaluate if i) potential differences between ropes in reten-
tion of virus and/or viral RNA or ii) presence of potential 
inhibitors of the downstream PCR reaction would influence 
PRRSV RNA detection. In brief, one rope (length 1m; diame-
ter 14 mm) was suspended in each pen and was left in place 
for 30 min, during which the animal could chew on it and 
moisten it with oral fluid. To recover the oral fluid samples, 
ropes were manually wrung and the oral fluids were col-
lected in 50 mL conical centrifuge tubes (Becton, Dickinson 
and Company, Bedford, MA). Oral fluid samples were imme-
diately chilled on ice, centrifuged at 1800 x g for 10 minutes 
at 4°C and stored as aliquots at -80 °C until use. 

Animal experiments were performed in accordance with 
the guidelines of EU and Belgian regulations on animal wel-
fare in experimentation, under the supervision of the Ethi-
cal Welfare Committee of the IPH-VAR, Belgium (procedure 
agreement no. 120112-01).

Detection of porcine reproductive and 
respiratory syndrome virus by quantitative 
reverse transcription real-time PCR

PRRSV RNA was detected via qRT-PCR that targets an ORF 
7 fragment. Briefly, total RNA from serum samples was 
extracted (MagMAX Pathogen RNA/DNA kit, Applied Bio-
systems ®, Life Technologies, Carlsbad, CA)  according to the 
manufacturer’s protocol. RNA from oral fluid was extracted 
as previously described. 2 Following extraction, the RNA was 
amplified in a 25 µL reaction mixture containing 12.5 µL 2x 
Multiplex RT-PCR Buffer, 2.5 µL 10x PRRSV Primer Probe 
mix, 1.25 µL Multiplex Enzyme Mix, 0.75 µL Nuclease-free 
Water and 8 µL of extracted RNA. All PCRs were run on 
a real-time PCR system (LightCycler 480 Real-time PCR 
system, Roche, Switzerland). For each assay, positive and 
negative control samples were tested with the unknowns. 
Samples with a Ct < 37 were considered positive. 
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Detection of PRRSV-specific antibodies by 
enzyme-linked immunosorbent assays

Commercially available ELISA assays  were used to evalu-
ate the presence of PRRSV-specific Ig G antibodies in serum 
(HerdChek® PRRS 3X ELISA, IDEXX Laboratories Inc., West-
brook, ME) and oral fluid (PRRS OF,  IDEXX Laboratories Inc., 
Westbrook, ME) samples, respectively. Both assays were per-
formed according to the manufacturer’s instructions. ELISA 
results were expressed as S/P ratios (OD value of sample – 
OD value of negative control) / (OD value of positive con-
trol – OD value of negative control). Samples that had an 
S/P value equal or greater than the cut-off value (0.40) were 
considered positive for PRRSV-specific Ig G antibodies.

Statistical analysis 

2-sided Fisher’s exact tests were used to evaluate differences 
in PRRSV detection ratio’s in serum and oral fluid by qRT-
PCR at each time point. Ct values associated with those peaks 
of PRRSV RNA detected in serum and oral fluid were com-
pared using a Student’s t-test. The agreement between the 
detection of PRRSV specific antibodies in serum and saliva 
by ELISA was measured using Cohen’s kappa coefficient. 
The following ranges were used for interpretation of the 
kappa coefficient 16: poor agreement: 0.00; slight agreement: 
0.00–0.20; fair agreement: 0.21–0.40; moderate agreement: 
0.41–0.60; substantial agreement: 0.61–0.80; almost per-
fect: 0.81–1.00. The independent samples T-test was used to  
evaluate differences in the mean number of samples col-
lected per animal and per rope type between PRRSV infected 
and mock infected animals. 

Data were analysed using SPSS Statistics V22.0 software and 
P values < 0.05 were considered to be significant for all tests. 

Results

Sample collection

A total of 160 serum samples, 60 oral fluid samples collected 
with cotton ropes and 45 oral fluid samples collected with 
polyester ropes were obtained at different time points after 
infection. Two animals of the PRRSV infected group (pigs 7 
and 8) showed no interest in the presented ropes. Five ani-
mals (two from the infected group and three from the con-
trol group) showed preference for either cotton (pigs 6, 15 
and 16) or polyester (pigs 4 and 11) ropes (Table 1). 

The success rate of oral fluid collection by ropes from indi-
vidually housed piglets of 8 -14 weeks old was variable, with 
successful oral fluid collection between 37.5% and 87.5% at 
a particular time point. The mean number of samples col-
lected per animal did not significantly differ between PRRSV 
infected and mock infected pigs neither for cotton ropes 
(mean 

infected, mock infected
 = 3.6, 4.0 ; P = 0.792) nor for polyester 

ropes (mean 
infected, mock infected

 = 3.3, 2.0 ; P = 0.474), indicating 
that PRRSV infection did not influence the biting behaviour 
of the pigs. One sample from the cotton rope collected oral 
fluids and two samples of the polyester rope collected oral 
fluids released insufficient oral fluid to perform qRT-PCR. 
However, all oral fluid samples could be tested by ELISA.

Detection of porcine reproductive and 
respiratory syndrome virus by quantitative 
reverse transcription real-time PCR 

When the qualitative qRT-PCR results for oral fluid obtained 
by both cotton and polyester ropes were compared for pigs 
that had consecutively chewed on both ropes (n= 22), no dif-
ferences were observed. These results are presented in Table 
2. 

Based on serum PCR results, all inoculated animals  
developed viraemia within 3 days after PRRSV inoculation. 
Viraemia lasted for 14-28 days, with 100% positive animals 
from 3 dpi to 14 dpi, 30% at 21 dpi and only 10% at 28 dpi. 

At each time point at least 3 and mostly between 5 and 7 
oral fluid samples were collected that could be tested in PCR. 
Presence of viral RNA in oral fluid samples could be detected 
in inoculated pigs from 7 to 35 days after inoculation. PRRSV 
RNA was however not consistently detected in oral fluid of 
all animals during that time period: detection ratio’s varied 
from 85.7% at 7 dpi to 75% at 10 dpi, 33.3% at 14 and 21 dpi, 
75% at 28 dpi and 40% at 35 dpi. Fisher’s exact tests showed 
that significantly more serum samples were PRRSV positive 
by qRT-PCR than oral fluid samples at 3, 5 and 14 dpi while 
the opposite was true at 28 dpi. At day 7, 10, 21 and 35, there 
were no significant differences in the detection rate in serum 
and oral fluid. The P value of 0.095 at 35 days post infection 
suggests however that PRRSV might be longer detectable in 
oral fluid than in serum (Table 2). 

Quantitative qRT-PCR results (Figure 1) showed that a peak 
amount of PRRSV RNA was detected at 5 dpi in serum and 
at 7 dpi in oral fluid. The mean Ct values at those peaks were 
not significantly different (p=0.36), indicating that similar 
amounts of PRRSV RNA were present. Especially in oral 
fluid, the detected amount of PRRSV RNA in positive sam-
ples seemed to decrease slowly till no more positive samples 
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PRRSV infected animals Mock infected animals

Animal 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Rope type Cotton 4* 5 6 0 10 4 0 0 3 4 1 5 3 2 6 7

Polyester 1 4 10 5 10 0 0 0 1 2 6 3 0 0 1 2

* The results represent the number of successful collections on 10 different sampling days
 
O Table 1.
Successful oral fluid collections by ropes from individually housed piglets of 8-14 weeks old.

A. Dpi 0 3 5 7 10 14 21 28 35 42

Animal 1 -* + + + + + - - - -

2 - + + + + + - - - -

3 - + + + + + - - - -

4 - + + + + + - - - -

5 - + + + + + - - - -

6 - + + + + + + - - -

7 - + + + + + + - - -

8 - + + + + + - - - -

9 - + + + + + + + - -

10 - + + + + + - - - -

Positive detection ratio 0/10 10/10 10/10 10/10 10/10 10/10 3/10 1/10 0/10 0/10

B. Dpi 0 3 5 7 10 14 21 28 35 42

Animal 1 -* - na + + na na na na na

2 - - - + - na na na na na

3 - - - + + - + + + -

4 na - - + na na na na - -

5 - - - - + - - - - -

6 - - - + na na na na - na

7 na na na na na na na na na na

8 na na na na na na na na na na

9 na na - na na na na + + -

10 - na - + na + - + na -

Positive detection ratio 0/6 0/6 0/7 6/7 3/4 1/3 1/3 3/4 2/5 0/5

2-sided Fisher’s exact test 
(P value)

‡ 0.000† 0.000† 0.412 0.286 0.038† 1.000 0.041† 0.095 ‡

* −, negative; +, positive; na, samples were not collected/available or could not be tested due to insufficient material 

† significant difference between PRRSV detection rates in serum and oral fluid at that particular time point (p<0,05)

‡ No measure of association is computed because both variables are constant

O Table 2.
Qualitative results of porcine reproductive and respiratory syndrome virus (PRRSV) detection by quantitative reverse transcription real-time PCR  in serum (A) and oral fluid (B) samples of individually housed pigs, 
intranasally inoculated with the Lelystad strain (European prototype PRRSV) 
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were found at 42 dpi. Ct values in serum samples showed 
some more fluctuation. Although not enough positive oral 
fluid samples were present to allow a statistical comparison, 
comparable amounts of PRRSV RNA seemed to be present 
in positive oral fluid and serum samples at most time points 
post infection when viral RNA was detected in both samples. 
When oral fluid was successfully collected from a particular 
animal with both cotton and PES ropes, Ct values of positive 
animals were continuously about 1 Ct value higher in oral 
fluid collected PES ropes than with cotton ropes (data not 
shown), indicating that probably more virus or viral RNA is 
retained by PES than by cotton. 

O  Fig 1.
Mean (± standard deviation) threshold cycle values of qRT-PCR PRRSV positive serum and oral fluid 
(collected with cotton ropes) at different time points post infection.

No PRRSV RNA was detected in any of the control animals 
during the entire experiment.

Detection of antibodies directed against porcine 
reproductive and respiratory syndrome virus 
by ELISA

When the qualitative ELISA results for oral fluid obtained by 
both cotton and polyester ropes were compared for pigs that 
had successively chewed on both ropes (n= 23), only one dis-
cordant result (animal 5, day 10) was found.  The qualitative 
results are presented in Table 3. 

Seven of the ten inoculated pigs became serologically posi-
tive in ELISA by 10 dpi. The remaining infected pigs serocon-
verted by 14 dpi and remained seropositive for the duration 
of the experiment (Table 3). Similar results were found in 
oral fluid since PRRSV antibodies were first detected at 10 
dpi (3 out of 4) and all animals were positive from 14 dpi till 
the end of the study. The control pigs were seronegative for 
antibodies against PRRSV throughout the study.

The sensitivity of the oral fluid ELISA was determined rela-
tive to the positive ELISA results in serum from the PRRSV 
infected animals (n 

Cotton
 = 19; n 

Polyester
 = 15). 18 out of 19 and 14 

out of 15 seropositive pigs were positive in oral fluid samples 
collected with cotton ropes and polyester ropes respectively, 
corresponding to a relative sensitivity of 94.7 % and 93.3 %. 
To determine the specificity of both ELISA’s, serum samples 
and oral fluid samples from the mock infected control ani-
mals were used. Since all control piglets continuously tested 
negative, results in serum and oral fluid were 100% concor-
dant and the specificity of both tests was 100%. The overall 
agreement beyond chance between results in oral fluid and 
serum, expressed by k-values, was excellent with k-values 
of 1.00 for cotton derived samples (p < 0.000), 95% CI (1.00, 
1.00) and 0.95 for polyester derived samples (p < 0.000), 95% 
CI (0.90, 1.00) when all samples were included (n 

Cotton
 = 60; 

n 
Polyester

 = 45). 

Discussion
Rope sampling is a non-invasive method of oral fluid collec-
tion from pigs that is already being used for the detection of 
several infectious agents including PRRSV. 4, 17, 23-24 The oral 
fluid collection from individual young piglets showed how-
ever not to be straightforward and was largely dependent 
on individual animal behaviour. Although the animals were 
trained to chew on the ropes during one week and oral fluid 
sampling was conducted before physically manipulating the 
animals, in the experiment described here, only two pigs 
chewed at every time point, while two other pigs would not 
chew on the ropes throughout the entire experiment. The 
low success rate in oral fluid collection was unexpected and 
is probably related to the young age of the pigs since a previ-
ous study described 97% successful oral fluid collections over 
a 21-day study period in animals of 6 months of age. 14 This 
is supported by studies showing that young animals tend 
to use enrichment objects, such as ropes, to a lesser extent 
5 and that older pigs seem to approach novel objects more 
quickly. 28 Also the individual housing of the piglets is most 
probably another influencing factor that explains the low 
oral fluid collection rate since animals hold in a group are 
more motivated to perform exploratory behaviour together. 
5 The fact that no clinical signs were observed upon infection 
with the PRRSV Lelystad strain and that no differences in  
willingness to chew on the ropes were found between 
PRRSV infected and control animals, indicates that infection 
does not influence the number of collected samples at parti- 
cular time points. It is however to be expected that this could 
be different for infections with more virulent strains, e.g. the 
Type 1 subtype 3 Lena strain 11, known to induce high fever, 
anorexia, depression and even mortality.
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A. Dpi 0 3 5 7 10 14 21 28 35 42

Animal 1 - - - - + + + + + +

2 - - - - - + + + + +

3 - - - - + + + + + +

4 - - - - + + + + + +

5 - - - - + + + + + +

6 - - - - - + + + + +

7 - - - - - + + + + +

8 - - - - + + + + + +

9 - - - - + + + + + +

10 - - - - + + + + + +

Positive detection ratio 0/10 0/10 0/10 0/10 7/10 10/10 10/10 10/10 10/10 10/10

B. Dpi 0 3 5 7 10 14 21 28 35 42

Animal 1 - (-) - (na) na (na) - (na) + (na) na (na) na (na) na (na) na (na) na (na)

2 - (-) - (-) - (-) - (-) - (na) na (na) na (na) na (na) na (na) na (na)

3 na (-) na (-) na (-) - (-) na (+) + (+) + (+) + (+) + (+) + (+)

4 na (na) na (-) na (-) na (-) na (na) na (na) na (na) na (na) na (+) na (+)

5 - (-) - (-) - (-) - (-) + (-) + (+) + (+) + (+) + (+) + (+)

6 - (na) - (na) - (na) - (na) na (na) na (na) na (na) na (na) na (na) na (na)

7 na (na) na (na) na (na) na (na) na (na) na (na) na (na) na (na) na (na) na (na)

8 na (na) na (na) na (na) na (na) na (na) na (na) na (na) na (na) na (na) na (na)

9 na (na) na (na) na (-) na (na) na (na) na (na) na (na) + (na) + (na) + (na)

10 - (na) na (na) na (-) na (na) na (na) na (na) + (na) + (na) na (na) + (+)

Positive detection ratio 0/6 0/6 0/7 0/6 3/4 2/2 3/3 4/4 4/4 5/5

* −, negative; +, positive; na, samples were not collected/available or could not be tested due to insufficient material
(): results obtained for polyester ropes are shown between brackets
PRRSV-specific Ig G antibodies were detected in sera and oral fluids using the HerdChek PRRS X3 ELISA kit (Idexx Laboratories Inc., Westbrook, ME) and the PRRS OF kit (Idexx Laboratories 
Inc., Westbrook, ME), respectively, according to the manufacturer’s instructions. For both assays, samples with an S/P ratio above 0.4 were considered positive for PRRSV-specific Ig G 
antibodies.

O Table 3.
Detection of porcine reproductive and respiratory syndrome virus (PRRSV) specific Ig G antibodies by enzyme-linked immunosorbent assay in serum (A) and  oral fluid (B) samples collected by cotton and polyester ropes 
of individually housed pigs, intranasally inoculated with the Lelystad strain (European prototype PRRSV).

The qRT- PCR results showed that PRRSV RNA could only 
be detected in oral fluid samples from 7 dpi while all animals 
were already positive in serum at 3 dpi. This differs from 
previous studies in individual animals where PRRSV was 
already detected in oral fluid in 10% to 60% of the infected 
animals at 1dpi. 8, 13 In both studies however, 6-month-old 
boars were inoculated with high virulent strains. The con-
tradictory results can probably be explained by differences 
in virulence between strains used since it has already been 
demonstrated that more virulent strains replicate faster 
(beginning before day 3 after infection) and reach a peak on 
day 7 while attenuated isolates show a moderate increase 

(beginning after day 3) and reach a lower peak titre between 
days 7 and 15. 9-10 Another study showing that PRRSV infec-
tions with Type 1 strains show a delayed acute infection of 
lung macrophages with peak amounts of positive cells only 
at 2-3 weeks post infection 2 while high numbers of infected 
alveolar macrophages are already found on 3 dpi for highly 
virulent isolates 9, such as the VR2385 isolate used in a recent 
study 8, reinforces this hypothesis. Our results also suggest 
that the PRRSV RNA detected in oral fluid does probably not 
originate from virus circulating in serum, but might rather 
come from virus that has replicated in the lung or other local 
tissues. 
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Once PRRSV was detected in oral fluid at 7 dpi, similar detec-
tion rates in oral fluid and serum samples were found until 
21 dpi, except for 14 dpi. At 14 dpi the detection rate dropped 
to 33.3% in oral fluid where after it increased again to 75% 
at 28 dpi. A similar pattern has been described before upon 
PRRSV infection of individual boars. 8 Although interesting, 
no straightforward explanation for this observation can be 
provided at this moment. It should however be taken into 
consideration that only a limited amount of samples were 
gathered at 14 dpi. 

Also remarkable were the higher detection rates in oral fluid 
at 28 and 35 dpi compared to serum samples. Also here, no 
conclusive explanation about the origin of the viral RNA in 
oral fluid at that time point can be given, but the reported 
positive lung macrophages found 2 to 3 weeks after infec-
tion with Type 1 isolates 2 lead to the hypothesis that these 
might account for these positive results.  Yet, replication in 
local tissues such as salivary glands and tonsils can at this 
moment not be excluded as a potential source of PRRSV in 
oral fluid samples.  

Overall, our PCR results suggest that, depending on the viral 
strain, oral fluid might not be an ideal sample when the 
early detection of PRRSV in individual housed animals is 
targeted, but allows a prolonged detection period. Extrapo-
lation of these results to oral fluid sampling of group housed 
pigs, being the main intent of the technique, suggests that 
circulating PRRSV could be longer detected via monitoring 
of oral fluid than via serum collected from individual ani-
mals. To correctly perform such an extrapolation, the mi- 
nimal number of PRRSV infected animals per pen neces-
sary to allow virus detection in a pen-based oral fluid sample 
remains to be determined. 

Comparison of ELISA results of serum samples and matched 
oral fluid samples showed that both ELISA’s produce 
highly similar results. Since both tests detect anti-PRRSV  
antibodies of the Ig G subtype, the good agreement between 
both tests provides an extra indication that Ig G in oral fluid 
originates primarily from the passive transfer of Ig G anti-
bodies from serum to oral fluid.1 These results in individual 
animals reinforces the conclusions of previous studies 12 sug-
gesting that oral fluid is a suitable and easy to collect sample 
to monitor the infection status of a herd by evaluating the 
antibodies found in them. 

The experimental study shows that oral fluid holds poten-
tial as a diagnostic sample to detect Type 1 PRRSV strains in 
individually housed pigs. Highly comparable ELISA results 
were obtained in oral fluid and serum, showing that oral 
fluid can be used as a simple, rapid and reliable detection of 

PRRSV-specific antibodies and might be a useful sample to 
monitor the PRRSV antibody status of individually housed 
animals. While some studies already have shown that this 
is also true for samples collected at group level for Type 2 
PRRSV strains, it would also be useful to validate this claim 
for Type 1 strains. In qRT-PCR, somewhat different results 
were found compared to previous studies since oral fluid 
seemed to be a less suitable sample than serum to detect 
PRRSV infection early after infection. Interestingly, oral 
fluid allowed a prolonged detection of the virus compared 
to serum. Since the results did not correspond with previ-
ous studies it would be interesting to perform similar stud-
ies with more virulent Type 1 subtype 1 strains or strains 
belonging to other subtypes and to evaluate the detection of 
Type 1 strains at group level. In addition, the origin of the 
PRRSV RNA in the oral fluids remains unknown and should 
be a focus in future studies. 
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Abstract
Aujeszky’s disease is an economical important disease in 
domestic pigs, caused by the alphaherpesvirus pseudorabies 
virus (PRV). However, wild boar are also a natural reser-
voir for the virus and this can lead to infection of wildlife 
carnivore species. Three wolves held in the wildlife park of 
Han-sur-Lesse in the province of Namur in Belgium were 
suspected to be infected with PRV based on the nervous 
symptoms they showed after being fed with wild boar offal. 
The diagnosis was confirmed for a female wolf by a positive 
real-time PCR detecting PRV. The virus was isolated from 
brain tissue of the wolf and characterized by restriction 
fragment length polymorphism analysis and phylogenetic 
analysis. The obtained BamHI restriction fragment pattern 
of the wolf isolate was similar to that of the reference strain 
Kaplan, thereby characterizing it as a type Ip isolate. Type 
I PRV strains, and particularly subtype Ip, are predominant 
in European wild boar. Phylogenetic analysis based on the 
sequence of a fragment of glycoprotein C showed that the 
Belgian isolate belonged to cluster B and was identical to 
wild boar PRV isolates from southwestern Germany, eastern 
France and Spain. This study is the first report of Aujeszky’s 
disease in wolves and shows that they are susceptible to PRV 
by eating infected wild boar offal leading to fatal neurologi-
cal disease. This illustrates the possible implications of PRV 
infected wild boar for the conservation of wolves and other 
carnivore species.  

Introduction
Aujeszky’s disease is an economically important disease 
caused by the porcine alphaherpesvirus pseudorabies virus 
(PRV) or suid herpesvirus 1. Members of the family Suidae 
are the only natural hosts of the virus and infection can 
cause respiratory, reproductive and neurological symptoms 
in an age dependent way (Pomeranz et al. 2005). In several 
European countries, the virus is successfully eradicated in 
domestic pigs due to large scale vaccination programs. How-
ever, surveillance studies have shown that the virus is still 
circulating in the European wild boar population (Müller et 
al. 2011). For Belgium, the latest published results report a 
seroprevalence between 15 and 22% in the south of the coun-
try (Czaplicki et al. 2006). The presence of PRV in wild boars 

poses a risk for reintroduction of the virus into the domes-
tic pig population, and can also lead to infection of wildlife 
species. Infection of nonnative hosts with a wild-type PRV 
strain is uniformly lethal (Pomeranz et al. 2005) and fatal 
PRV infection has already been observed in several carni-
vore species such as bears, coyotes, foxes, African wild dogs 
and a panther after feeding on infected offal from domestic 
pigs or wild boars (Bitsch et al. 1969; Schultze et al. 1986; Glass 
et al. 1994; Raymond et al. 1997; Zanin et al. 1997; Haddane et 
al. 1998). Although it is known that wolves (Canis lupus) use 
wild boar as a part of their natural diet (Nores et al. 2008) 
and can consequently be exposed to the virus, this is the first 
report of a case of Aujeszky’s disease in this species.

Materials and Methods

Virus identification and virus isolation

Brain tissue samples were collected from the wolf suspected 
to be infected with PRV. A real-time PCR targeting a frag-
ment of the gB and gE gene was done for diagnosis of the  
disease. The brain material was used for virus isolation 
on PK15 cells and immunofluorescence staining using a 
PRV-specific fluorescein-conjugated antiserum was per-
formed to confirm the presence of PRV.

Restriction fragment length polymorphism 
(RFLP) analysis

The restriction fragment pattern of the PRV isolate was 
determined after it was passaged once on ST-cells. The 
supernatant was ultra-centrifuged at 100.000 g and 4 °C for 
90 min. DNA was extracted from the virus pellet and one µg 
of DNA was digested with 15 U BamHI (Roche). The same 
procedure was applied to PRV reference strains Bartha and 
Kaplan. The digests were loaded on a 0.7 % agarose gel and 
run overnight at 50 V.

Sequencing and phylogenetic analysis

A ± 800 bp fragment of the gC gene was amplified with the 
DyNazyme Ext DNA polymerase (Thermo Fisher Scientific, 
USA) using previous published primers (Hahn et al. 2010; 
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Müller et al. 2010) and genomic DNA from the first passage 
of the wolf isolate. The PCR product was used as a template 
for sequencing using the PCR primers with the BigDye Ter-
minator Sequencing Kit (Applied Biosystems,USA) and the 
reaction products were analyzed on a 3130 Genetic Ana-
lyzer (Applied Biosystems). The obtained sequence (Gen-
bank accession number: KF415193) and previous described 
sequences from European wild boar (Müller et al. 2010; 
Steinrigl et al. 2012) were used for phylogenetic analysis. 

Results and Discussion
The wolves concerned were housed in the wildlife park of 
Han-sur-Lesse (50° 7’ N, 5° 11’W), in the province of Namur 
in Belgium. After being fed with offal from wild boar hunted 
in the reserve, three wolves showed typical nervous symp-
toms, including lack of coordination, abnormal positioning of 
the head and circling. They were euthanized after the symp-
toms appeared and necropsied at the Regional Association of 
Animal Health and Identification (ARSIA). Apart from uni-
lateral pulmonary congestion no macroscopic abnormalities 
were found. The brain of a female wolf was sent to CODA-
CERVA for further diagnosis.

Diagnosis of Aujeszky’s disease was confirmed by real-time 
PCR, since the brain tissue of the wolf tested positive for 
the gB and gE gene of the virus (data not shown). Because 
vaccine strains can be discriminated from wild type strains 
based on the absence of gE, these results indicate that the 
wolf was infected with a wild type PRV strain.

Genetic characterization of the PRV isolate was done using 
two routinely used molecular techniques to study genetic 
relationships among PRV isolates: restriction fragment 
length polymorphism (RFLP) analysis and sequencing fol-
lowed by phylogenetic analysis. Conventional RFLP analy-
sis of genomic DNA using BamHI was initially the standard 
method for characterization of PRV isolates and allows the 
discrimination of four major genotypes and several subtypes 
(Herrmann et al. 1984). In Central Europe, mainly type I and 
type II genotypes are present. Type I strains are typically 
found among older domestic isolates and wild boar strains, 
while type II strains are mainly seen in domestic pigs (Capua 
et al. 1997; Müller et al. 2010). In Northern Europe, type III 
strains are predominant (Herrmann et al. 1984). The PRV 
isolate from the Belgian wolf showed a similar pattern as the 
Kaplan reference strain, thereby identifying the isolate as a 
type Ip strain (Figure 1), the most common type present in 
European wild boar (Müller et al. 2010). 

O  Fig 1.
BamHI restriction fragment length polymorphism pattern of PRV reference strains Kaplan and Bartha and 
the Belgian PRV strain isolated from a Belgian wolf. Smartladder (Eurogentec, Belgium) was used as a 
molecular marker.

More recently, sequencing and phylogenetic analysis have 
also been used for molecular typing of PRV strains, based 
on the analysis of a ± 800 bp fragment of glycoprotein gC, 
a non-essential component of the virion envelope (Goldberg 
et al. 2001). Sequencing of this fragment has allowed dif-
ferentiation of wild boar isolates into two clades, A and B 
(Müller et al. 2010). The sequence of the gC fragment of the 
Belgian PRV isolate from the wolf belonged to clade B (Figure 
2). Clade B comprises isolates from southwestern Germany, 
eastern France and Spain, indicating that the Belgian isolate 
is closely related to wild boar strains circulating in neigh-
bouring countries. In contrast, clade A is more diverse and 
comprises isolates from Slovakia, Hungary, eastern Ger-
many, Italy and France. 
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This is the first report of Aujeszky’s disease in wolves and 
indicates that they are susceptible to PRV infection. As in 
other canids, PRV infection of wolves leads to a fatal neu-
rological disease. Since wild boar compose one of the main 
food sources of European wolves (Nores et al. 2008) and 
PRV infection seems to be more widespread among them 
than originally thought (Müller et al. 2011), the presence of 
wild boar carrying PRV could have severe implications for 
the conservation of wolves and other carnivore species, like 
bears, foxes, coyotes and wild felines, that use wild boar as 
part of their diet.
 

O  Fig 1.Phylogenetic tree of the Belgian wild boar isolate and European wild boar isolates constructed 
using the neighbour-joining method. The bootstrap test (500 replicates) and the composite maximum 
likelihood substitution model were used. The Chinese strain Ea and Fa were used as an outgroup.

Management of PRV in wild boars, that occasionally show 
severe symptoms upon PRV infection (Gortázar et al. 2002; 
Schulze et al. 2010), could improve their overall health status 
but could also limit the risk of transmission of the virus to 
other susceptible wildlife and into the domestic swine po- 
pulation. This is however challenging since vaccination of 
wildlife is difficult. A possible solution could be found in 
oral immunization of wild boar what has successfully been 
practiced against classical swine fever virus (Kaden et al. 
2000). Seen the lethal outcome of a PRV infection in non-
host species, this would however require the development 
of an effective and safe oral vaccine. Recently it was shown 
that oral immunisation of wild boar with an attenuated live 
vaccine efficiently protected against PRV infection (Maresch 
et al., 2012), but the safety aspect has to be further evaluated. 
Other alternatives could be found in the use of inactivated or 
subunit vaccines.  
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Abstract
Aujeszky’s disease is an economically important disease in 
domestic swine caused by suid herpesvirus 1, also called 
pseudorabies virus (PRV). In several European countries, 
including Belgium, the virus has successfully been eradi-
cated from the domestic swine population. The presence of 
PRV in the wild boar population however poses a risk for 
possible reintroduction of the virus into the domestic pig 
population. It is therefore important to assess the genetic 
relatedness between circulating strains and possible epide-
miological links. In this study, nine historical Belgian domes-
tic swine isolates that circulated before 1990 and five recent 
wild boar isolates obtained since 2006 from Belgium and 
the Grand Duchy of Luxembourg were genetically charac-
terized by restriction fragment length polymorphism (RFLP) 
analysis and phylogenetic analysis. While all wild boar iso-
lates were characterized as type I RFLP genotypes, the RFLP 
patterns of the domestic swine isolates suggest that a shift 
from genotype I to genotype II might have occurred in the 
1980s in the domestic population. By phylogenetic analysis, 
Belgian wild boar isolates belonging to both clade A and B 
were observed, while all domestic swine isolates clustered 
within clade A. The joint phylogenetic analysis of both wild 
boar and domestic swine strains showed that some isolates 
with identical sequences were present within both popula-
tions, raising the question whether these strains represent 
an increased risk for reintroduction of the virus into the 
domestic population. 

Introduction
Aujeszky’s disease is an economically important disease in 
domestic swine caused by suid herpesvirus 1, also called 
Aujeszky’s disease virus (ADV) or pseudorabies virus (PRV). 
The virus belongs to the family Herpesviridae, subfamily 
Alphaherpesvirinae, genus Varicellovirus. PRV infection 
is characterized by respiratory, reproductive, and neuro-
logical symptoms which depend on the age of the pigs and 
the virulence of the strain (Pomeranz et al. 2005). In several 
European countries, including Belgium, the virus was suc-
cessfully eradicated from the domestic swine population due 
to large-scale vaccination programmes (Decision 2011/648/
EU). The virus, however, remains present in the wild boar 
population (Czaplicki et al. 2006, Müller et al. 2011) and 
thereby poses a possible risk for reintroduction into the cur-
rently unprotected domestic pig population. 

Conventional restriction fragment length polymorphism 
(RFLP) analysis of genomic DNA has allowed differentia-
tion of PRV isolates in four major types and several subtypes 
(Herrmann et al. 1984). In Europe, wild boar PRV strains are 
mainly genotype I (Müller et al. 2010), while in domestic 
swine both type I and II are found (Herrmann et al. 1984). 
Type III and type IV PRV strains are restricted to Northern 
Europe and Asia respectively (Herrmann et al. 1984). More 
recently, phylogenetic analysis of a partial sequence of the 
glycoprotein C (gC) gene has been used for molecular typing 
(Goldberg et al. 2001) and showed that European wild boar 
isolates differentiate in two clades (Müller et al. 2010). One 
clade consists of strains originating from eastern Europe, 
while the other clade is made up of strains originating from 
southwestern Europe, but both clades seem to overlap geo-
graphically in Central Europe (Müller et al. 2010). Only  
limited information is available for European domestic swine 
strains (Sozzi et al. 2013).

In this study, we genetically characterized Belgian PRV 
strains from wild boar and domestic swine origin by RFLP 
analysis and phylogenetic analysis to get a better insight into 
the genetic relatedness between strains in both populations 
and to compare Belgian strains with strains circulating in 
neighbouring countries.

Materials and methods

Virus isolation and virus identification

Brain or lung tissue from animals diagnosed with Aujeszky’s 
disease was used for virus isolation. A 10% weight/volume 
suspension of tissue in phosphate buffered saline (PBS) was 
prepared by mechanical disruption using an ultraturrax and 
centrifuged at 1750 g for 20 min. The supernatant was col-
lected, filtered through a 0.45 µm filter and inoculated into a 
confluent monolayer of PK15 cells, grown on six-well plates. 
The inoculum was removed after 1 h at 37 °C. Cells were 
washed with PBS and MEM, supplemented with fetal calf 
serum (10%), penicillin (1000 U/mL), gentamicin (50 µg/mL) 
and fungizone (250 ng/mL), were added to the cells and incu-
bated at 37°C. The cells were assessed daily for cytopathic 
effect typical for herpesvirus infection. The supernatant of 
cell cultures with a cytopathic effect was collected and cells 
were fixed with methanol. Immunofluorescence staining 
using a PRV-specific fluorescein-conjugated antiserum was 
performed to confirm the presence of PRV. 
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In total, nine domestic swine isolates from the period 
between 1973 and 1989 were obtained from eight domestic 
swine and one bovine infected after being in close contact 
with pigs (Table 1). Five PRV strains from wild boar origin 
were obtained between 2006 and 2011: one directly from a 
wild boar, three from hunting dogs and one from a wolf that 
had been fed with wild boar offal (Cay and Letellier 2009, 
Verpoest et al. 2014). One of these wild boar isolates origi-
nated from a hunting dog from the Grand Duchy of Luxem-
bourg. Brain tissue from the animal was sent to the Belgian 
reference laboratory for Aujeszky’s disease at CODA-CERVA 
for virus isolation and was therefore included in this study. 
Virus could be isolated from all animals, except from the wild 
boar. The latter could therefore only be examined by phylo-
genetic analysis and not by RFLP analysis.

RFLP

To determine the restriction fragment pattern, the PRV iso-
lates were passaged once on ST cells followed by one freeze-
thaw cycle. The cellular debris was removed by low speed 
centrifugation at 1750 g for 20 min. The supernatant was 
ultra-centrifuged at 100,000 g and 4 °C for 90 min. The virus 
pellet was resuspended in PBS, followed by DNA extraction 
using the QiAmp DNA extraction kit (Qiagen, Germany). 
One µg of DNA was digested with 10 U BamHI (Roche, Swit-

zerland) for 3 h at 37 °C. The same procedure was applied to 
PRV reference strains Bartha and Kaplan. The digests were 
loaded on a 0.6 % agarose gel and run for 6 h at 50 V. Bands 
were visualized using a 0.5 µg/mL ethidium bromide solu-
tion (Sigma).

Sequencing and phylogenetic analysis

For sequencing purposes, a part of the gC sequence of the 
virus isolates was amplified with the DyNazyme Ext DNA 
polymerase (Thermo Fisher Scientific, USA) using previously 
published primers (Hahn et al. 2010, Müller et al. 2010). The 
amplicon of the expected size was excised from an agarose 
gel and DNA was purified using the Qiaquick Gel Extraction 
Protocol (Qiagen). Approximately 5 ng of PCR product was 
used as template for sequencing using the PCR primers 
described above and the BigDye Terminator Sequencing 
Kit (Applied Biosystems, USA). Sequencing reactions were 
purified using the BigDye Xterminator reagent and ran on 
a 3130 Genetic Analyzer (Applied Biosystems). The obtained 
sequences were submitted to Genbank (accession num-
bers: KF415193 and KF779456 to KF779468; Table 1). The 
sequences of the Belgian isolates and previously described 
sequences obtained from wild boar and domestic swine from 
Europe (Müller et al. 2010, Steinrigl et al. 2012, Sozzi et al. 
2013) were used for phylogenetic analysis. The sequences 

Isolate ID Host Species Year Country Provence BamHI RFLP 
pattern

Phylogeny Accession 
number

BEL10053 Wild boar 2006 Belgium Antwerp n.a. A KF779456

BEL20070 Hunting dog 2007 Belgium Namur Ip B KF779457

BEL20075 Hunting dog 2007 Belgium Luxembourg Ip B KF779458

LUX20484 Hunting dog 2010 Luxembourg n.a. Ip B KF779459

BEL24043 Wolf 2011 Belgium Namur Ip B KF415193

BEL50 Domestic swine 1973 Belgium n.a. Ip A KF779461

BEL55 Domestic swine 1976 Belgium n.a. Ii A KF779462

BEL2 Domestic swine 1988 Belgium Antwerp Ip A KF779460

BEL60 Domestic swine 1988 Belgium West Flanders IIi A KF779463

BEL62 Domestic swine 1988 Belgium West Flanders IIp A KF779464

BEL63 Domestic swine 1988 Belgium Antwerp IIp A KF779465

BEL68 Bovine 1988 Belgium West Flanders IIi A KF779466

BEL69 Domestic swine 1988 Belgium Liège IIp A KF779467

BEL71 Domestic swine 1989 Belgium n.a. IIp A KF779468

n.a.: not available
O Table 1.
Overview of Belgian PRV isolates from wild boar and domestic swine.
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were aligned by ClustalW and all positions containing gaps 
and missing data were eliminated (complete deletion option) 
resulting in a final alignment of 639 bp that was used for 
further analysis. Neighbour joining analysis was performed, 
as implemented in MEGA5 (Tamura et al. 2011). The boot-
strap test as percentage of replicate trees (500 replicates) in 
which the associated taxa cluster together and the composite  
maximum likelihood substitution model for calculating 
nucleotide distances were used.

Results

RFLP

The restriction fragment pattern was obtained for 9 Belgian 
isolates from domestic swine origin and 4 isolates from wild 
boar origin of which three originate from Belgium and one 
from the Grand Duchy of Luxembourg. The genotype of 
these isolates (Figure 1) was determined using the classifica-
tion system for PRV isolates described by Herrmann et al. 
(1984) based on the BamHI induced RFLP patterns. All iso-
lates from wild boar origin exhibited a RFLP pattern simi-
lar to that of the Kaplan reference strain and were thereby 
characterized as type Ip PRV strains (Table 1). Among the 
isolates from domestic swine both type I and type II RFLP 
patterns were observed. Three domestic swine isolates were 
characterized as genotype I. Two of them, BEL50 and BEL2, 
exhibited the classical type I subtype Ip, while the isolate 
BEL55 was characterized as an intermediate Ii RFLP geno-
type based on the presence of an additional band below frag-
ment four. The other six domestic swine isolates belonged 
to genotype II. The classical RFLP pattern for type II PRV 
strains is characterized by the loss of fragment two and the 
appearance of two additional fragments, one just above and 
one just below fragment four. This was observed for four 
domestic swine isolates, BEL62, BEL63, BEL69 and BEL71. 
Additionally, for two of these isolates, BEL62 and BEL71, 
fragment eight was lost. The remaining two isolates, BEL60 
and BEL68 exhibited an intermediate pattern where the loss 
of fragment two resulted in only one additional fragment, 
just above fragment four. 

O  Fig 1.
BamHI restriction fragment length polymorphism pattern of PRV reference strains Kaplan and Bartha and 
Belgian domestic swine and wild boar PRV isolates. Smartladder (Eurogentec, Belgium) and 1 kb Plus DNA 
ladder (Invitrogen, Belgium) were used as molecular markers. Lane 1: isolate BEL20070, Lane 2: isolate 
BEL20075, Lane 3: isolate LUX20484, Lane 4: isolate BEL24043, Lane 5: isolate BEL50, Lane 6: isolate 
BEL55, Lane7: isolate BEL2, Lane 8: isolate BEL60, Lane 9: isolate BEL62, Lane 10: isolate BEL63, Lane 
11: isolate BEL68, Lane 12: isolate BEL69, Lane 13: isolate BEL71, Lane 14: PRV reference strain Bartha, 
Lane 15: PRV reference strain Kaplan.

Sequencing and phylogenetic analysis

Phylogenetic analysis was performed with the sequences 
obtained from the Belgian strains and previous described 
sequences from European PRV strains. This joint analysis 
of wild boar and domestic swine isolates showed that while 
wild boar isolates belong both to clade A and clade B (Müller 
et al. 2010), all domestic swine isolates are located within the 
genetically more diverse clade A. Three of the four Belgian 
wild boar strains and the isolate from the Grand Duchy of 
Luxembourg are located within clade B and cluster together 
with wild boar isolates from southwestern Germany, France 
and Spain. They are identical for the sequenced region apart 
from isolate BEL20075 that displays a single amino acid sub-
stitution that was already described for the French isolate 
FRA536. The remaining wild boar isolate, BEL10053, clus-
ters with other wild boar isolates from Austria, eastern Ger-
many, Italy and Slovakia. Furthermore, the sequence of this 
isolate is identical to that of the Belgian domestic swine iso-
late BEL2 and the Slovakian wild boar isolate SVK558.

All Belgian domestic swine isolates are located within clade A. 
Five strains, BEL60, BEL62, BEL68, BEL69, and BEL71 have 
an identical gC sequence and cluster together with other 
type II domestic swine isolates from Italy and the French iso-
late from wild boar origin, FRA527. The remaining type II 
isolate BEL63 appears to be less closely related to other geno- 
type II domestic swine isolates and does not cluster with 
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O  Fig 2.
Phylogenetic tree of the European domestic swine and wild boar isolates constructed us-ing the neighbour joining method. The bootstrap test (500 replicates) and the composite maximum likelihood substitution 
model were used. The Chinese strain Ea and Fa were used as outgroup. If multiple isolates showing identical gC sequences were found in Genbank, all were included in the analysis, but only one is displayed in the 
phylogenetic tree and the others are listed below. (1) JQ768123.1/137181/Italy/2003/S; JQ768125.1/13814/Italy/2007/DD; JQ768127.1/12022/Italy/2000/S; JQ768130.1/285/Italy/2002/S; 
JQ768131.1/1317/Italy/2002/S; JQ768138.1/280666/Italy/2008/S; JQ768140.1/29652/Italy/2008/S; JQ768141.1/35155/Italy/2008/S; JQ768142.1/54/Italy/1984/S; JQ768143.1/2580/
Italy/2000/S; JQ768144.1 /4058/Italy/2000/S; JQ768145.1/11719/Italy/2000/S; JQ768146.1/8225/Italy/2001/S; JQ768147.1/15142/Italy/2001/S; JQ768148.1/13038/ Italy/2001/S; 
JQ768150.1/14754/Italy/2001/S; JQ768151.1/5658/Italy/1988/S; JQ768152.1/36/Italy/1989/S; JQ768153.1/2441/Italy/1992/S; JQ768154.1/3718/Italy/1993/S; JQ768155.1/111/
Italy/1994/S; JQ768156.1/736/Italy/1994/S; JQ768157.1/182/Italy/1994/S; JQ768158.1/426 /Italy/1994/S; JQ768160.1/1369/Italy/1994/S; JQ768162.1/12455/Italy/1999/S. 
(2) JQ768128.1/261517/Italy/2004/S; JQ768129.1/32754 /Italy/2003/S; JQ768136.1/4028/Italy/2001/S; JQ768137.1/28617/Italy/2010/S; JQ768139.1/7145/Italy/2008/S; 
JQ768149.1/14096/Italy /2001/S; JQ768161.1/361/Italy/1998/S. (3) JQ081288.1/2099-2210/Austria/2010/WB; JQ081291.1/2111-110/Austria/2010/HD; JQ081292.1 /2111-
210/Austria/2010/HD; JQ081293.1/2216-10/Austria/2010/HD. (4) GQ259093.1/GER11ST/Germany/1996/WB; GQ259094.1 /GER12BRB/Germany/1995/WB; GQ259095.1/GER13BRB/
Germany/1995/WB; GQ259096.1/GER15BRB/Germany/1996/WB; GQ259096.1/GER15BRB/Germany/1996/WB; GQ259117.1/GER612BRB/Germany/2003/WB; GQ259118.1/GER613SN/Germany/ 
2005/WB. (5) GQ259091.1/ESP 2960/Spain/2004/WB; GQ259120.1/ESP 2872/Spain/2000/WB; GQ259121.1/ESP 2873/Spain/-/WB; GQ259122.1/ESP2874/Spain/2005/WB; GQ259123.1/
ESP 2882/Spain/2005/WB; GQ259124.1/ESP 2886/Spain/2005/WB; GQ259125.1 /ESP2890/Spain/2004/WB. (6) GQ259103.1/GER551NRW/Germany/1999/WB; GQ259104.1/GER 552NRW/
Germany/1999/WB; GQ259105.1/GER553RP/Germany/2000/HD; GQ259106.1/GER554RP/Germany/2000/HD; GQ259107.1/GER555RP/Germany/2000/WB; GQ259108.1/GER556NRW/
Germany/2000/WB; GQ259116.1/GER611RP/Germany/2003/HD. (7) GQ259100.1/FRA 537/France/1999/HD.
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other known PRV isolates. Belgian type I domestic swine 
isolates did not cluster together. The isolate BEL50 has a 
sequence that is identical to the Kaplan reference strain. The 
isolate BEL55 clusters together with wild boar isolates from 
Austria and Germany and an Italian type I domestic swine 
strain. The remaining type I isolate BEL2 clusters together 
with wild boar isolates from Austria, eastern Germany, Italy 
and Slovakia, the Belgian wild boar isolate BEL10053 and 
the reference strain Bartha. Given the possible importance 
of the observed identical sequences for the BEL2 isolate from 
a domestic pig and the Belgian wild boar isolate BEL10053, 
these results were confirmed by an independent reisolation 
and sequencing of both strains. 

Discussion
Aujeszky’s disease had spread nearly globally around the 
1980s and this coincided with the emergence of more vi- 
rulent PRV strains and management changes in the swine 
industry (Pomeranz et al. 2005). For European domestic 
swine isolates, there is evidence that type I strains were 
replaced by type II RFLP genotypes during the 1980s (Herr-
mann et al. 1984, Capua et al. 1997). For Belgian PRV isolates 
it is observed that two isolates from 1973 and 1976 exhibit a 
type I RFLP pattern, while most Belgian isolates from 1988 
and 1989 are characterized as type II genotypes. The obser-
vation that these RFLP type II strains originate from at least 
three different Belgian provinces and belong to different 
subtypes suggest they are not epidemiologically linked, and 
could indicate that a shift to genotype II has also occurred 
for Belgian PRV strains. The rather limited number of sam-
ples tested, all originating from the same time period, do not 
allow this to be concluded with certainty at this moment. It 
also remains undetermined whether the type I isolate BEL2 
from 1988 represents a type I PRV strain that was still cir-
culating in the domestic swine population at that time or 
rather results from a reintroduction of PRV from wild boar 
into domestic swine. 

Since wild boars form a natural reservoir of the virus, it is 
important to monitor the prevalence and diversity of PRV 
in this population. European wild boar isolates cluster both 
within clade A and B (Müller et al. 2010), as is also found 
for the Belgian wild boar isolates. Three of the four Belgian 
isolates and the isolate from the Grand Duchy of Luxem-
bourg cluster with wild boar isolates from southwestern 
Germany, France and Spain within clade B. In contrast, 
isolate BEL10053 is located within clade A, together with 
wild boar isolates from Austria, France, eastern Germany, 
Hungary, Italy and Slovakia. This confirms previous results 

showing that European wild boar isolates of both cluster 
A and B seem to overlap geographically in central Europe, 
since isolates belonging to both groups were found in Ger-
many and France (Müller et al. 2010), and now in Belgium. 
Also the observed Ip RFLP pattern of all Belgian wild boar 
isolates is in line with previous findings that most European 
wild boar isolates belong to this subtype (Müller et al. 2010).  
Interestingly, the sequence of a Belgian wild boar isolate 
BEL10053 is identical to that of a Slovakian wild boar isolate. 
It remains puzzling to explain how a possible identical strain 
is present in these two geographically distinct countries 
without being detected in countries in between. Although 
a natural spread of the strain cannot be excluded, it seems 
plausible that this is the result of an importation of wild boar 
from one country to another at a certain moment in time. 

Based on the joint phylogenetic analysis of wild boar and 
domestic swine isolates, some interesting relatedness 
between strains originating from both populations could be 
observed. The sequence of the French isolate FRA527 origi-
nating from a hunting dog, which is the only isolate origina- 
ting from European wild boars that is characterized as a type 
II RFLP genotype (Müller et al. 2010), is identical to that from 
Belgian and Italian type II domestic swine isolates. On the 
other hand, the Belgian domestic swine isolate BEL2 clus-
ters together with wild boar isolates from eastern Europe 
and has an identical sequence to the wild boar isolates 
BEL10053 and SVK558, both directly obtained from infected 
wild boar tissue. The observation that some domestic swine 
and wild boar isolates cluster together or even have identi-
cal sequences for the gC fragment makes it tempting to spe- 
culate that spill-over between both population has occurred 
and that those strains could possibly pose a risk for a rein-
troduction of PRV into the domestic swine population. How-
ever, several arguments make that this hypothesis should be 
considered carefully. First of all, wild boar and domestic pig 
isolates were obtained in different time periods, making it 
impossible to establish a direct epidemiological link.  Secondly, 
bootstrap values for the different lineages are low, indi-
cating that the observed clustering needs to be interpreted 
with care. Low bootstrap values were also evident in other 
publications using this fragment for phylogenetic inference 
(Goldberg et al. 2001, Fonseca et al. 2010, Hahn et al. 2010, 
Müller et al. 2010, Steinrigl et al. 2012). However, the obser-
vation that some domestic swine and wild boar strains have 
identical gC sequences supports an overlap between PRV 
strains circulating in both populations. Thirdly, the region 
used for phylogenetic analysis represents only a small por-
tion of the total genome that is not necessarily representa-
tive for the total genomic variation. This is illustrated by the 
observation that although some of the Belgian PRV strains 
have identical sequences for the gC fragment, different 
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RFLP patterns can be observed. Finally, a limited number of 
experimental infection studies have shown that infection of 
domestic pigs with wild boar PRV strains results in only mild 
or nonclinical infection, indicating the attenuated nature of 
these strains (Hahn et al. 1997, Müller et al. 2001). It would be  
interesting to perform additional in vivo infection expe- 
riments to strengthen the hypothesis that this attenuated 
nature is a common characteristic of all wild boar strains. It 
is however important to keep in mind that not only strains 
capable of inducing clinical disease pose a risk upon reintro-
duction, but that also strains capable of inducing seroconver-
sion in the currently unprotected domestic pig population 
could already result in important economic consequences. 

Conclusion
Although PRV is eradicated from domestic swine in Bel-
gium, the presence of the virus in the wild boar population 
poses a risk for reintroduction into the domestic popula-
tion. Although an attenuated nature of wild boar isolates is 
assumed, the finding of identical sequences of the gC gene 
in both wild boar and domestic swine strains suggests that 
a spill-over between both populations might have occurred. 
Therefore monitoring of the strain diversity in wild boars 
is necessary and further research on the virulence and the 
possible implications of a reintroduction of PRV from wild 
boar origin in the domestic swine population is advisable. 
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Introduction
Infectious bursal disease (IBD) is an avian viral disease  
leading to important economic losses in the poultry indus-
try worldwide. It was firstly described in chickens in 1962 
in Gumboro (Delaware, USA) (Cosgrove, 1962). This very 
contagious disease is characterized by destruction of lym-
phoid organs, especially the bursa of Fabricius, inducing an 
immunosuppression. Affected chickens showed increased 
susceptibility to infection with opportunistic pathogens 
and a suboptimal vaccine response. The vector causing this  
pathology is the Infectious Bursal Disease Virus (IBDV), a 
member of the Birnaviridae family belonging to the Avibir-
navirus genus (Müller, Scholtissek, & Becht, 1979). The IBDV 
has a single-shelled icosahedral capsid and is non-enveloped, 
conferring the virus a high resistance in the environment 
and making its control difficult.

The genome of the IBDV is composed of two segments of 
double-stranded RNA. Segment A encodes the viral struc-
tural proteins VP2, VP3 and VP4 as well as VP5 a protein 
of regulatory function. As the external capsid protein, VP2 
elicits neutralizing antibody and represents the molecular 
basis for antigenicity. Variations in its encoding nucleotide 
sequences results in antigenic variants. VP3 is the protein 
composing the internal capside. Segment B encodes VP1, the 
viral polymerase, involved in replication and transcription 
of the virus and therefore plays a role in its virulence (for 
review Coulibaly et al., 2005; van den Berg, 2000). 

In order to control the disease, several vaccination me- 
thods have been developed, the most commonly used being  
attenuated IBDV vaccines. However, these may lead to 
partial destruction of the lymphoid organs, inducing the 
requirement of safer vectors. One of them is the recombinant 
Herpesvirus of turkey (HVT) in which a foreign gene can be 
introduced. The HVT is widely used as a vaccine against the 
Marek Disease virus because it is safe and poorly sensitive 
to the interference with maternal derived antibodies. More-
over, the HVT is secure to be injected in ovo or in day-old 
chicks. Because of its cell-associated replication, it induces 
the development of a persistent viraemia and a long-term 
protection. Regarding IBDV, the gene of concern is encoding 
for the immunogenic structural protein VP2 (Le Gros et al., 
2009).  The efficacy of the bivalent recombinant HVT-IBD to 
immunize chickens against the IBDV is well known. How-

ever, the immune mechanisms involved in the protection 
conferred by rHVT-IBD and the tropism for the host tissues 
are still poorly documented. We attempted to analyse the 
vaccine response by serological tests but failed in measuring 
a response before 3 weeks post-vaccination. With the aim 
of monitoring the immunization with the rHVT-IBD during 
the first days after vaccination, we developed two real-time 
PCR to detect the viral vector DNA: one specific for the VP2 
and the other one for the glycoprotein B (gB) of the HVT. 
The bursa, feather follicles (FF), lungs, spleen and peripheral 
blood lymphocytes (PBL) of vaccinated and unvaccinated 
negative control SPF chickens were tested. The results of 
this experiment showed that the targeted organs, i.e. bursa, 
feathers, lungs, spleen and PBL, are colonized by the HVT-
IBD 5 days post vaccination (dpv). An interesting observation 
was the accumulation of the HVT-IBD vector in the feather 
pulp until at least 12 days after vaccination.  In the other 
organs, the viral DNA load tends to fluctuate during the two 
first weeks post-inoculation before decrease. These findings 
were similar for both commercialized HVT-VP2 vaccines 
considered. 

Material and methods
SPF chickens: After hatching, SPF chickens White Leghorn 
provided by Lohmann Valo (Cuxhaven, Germany) were kept 
in biosafety level 3 (BSL-3) isolators. The birds had access 
to food and water ad libitum throughout the experiments. 
The animal experiments in this study were authorized and 
supervised by the Ethical Committee of the CODA-CERVA 
(Belgium) under reference number n° 111202-01. 

Inoculation and sample collection: Day-old SPF chickens 
were vaccinated with rHVT-IBD Vectormune (Ceva Santé 
Animale) or Vaxxitek (Merial) by subcutaneous injec-
tion. Both vaccines are composed of the FC126 HVT strain 
genome in which was inserted a gene coding for the VP2 
protein. The VP2 inserted in the two rHVT-IBD tested are 
from different IBDV strains. Every chick received 1 dose of 
vaccine. Four animals per group were sacrificed 2-5-7-9-12 
days post-vaccination. The spleen, the bursa, the lungs, a few 
feathers follicles and the blood (for the PBL isolation) were 
collected and kept in RNA later solution at -80°C for a subse-
quent DNA extraction. 
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Viral nucleic acids extraction: Viral nucleic acids were 
extracted from 3 feather follicles, 20 mg of every organ 
(spleen, bursa, lungs) and 106 PBL of all sacrificed animals. 
Samples were homogenized during 6 min at 30 cycles/sec 
in 600 µl of d’Ambion® MagMAX™ Lysis⁄Binding Solution 
Concentrate (Life Technologies Europe B.V., Gent, Belgium) 
supplemented with 0.04 M DTT (dithiothreitol) by using a 
homogenizer Tissuelyzer and a 5 mm stainless steel bead. 
After a clarification at 8000 rpm for 10 min, viral nucleic 
acids were extracted with the HIGH PURE Viral Nucleic 
Acid Kit (Roche, Vilvoorde, Belgium), collected in 50 µl of 
elution buffer and stocked at -20°C before use. 

Real time PCR analysis: The DNA of the VP2 of IBDV and 
the gB of the HVT (FC126 strain) was analysed. The nucleic 
acid sequences of the VP2 of the rHVT Vectormune (from 
the IBDV strain Delaware Variant E) and of the Vaxxitek 
(from the IBDV strain Faragher 52/70) were compared with 
the BioEdit software in order to find a common sequence. In 
this way, it was possible to design a couple of primers able 
to hybridize both sequences. These primers are the follo- 
wing: VP2-F 5’-GTCATTCCAACCAATGAGATA-3’ and 
VP2-R 5’-CCACTTGCCGACCATGAC-3’. To detect the gB of 
HVT, the primers gB-F 5’-CTTCGCGCCACAACACTAAT-
TCC-3’ et gB-R  5’-GGCCATCTTGAACGACTCCGTAA-3’ were 
found in literature (Mohamed Faizal Abdul-Careem et al., 
2008). One µl of each nucleic acids sample was amplified by 
real time PCR in a final volume of 25 µl by using the Power 
SYBR Green RNA-to-Ct 1-Step Kit (Applied Biosystems). The 
primers were used at the concentration of 0.5 µM and the 
amplification followed the conditions: 1 cycle at 95°C for 10 
min, 50 cycles with 10 sec at 95°C and 5 sec at 50°C, and 1 
cycle at 72°C for 10 sec.

Results and discussion
The early distribution of rHVT-IBD was studied in organs of 
vaccinated SPF chickens after development of two real time 
PCR to detect the DNA of VP2 and gB. 

Results concerning the detection of the VP2 DNA are dis-
played in Table 1, showing that no false positive results were 
detected in unvaccinated control chickens. 100% of the vac-
cinated chickens were tested positive for the VP2 DNA in 
spleen, bursa and lungs samples after 5 days post-vaccina-
tion (dpv). The higher level of VP2 DNA was detected at 7 
dpv and most of the vaccinated birds remained positive until 
the end of the experiment for these organs, regardless the 
vaccine used. The level of VP2 DNA in the spleen, bursa and 
lungs dropped between 9 dpv and 12 dpv for both rHVT-IBD 

vaccines. Another study was conducted in our laboratory 
to develop a molecular method to control the rHVT-NDV 
vaccine taken by chickens (Rauw et al., 2014, accepted for  
publication). Authors measured the rHVT-F genome load in 
the spleen, lungs, bursa and feather follicles (FF) during 6 
weeks. As we have observed for the VP2 gene, the rHVT-F 
DNA was detected in all these organs after 5 dpv, with a peak 
of detection in the bursa and lungs during the first week 
following the vaccination. Our results seem to converge 
to the same tendency, which can be explained by the fact 
these organs are the primary sites of replication of the HVT 
(Abdul-Careem et al., 2008); Rauw et al. 2014). Both studies 
also agree on the dropping of the detection of targeted genes 
after 9 dpv in the spleen, bursa and lungs. As the detection 
of HVT DNA has been shown difficult to assess in the whole 
blood (Lemiere et al., 2012), we isolated the PBL for this pur-
pose. We showed the VP2 DNA was detectable at 7 dpv and 
9 dpv but was low at 9 dpv. The timing 2 dpv and 5 dpv were 
not tested because of the small amount of blood collected at 
such a young age. The VP2 DNA was detected in FF at 2 dpv 
in 50% of rHVT-IBD Vectormune vaccinated chickens while 
it was detected at 5 dpv in birds vaccinated with the Vax- 
xitek. 100% of the FF sampled in vaccinated chickens were 
positive at 9 dpv. The DNA load kept on increasing until 12 
dpv to reach a level that can be up to a thousand times higher 
than in other organs. However, the inter-individual variabi- 
lity in PFU values did not show significant results in compari-
son with unvaccinated chickens. The pathogenicity of Marek 
Disease viruses is characterized by a final step of replication 
in FF (Cortes et al., 2011; Lemiere et al., 2012). Moreover, it 
has been shown that the HVT accumulates in epithelial cells 
of feather follicles 7 days after inoculation (Abdul-Careem et 
al., 2008). The accumulation of HVT in the feather pulp is an 
interesting characteristic allowing the control of the vaccine 
in chickens in a minimally invasive way. Indeed, it has been 
shown the viral load in feather pulp could be correlated to 
the viral load in lymphoid organs (Islam & Walkden-Brown, 
2007 ; Rauw et al. 2014). 

The results of the detection of gB DNA are shown in Table 
2. No false positive results were detected in unvaccinated 
chickens. The tendency in the detection of gB DNA was 
comparable to VP2 DNA in lungs, spleen and bursa. Indeed, 
100% of vaccinated birds were positive for gB DNA with the 
higher level at 7 dpv and a decrease between 9 dpv and 12 
dpv. The gB DNA was detected in PBL at 7 dpv and 9 dpv, 
with a significant higher level in rHVT-IBD Vaxxitek vac-
cinated chickens. The gB DNA was detected in low levels 
at 5 dpv in FF. 75 to 100% of vaccinated birds were posi-
tive between 9 and 12 dpv. We did not observe a significant 
difference between vaccinated chickens due to the high 
inter-individual variability in PFU values measured.
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Organs Groups Days post-vaccination

2 5 7 9 12

Spleen rHVT-IBD 
Vectormune

0,17±0,22A 
2/4

47,51±39,51A 
4/4

49,07±62,35A 
4/4

24,20±13,39A 
4/4

12,79±4,96A 
4/4

rHVT-IBD 
Vaxxitek

0,02±0,03A 
0/4

238,14±161,65A 
4/4

74,12±77,95A 
4/4

15,39±10,20A 
4/4

38,19±49,80A 
4/4

Negative 0,00±0,00A 
0/4

0,00±0,00A 
0/4

0,00±0,00A 
0/4

0,00±0,00A 
0/4

0,00±0,00A 
0/4

Bursa rHVT-IBD 
Vectormune

0,00±0,00A 
0/4

87,85±87,17A 
4/4

189,05±184,62AB 
4/4

188,97±47,69A 
4/4

12,02±7,54A 
4/4

rHVT-IBD 
Vaxxitek

0,00±0,00A 
0/4

8,18±7,07AB 
4/4

159,56±137,06A 
4/4

34,77±37,65B 
4/4

8,82±3,63AB 
4/4

Negative 0,00±0,00A 
0/4

0,00±0,00B 
0/4

0,00±0,00B 
0/4

0,00±0,00B 
0/4

0,00±0,00B 
0/4

Lungs rHVT-IBD 
Vectormune

0,01±0,01A 
0/4

35,47±25,01A 
4/4

69,18±61,68A 
4/4

66,49±47,44A 
4/4

10,61±9,46A 
3/4

rHVT-IBD 
Vaxxitek

0,00±0,00A 
0/4

13,05±14,44AB 
4/4

96,82±128,38A 
4/4

11,30±12,83AB 
4/4

7,33±9,02A 
4/4

Negative 0,00±0,00A 
0/4

0,00±0,00B 
0/4

0,00±0,00A 
0/4

0,00±0,00B 
0/4

0,00±0,00A 
0/4

Feathers rHVT-IBD 
Vectormune

42,36±58,91A 
2/4

0,67±1,32A 
1/4

13,76±18,49A 
3/4

22,62±11,18A 
4/4

6053,58±6892,76A 
3/4

rHVT-IBD 
Vaxxitek

0,00±0,00A 
0/4

0,37±0,46A 
2/4

70,22±85,48A 
4/4

10,57±10,13AB 
4/4

548,72±1042,89A 
4/4

Negative 0,00±0,00A 
0/4

0,00±0,00A 
0/4

0,00±0,00A 
0/4

0,00±0,00B 
0/4

0,00±0,00A 
0/4

PBL rHVT-IBD 
Vectormune

- - 8,96±11,37A 
2/4

0,93±1,33A 
3/4

-

rHVT-IBD 
Vaxxitek

- - 15,06±20,05A 
4/4

0,58±0,42AB 
4/4

-

Negative - - 0,00±0,00A 
0/4

0,00±0,00B 
0/4

-

O Table 1.
VP2 gene expression measured by qRT-PCR in organs of chickens vaccinated with two rHVT-IBD (Vectormune or Vaxxitek).   
Data represent mean ± standard deviation of rHVT-IBD titre (PFU/20 mg organs or  106 PBL) and frequency (number positive/total tested chickens) of rHVT-IBD genome detection at each time point.
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Conclusions
This work reports the development of a method allowing the 
detection of rHVT-IBD vaccine DNA in organs of vaccinated 
chickens. Studying the in vivo distribution of these vac-
cine vectors is interesting to understand how the persistent 
viraemia takes place and the long-term protection is main-
tained during the whole life of the bird. 

In this study, DNA extracted from spleen, lungs, bursa, PBL and 
FF was analysed by real time PCR for gB and VP2 load after a 
day-old rHVT-IBD vaccination. We showed that the DNA of 

Organs Groups Days post-vaccination

2 5 7 9 12

Spleen rHVT-IBD 
Vectormune

0,27±0,53A

0/4
99,78±88,85AB

4/4
164,02±161,83AB

4/4
57,67±104,27A 

4/4
11,38±4,08A

4/4

rHVT-IBD 
Vaxxitek

0,00±0,00A

0/4
238,14±161,65A

4/4
1431,58±1259,50A

4/4
139,74±91,96A

4/4
22,15±42,42A

4/4

Negative 0,00±0,00A

0/4
0,00±0,00B

0/4
0,00±0,00B

0/4
0,00±0,00A

0/4
0,00±0,00A 

0/4

Bursa rHVT-IBD 
Vectormune

0,01±0,03A

0/4
48,10±52,98A

4/4
295,93±285,75A

4/4
208,99±102,33A

4/4
6,76±6,46A

4/4

rHVT-IBD 
Vaxxitek

0,00±0,00A

0/4
18,55±12,80A

4/4
578,77±759,16A

4/4
1,48±2,03AB

4/4
0,91±0,87AB 

4/4

Negative 0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00B 

0/4
0,00±0,00B

0/4

Lungs rHVT-IBD 
Vectormune

0,01±0,01A

0/4
20,29±23,24A

4/4
368,97±477,49A

4/4
87,82±102,18A

4/4
6,47±5,10A

4/4

rHVT-IBD 
Vaxxitek

0,00±0,00A

0/4
1,67±1,68A

4/4
271,18±246,36A

4/4
15,25±17,81A

4/4
4,54±3,44AB

4/4

Negative 0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00B

0/4

Feathers rHVT-IBD 
Vectormune

0,00±0,00A

0/4
0,10±0,12A

1/4
18,68±28,80A

4/4
4,80±4,59A

4/4
289,64±332,56A

3/4

rHVT-IBD 
Vaxxitek

0,00±0,00A

0/4
0,03±0,03A

2/4
48,03±74,57A

3/4
1,64±2,17A

4/4
4,91±9,46A

3/4

Negative 0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00A

0/4
0,00±0,00A

0/4

PBL rHVT-IBD 
Vectormune

- - 6,83±6,98AB

3/4
0,93±1,33AB

3/4
-

rHVT-IBD 
Vaxxitek

- - 78,87±69,57A

4/4
11,30±9,69A

4/4
-

Negative - - 0,00±0,00B

0/4
0,00±0,00B

0/4
-

O Table 2.
gB gene expression measured by qRT-PCR in organs of chickens vaccinated with two rHVT-IBD (Vectormune or Vaxxitek).   
Data represent mean ± standard deviation of rHVT-IBD titre (PFU/20 mg organs or 106 PBL) and frequency (number positive/total tested chickens) of rHVT-IBD genome detection at each time point.

gB and VP2 were at first detected in spleen, bursa and lungs, 
explained by the fact these organs are the primary sites of repli-
cation of the HVT. This increase is followed by a decline from 9 
dpv. In the FF, the tendency of DNA detection was the opposite 
with an increase from 5 dpv until an accumulation of the vector 
at 12 dpv. This characteristic may be a promising and useful tool 
to control the rHVT-IBD vaccine take in a minimally invasive 
way. However, the high variability in the PFU values did not 
allow the comparison of results obtained for the detection of gB 
and VP2 DNA. Moreover, further studies are needed to inves-
tigate a possible correlation between the rHVT-IBD DNA load 
detected in FF and in primary lymphoid organs.
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O    BelgiAn ferAl Pigeon reveAled As chlAmydiA PsittAci And Pigeon 
PArAmyxovirus reservoir By PAssive screening.
M. STEENSELS, D. VANGELUWE, N. PIERRARD AND B. LAMBRECHT

Summary
Chlamydia psittaci and pigeon paramyxovirus are both 
found worldwide. While Chlamydia psittaci imposes a seri-
ous zoonotic risk the presence of pigeon paramyxoviruses is 
as the sword of Damocles above the poultry sector and the 
racing pigeon industry. 
Therefore, using the network already in place in the con-
text of the Avian Influenza surveillance we investigated the 
presence of Chlamydia psittaci and PPMV-1 inside the Bel-
gian feral pigeon population, found dead, in 2014. This pas-
sive survey revealed a common presence of both pathogens 
inside the Belgian feral pigeon population. Out of 350 cada- 
vers analysed, 8,6% and 20.2% came back positive for Chla-
mydia psittaci and PPMV-1, respectively. For the paramyxo-
virus a more seasonal pattern was detected, with a peak of 
47,4% positivity detected in February, while C. psittaci was 
detected more steadily throughout the year. 

Introduction
Chlamydia psittaci (C. psittaci) is a Gram-negative obligatory 
intracellular bacterium with a known zoonotic potential, 
which can be transmitted to both humans and other birds 
through inhalation of infectious dust or aerosolized bird 
excreta [1, 2]. The outcome of human infections can go from 
asymptomatic up to an atypical pneumonia with potential 
fatal outcome if left untreated [3]. Fortunately, large human 
outbreaks are rather scarce and infections can mostly be 
linked to occupational or pet bird contact [1, 2, 4-6]. C. psittaci 
infections have been recorded in over 450 bird species span-
ning 30 bird orders [7]. In birds infection can pass asymp-
tomatically or clinical signs such as conjunctivitis, rhinitis, 
dyspnoea, nasal discharge, diarrhoea, polyuria, anorexia, and 
dullness, can appear, depending on the strain, the host phe-
notype, ecological parameters and the age of the birds [8-10]. 
Six out of nine genotypes can be found in feral pigeons, A-E 
and E/B, B being the most prevalent [11]. The presence of the 
A, B/E, C, D and E genotypes has been demonstrated inside 
the Belgian pigeon population [12]. All genotypes are infec-
tious for humans with for C and D a potential highly virulent 
pathogenesis in humans [13, 14]. Avian chlamydiosis is part 
of the world animal health (OIE) listed diseases, making them 
notifiable to national authorities. 

Pigeon paramyxovirus type 1 (PPMV-1) belongs to the 
Paramyxoviridae family, which are enveloped, single stranded, 

negative sense RNA-viruses. PPMV-1 forms a distinct sub li- 
neage within the avian paramyxovirus type 1 group (APMV-1), 
also named Newcastle disease virus (NDV). All PPMV-1 pigeon 
isolates contain a polybasic glycoprotein F cleavage site [15], 
indicative for potential virulence in poultry (112R/K R Q K/R 
R116) , making them notifiable following OIE regulations [16]. 
PPMV-1 can pass sub clinically or induce clinical symptoms 
ranging from depression and lethargy to severe neurological 
signs and even mortality depending on vaccination-status and 
age [17]. In Belgium, vaccination against NDV of meat, racing 
and show pigeons is compulsory. Pigeon vaccination in Belgium 
is performed with an inactivated oil-emulsion vaccine from 5 
weeks of age and should thereafter be repeated annually. How-
ever, parallel to this vaccination policy, the virus continues to 
circulate in the wild pigeon and dove reservoirs. The endemic 
situation of PPMV-1 in feral pigeon and their infectious capa- 
city of domestic poultry and racing pigeons make this an issue 
of concern [18, 19]. Once domestic poultry is infected, virus cir-
culation and consequent adaptation and concomitant patho-
genesis evolution is to be considered [20, 21].

Feral pigeons are found in large numbers worldwide and 
often considered a “pest” as they lead to environmental con-
tamination and their potential to harbour dangerous patho-
gens, including both above-mentioned pathogens: PPMV-1 
and C. psittaci [10, 22-27]. For instance, the infectious elemen-
tary body of C. psittaci can be recovered from the environ-
ment for months [8]. Consequently, C. psittaci and PPMV-1 
can also be spread worldwide and continuously pose human 
and/or animal health threats(1), even more so as both patho-
gens can be carried asymptomatically by their avian host 
[28]. The prevalence of both C. psittaci and PPMV-1 inside 
the Belgian feral pigeon population were estimated by pas-
sive surveillance during one year (2014), contributing to the 
zoonotic risk assessment for these two pathogens.

Material and Methods

Pigeon cadavers: 

In Belgium a surveillance network for Avian Influenza and 
West Nile virus is put in place between the Royal Institute 
for Natural Sciences (RINS) and the Veterinary and Agro-
chemical Research Centre (CODA-CERVA), commissioned by 
the Federal Agency of Food Safety (FAFS). Both active and 
passive surveillance of wild birds for Avian Influenza was 
started in 2005 and is still being performed. 

(1) Biosafety risk class : Chlamydia psittaci: class 3 for both human and animals; PMV-1: class 2 for humans and 3 for animals the human risk class is at 2 
wh[Type text]
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The passive surveillance gathers dead birds at revalidation 
centres and transmits them to the CODA-CERVA for further 
analysis. Using this surveillance network already in place, 
350 pigeon cadavers were gathered from over the country 
and delivered to the CODA/CERVA once a month for this 
survey. By dissection, brain, intestine and lungs of each bird 
were pooled together and used for further diagnostic pur-
poses. 

Biomolecular analysis:

Viral RNA and bacterial DNA were extracted from the homo-
genised organ sample using the High Pure Viral Nucleic acid 
kit (Roche, Mannheim, Germany). RRT-PCR amplification 
was done using the Qiagen quantitect probe RT-PCR kit 
(Qiagen, Venlo, the Netherlands) on the LC480 for C. psittaci 
(Roche, Mannheim, Germany) and the ABI7500 realtime 
PCR cycler for PPMV-1 (Life Technologies, Gent, Belgium). 

C. psittaci diagnosis is based on the molecular detection 
of bacterial DNA by realtime PCR based on a conserved 
sequence (Psit-ITS200F, Psit-ITS274R and Psit-ITS226FAM-
BHQ). All oligonucleotides were synthesized by Eurogentec 
(Liège, Belgium) and used in a final concentration of 900 µM 

for each primer and 200 µM for the TaqMan probe. Other 
chlamydia subspecies possibly present in the pigeons will not 
be detected by our primer set.

The diagnosis of PPMV-1 is based on the molecular detec-
tion of genomic viral RNA by one step paramyxovirus type 
1 (PMV-1) specific real-time RT-PCR (RRT-PCR) based on a 
conserved sequence of the M gene [29]. All oligonucleotides 
were synthesized by Eurogentec (Liège, Belgium) and used in 
a final concentration of 500 µM for each primer and 250 µM 
for the TaqMan probe.

Results and Discussion
In cooperation with the RINS this passive screening allowed 
the gathering and analysis of 350 samples. Different pigeon 
species were represented (Figure 1), originating from across 
the country (Figure 2). 

Birds were gathered the year round (Figure 3A), resul- 
ting in the detection of 30 C. psittaci bacteria (8.4%) and 69 
PPMV-1 viruses (20,2%), of which 8 samples were positive 

O  Fig 1.
The worldwide distribution of the pigeon species sampled during the passive PPMV-1/ C. psittaci survey, 2014 and a world-distribution map of the species.
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for both pathogens at the same time. Past investigations of C. 
psittaci prevalence in Europe, using biomolecular detection, 
revealed a widespread prevalence ranging from a mean of 
2 up to over 70% (Table 1). Data of Belgian C. psittaci preva-
lence determined in 2008, by swabbing live birds, revealed a 
prevalence of 1,6% in feral pigeon. As dead bird sampling can 
hardly be compared to swabbing of live birds an increased 
prevalence cannot be pretended.

From our PPMV-1 prevalence study a clear seasonal pattern 
could be distinguished (Figure 3B). The highest percentage of 
PPMV-1 positives were found in February, 47,4% (18/38), fol-
lowed by March and January, 39,4 (28/71) and 33,3% (13/39), 
respectively. Moreover, the three first months of the year 
accounted for 85,5% of positive PPMV-1 cases (59/69). The 
high prevalence late in the winter could maybe result from 
the crowding and food shortage that occurs during winter. 
The prevalence peak of C. psittaci was observed in Septem-
ber with 25% (8/32), which is in line with previous reports 
for other European countries. 

Most C. psittaci (12/30 = 40%) and PPMV-1 (47/69 = 68%) 
positives were found in East-Flanders (Figure 2) and in the 
species ‘Columbia livia’, for which no obvious reason can be 
given.

O  Fig 2.
Geographical distribution of pigeon cadaver gathering per province: number of samples (percentage 
over the total number of samples: 350); number of positive cases PPMV-1 and C. psittaci per location 
(percentage on the number of sampled birds for that location).

O  Fig 3A. - Fig 3B.
Birds gathered/month and the number of positives/month for the PPMV-1 and C. psittaci survey. The 
normalized percentage is the number of positive birds/the number of sampled birds for a certain period.

Young birds are often considered more sensitive to patho-
gens, as demonstrated for C. psittaci by some of the studies 
presented below (table 1) a more age-related [27] than sea-
sonal pattern was suggested. Newborns are to be expected 
around March and April, which could predict a peak of 
infection. However, this peak was not seen in our data. The 
dataset presented here, contained 13% of pigeons under the 
age of 1 year(2) (48/350), of which 4,2% (2/48) were detected 
positive for C. psittaci, and 16,7 % (8/48) for PPMV-1. As such, 
for both pathogens this age-relation could not be supported 
by the current data set. Also, for the 8 birds detected double 
positive, neither age, nor location link became obvious, how-
ever, they were all found between January and March (4/8 
in January, 1/8 in February and 3/8 in March).

(2) For 30 birds no age data was available, of which 2 were positive PPMV-1.
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Eleven PPMV-1 positives were sequenced for their F-cleavage 
site. They all gave a velogenic cleavage site, RRQKRF, except 
for one that gave a somewhat unusual cleavage site, KRQKRF, 
already described in Eastern Europe, Africa and Asia [24, 38, 
39]. Additionally, two of those sequenced strains were isolated 
on embryonated specific pathogen free eggs, and the pathoge-
nicity index was determined by intracerebral inoculation of 
day old specific pathogen free chicks as the pathotype for poul-
try can be different [15]. Both strains gave a typical mesogenic 
pathogenicity index of 0,7 and 1,2 (0,7 ≤ mesogenic < 1,5). The 
mesogenic pathotype of these strains is a direct proof for the 
imposed danger on the poultry sector.

O Table 1.
Overview of European surveillance studies on C. psittaci prevalence in pigeon.

COUNTRY CITY YEAR Pigeon % + # animals SAMPLE REFERENCE

Bosnia-Herzegovina Sarajevo 2006 Feral 37,5 3/8 tissue [23, 30]
France Paris 2003, March Ud 15,2 5/33 cloacal swabs [23, 31]

2003, December Ud 20 4/20 cloacal swabs [23, 31]
Troyes 2007, March Ud 15,2 5/33 cloacal swabs [23, 31]

2007, December Ud 3,4 1/29 cloacal swabs [23, 31]
Italy Venice 2006 Ud 14 7/50 tissue [23, 32]
Macedonia Skopje 2006 Ud 5,6 2/36 cloacal swabs [23, 33]

Vinica 2006 Ud 50 10/20 cloacal swabs [23, 33]
Stip 2006 Ud 6,7 4/60 cloacal swabs [23, 33]

The Netherlands Amsterdam 2005 Feral 7,9 26/331 fresh faecal 
droppings

[34] [23]

Belgium Gent 2008 homing 40,6 13/32 environmental 
(lofts)

[12]

Feral 1,6 1/61 pharyngeal swabs [12]
Multiple cities 2014 Feral 9,8 17/174 tissue presented here

Germany Multiple cities 2008, summer homing, adult 18,4 25/136 pharyngeal swabs [27]
homing, juvenile 35,2 46/129 pharyngeal swabs [27]

2009, winter homing 12,8 14/109 pharyngeal swabs [27]
2009, summer homing, adult 11,4 13/114 pharyngeal swabs [27]

homing, juvenile 22,0 25/113 pharyngeal swabs [27]
2010, winter homing 16,3 18/107 pharyngeal swabs [27]

Moers 2009, April-may feral 7,8 21/270 cloacal swabs [35]
feral 46,7 15/30 faecal droppings 

pooled
[35]

Moers 2010, April-may feral 12,7 38/300 cloacal swabs [35]
feral 76,7 23/30 faecal droppings 

pooled
[35]

Croatia 2013 homing 12,9 30/232 homing [36]
Switzerland Lucerne 2008 feral 3,3 2/60 cloacal swabs [37]

Zurich 2008 feral 41,7 10/24 cloacal swabs [37]
Basel 2007-2009 feral, loft 2 9/447 pharyngeal swabs [14]

3,2 11/348 cloacal swabs [14]
ud:undefined up: unpublished

A passive surveillance of feral pigeon for C. psittaci and 
PPMV-1, as described here, has never been performed 
before. A survey for two specific zoonotic agents performed 
here, leaving the cause of death of those birds in the middle, 
unmasked feral pigeons as an important source of these two 
zoonotic agents. This data is important knowledge for the 
public, the government, poultry and homing pigeon owners. 
Feral pigeon excrete into the environment leaving a source 
of contamination behind for both humans and other bird 
species.
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Introduction
Avian influenza virus is an enveloped virus belonging to the 
influenza A virus genus of the Orthomyxoviridae of which 
wild birds, especially Anatidae (ducks, swans) and Charadrii-
formes (shorebirds and gulls), are the main reservoir. Avian 
influenza viruses can be transmitted from wild birds to poul-
try and then spread in this population of domestic birds. They 
are divided into two distinct pathotypes depending on the 
severity of the illness caused in chickens. The highly patho-
genic avian influenza (HPAI) viruses (also known as fowl 
plague) viruses induce a highly virulent systemic disease cau- 
sing high morbidity and mortality, whereas low pathogenic 
avian influenza (LPAI) viruses are asymptomatic or associated 
with mild respiratory disease, reductions in egg production 
and sometimes low mortality (Alexander, 2008). So far, only 
viruses of subtypes H5 and H7 have shown the ability to be 
highly pathogenic viruses. The presence of HPAI virus in 
poultry has very important economic and ethical implications 
not only because of the mortality induced by these viruses but 
also because of the slaughter of animals in the surrounding 
farms and bans on exports to other countries. Belgium, the 
Netherlands and Germany have already been hit in 2003 by 
HPAI H7N7 virus with important economical and ethical con-
sequences. Presence of the HPAI viruses in a European coun-
try should be declared officially to the World Organisation 
for Animal Health (OIE). Moreover, considering that H5/H7 
LPAI viruses are the progenitors of HPAI viruses, LPAI H5/H7 
viruses have been added to the definition of notifiable virus by 
the OIE in 2005 (2005/94/CE).

To detect the circulation of LPAI H5/H7 viruses in poultry 
and to prevent the emergence of HPAI viruses, the European 
Commission implemented a passive clinical surveillance and 
serological surveillance (2005/734 and 2007/268). Serology 
survey of LPAI viruses in Belgium covers all commercial 
poultry farms of more than 200 birds with the exception 
of broilers farms and thus excluding all backyard poultry. 
Sampling is stratified by regions to ensure representative 
sampling of the total population and a portion of Belgian 
flocks is tested once a year. However, sampling also relies on 
risk-based analysis established on geographical, biosecurity 
and production type criteria: holdings in sensitive areas, i.e. 
close to high density areas of migratory wild birds (Figure 
1), holdings with free range birds, holdings with turkeys or 
with geese and ducks. As a consequence, all these flocks are 
sampled a second time during the same year. Sampling was 
determined by the European Commission to be able to iden-
tify, with a probability of 95%, at least one positive bird if the 

prevalence of seropositive birds is ≥ to 30% in the holding 
(2002/649/EC). This represents 10 sera for each flock except 
for ducks/geese for which a fixed number of 50 sera must be 
taken from each flock.

O  Fig 1.
illustration of risk zones in Belgium (in green)
 

The serosurveillance is performed by the hemagglutina-
tion inhibition test (HI), considered as the reference test by 
the international official bodies (OIE and European Union). 
However, this method is labour intensive, time consu- 
ming, and difficult to automate. Moreover, the HI test can be 
more difficult to interpret with turkey and duck sera (Web-
ster, and V. S. Hinshaw, 1982). For this reason, a competitive 
multi-species ELISA test detecting specifically antibodies 
against nucleoprotein (NP) is used since 2010 as a screening 
tool for chicken, turkey and duck/goose sera (Marché et al, 
2010). All the positive findings are confirmed by HI tests as 
reference test to detect specifically H5 and H7 subtypes. The 
HI tests are performed according to the OIE protocol (OIE, 
terrestrial manual) and H5/H7 antigens are provided by the 
European Reference Laboratory VLA (Weybridge, UK). All 
seropositive H5 or H7 tests are followed by virological inves-
tigations in the seropositive holdings consisting on molecu-
lar tests (Reverse Real Time PCR) and classical virology on 
60 cloacal swabs in ducks/geese holdings and 30 tracheal/30 
cloacal swabs in chicken holdings.

This serosurveillance is jointly implemented and realized by 
the Federal Agency for the Safety of the Food Chain (AFSCA) 
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and the Veterinary and Agrochemical Research Centre 
(CODA-CERVA).

The present study reports the results of the serological 
survey of avian influenza H5/H7 in Belgian poultry from 
2006 to 2012; the virological finding inherent to this surveil-
lance and the consequences of the use of NP ELISA as first 
screening tool. 

Results 

Composition of the Belgian poultry survey 

Regardless of the reported year, chickens represent the largest 
number of tested flocks with 500-600 flocks tested per year, 
with a majority of laying hens (in battery or free range) (Table 
1). Other species such as turkeys or ducks are a minority in 
Belgium and represent approximately 50 to 60 flocks tested 
annually. Other categories of poultry such as backyard chi- 
ckens, ornamental poultry or game birds are sporadically 
tested. Overall, the number of flocks tested annually does not 
vary significantly over the 6 year monitoring (2006 to 2012) 
(Table 1) representing about 8000 sera tested per year.

Gallinacae Anatidae Others

Chicken 
breeder

Laying 
Hens

Free 
range 
laying 
hens

Turkey 
fatteners

Fattening 
Ducks

Breeder 
geese

Game 
birds

2006 208a 
(229)b

405 
(474)

37  
(46)

21  
(27)

2007 204 
(225)

303 
(381)

84  
(97)

45  
(39)

16  
(17)

3  
(3)

16  
(25)

2008 204 
(230)

286 
(344)

77  
(85)

42  
(33)

23  
(15)

5  
(2)

9  
(9)

2009 209 
(209)

297 
(344)

84  
(84)

20  
(31)

20  
(23)

3  
(2)

31  
(33)

2010 205 
(202)

231 
(361)

54  
(82)

31  
(34)

14  
(20)

2  
(3)

10  
(28)

2011 184 
(197)

296 
(323)

116 
(99)

46  
(37)

20  
(22)

4  
(3)

22  
(18)

2012 145 
(203)

292 
(293)

108 
(108)

49  
(35)

25  
(20)

2  
(4)

18  
(22)

a: number of poultry flocks tested

b : total number of poultry flocks corresponding

O Table 1.
Number of poultry flocks tested per year for the serosurvey of avian influenza in Belgium 

Apparent seroprevalence of H5/H7 viruses

The apparent seroprevalence of H5 and H7 viruses, assessed 
by HI tests, varies according to years and especially to spe-
cies (Figure 2). The highest number of positive herds was 
found in 2008, with six H5 positive and five H7 positive 
flocks. For the other years, the number of positive flocks is 
smaller and represents 1 to 3 positive flocks per year. The 
variation of the apparent seroprevalence is mainly greater 
between the species with the highest apparent seropreva-
lence in the Anatidae population compared to gallinaceous 
birds. Indeed, between 2006 and 2012, high apparent sero-
prevalences were detected in fattening ducks (4% to 9%) 
(Figure 2) and breeding geese (20% to 50%) (Figure 2) while 
the apparent seroprevalence was much smaller among fowls 
(0.3% to 1.3%) (Figure 2). It must be noted that the rather 
small number of ducks or geese flocks tested annually (15 
and 23 farms for fattening ducks and 2 to 4 farms for bree- 
ding geese) can impact on this observation (Table1). 

O  Fig 2.
Apparent H5/H7 seroprevalence among different species between 2006 and 2012

Among fattening ducks and breeding geese, the H5 sub-
type is the most dominant subtype compared to H7 subtype 
with a stable circulation over the years (Figures 2, 3 and 4) 
as was already demonstrated for one goose flock (Marché et 
al 2013). Among fowls (laying hens, breeding hens and tur-
keys), only laying hens (battery and free range) were tested 
positive, with an equal number of positive flocks for H5 and 
H7 viruses (Figures 2, 3 and 4). Since 2008, no more circula-
tion of notifiable viruses was detected in this population of 
laying hens, either in battery or free-range.
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O  Fig 3.
Number of H5 positive flocks among different species between 2006 and 2012

O  Fig 4.
Number of H7 positive flocks among different species between 2006 and 2012

It is interesting to note that LPAI H5/H7 virus circulation 
was not detected in flocks of chicken breeders and fatte- 
ning turkeys since the beginning of the implementation of 
the serological surveillance in 2006. 

Apparent seroprevalence of LPAI viruses of all 
subtypes

Until 2010, a multispecies NP ELISA detecting antibodies 
against the nucleoprotein is used as a first-line test. Given 
that all subtypes of LPAI viruses are detected using this NP 
ELISA, its use allows the evaluation of the circulation of 
all LPAI viruses in Belgian flocks. Furthermore, NP ELISA  
positive sera (negative in H5 or H7 subtypes) were tested 
with major subtypes of LPAI viruses found in wildlife (H2, 
H3, H4 and H6) and with H9 subtype that presents a risk for 
chickens, to determine which subtypes of LPAI viruses were 
circulating.

Circulation of non H5/H7 avian influenza viruses was 
detected in fattening duck populations (Figure 5) and sur-
prisingly, this non H5/H7 avian influenza viruses circulation 
seems to increase every year with apparent seroprevalence 
increasing from 2010 to 2012: 14.28% in 2010, 45% in 2011 
and 52% in 2012. For 2012, HI tests have shown that virus of 
subtypes H2, H6 and H9 appeared to have circulated in the 
different flocks of fattening ducks. In contrast, no circulation 
of avian influenza viruses other than H5/H7 subtypes was 
detected in breeding geese flocks. 

O  Fig 5.
Comparison of the number of positive flocks among different species between 2006 and 2012

In the chicken population, the use of ELISA NP has shown 
circulation of non H5/H7 viruses only in the population of 
laying hens in 2012 with 3 positive flocks (Figure 5) and HI 
results showed that H2 subtype viruses circulated in the 
three different flocks. It is interesting to note that no more 
circulation of LPAI viruses in laying hens was observed in 
the following years.

Among the other species tested (breeding hens, free range 
laying hens, fattening turkeys) there is no observable circu-
lation of non H5/H7 LPAI viruses (Figure 5).

Detection and isolation of LPAI viruses

Following each positive H5/H7 serological tests, molecular 
and virological tests were performed to detect and isolate 
circulating LPAI viruses in the seropositive flocks. In the 
majority of cases, there is no virus isolated even if sometimes 
the viral ARN can be detected. This indicates in most of the 
cases, a past or ending avian influenza infection. However, 
in 2008, a LPAI H5N2 virus was isolated from a goose in a 
mixed farm with poultry and ornamental birds (peacock ...) 
(Marché et al, 2013).
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Other LPAI viruses than H5 and H7 viruses were also iso-
lated in H5/H7 seropositive flocks such as LPAI H3N2 virus 
in 2008, LPAI H6N8 virus in 2010, LPAI H2N3 and 3 LPAI 
H9N2 viruses in 2011. Serological cross-reactions between 
some subtypes which are antigenically related can explain 
the non H5/H7 subtype virus isolation such as the H2N3 
virus isolation in 2008 following a H5 positive serology. In 
other cases, positive H5/H7 serology may result from a past 
infection while the animals are currently infected with other 
LPAI subtype. Anyway, isolation of these LPAI viruses con-
firms the circulation of non H5/H7 LPAI viruses in domestic 
birds as suggested by the results of the NP ELISA.

Conclusion 
The serological survey realized between 2006 and 2012 
showed that there are notifiable H5/H7 LPAI viruses cir-
culating in Belgian poultry. This is mainly H5 LPAI subtype 
viruses circulating in fattening ducks and breeding geese 
flocks. Circulation of non H5/H7 has also been observed 
by NP ELISA or by virus isolation in fattening ducks, con-
firming that ducks and waterfowl in general are risk factors 
for the introduction of LPAI viruses into flocks (Koch and 
Elbers, 2006). Among the gallinaceous bird population, cir-
culation of H5/H7 viruses was scarcely observed and only in 
laying hens with an equivalent number of H5 and H7 circu-
lation detected. Detection of H2 virus circulation in 2012 was 
the only other LPAI subtype that has been observed in this 
population. It is interesting to highlight that the number of 
positive holdings among outdoors laying flocks is not higher 
than among indoor laying hens raised in battery cages. 

There are species for which the apparent seroprevalence 
of LPAI viruses of all subtypes (H5/H7 and non-notifiable 
viruses) is 0%; these are flocks of breeding hens and fatte- 
ning turkeys. Since over 90% of breeding hen flocks are tested 
annually and farm turkeys are tested twice a year, we might 
exclude that the lack of detection is related to inadequate 
sampling. This lack of LPAI virus circulation can be linked 
to different farming conditions and higher containment 
measures especially for breeding hens. This is more surpri- 
sing in turkey flocks since this species has been described 
to be more susceptible to infections with LPAI viruses (ref). 
However, the small number of turkey flock in Belgium may 
explain the absence of LPAI virus detection.

Implementation of the use of multispecies NP ELISA allowed 
us for the first time to observe the circulation of all LPAI sub-
types into Belgian poultry. This test might also be useful in 
case serological detection might be extended to H9 subtype 
viruses (strain G1) that can be harmful not only for chickens 
but also for humans.
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Introduction
Newcastle disease virus (NDV) and avian influenza (AI) virus 
are the causative agents of two highly contagious avian  
diseases generally associated with high mortality and huge 
economic losses. The highly pathogenic avian influenza 
(HPAI) H5N1 virus was first detected in China in 1996 and 
spread since then to South East Asia, East Asia, Europe, the 
Middle East and Africa (19, 38). It is considered endemic by 
the OIE in five countries: Bangladesh, China, Egypt, Indo-
nesia and Vietnam (11). The first NDV outbreak occurred in 
Indonesia in 1926 and is now spread worldwide (3). Recent 
outbreaks have been reported in Botswana, Sweden and 
Algeria (31). Vaccination programmes have been developed 
to fight off each of these pathogens. Vaccination against 
HPAI H5N1 is used routinely in China, Egypt, Indonesia 
and Vietnam and emergency vaccination has been used in 
several other countries to fight off H5N1 outbreaks (39). For 
Newcastle disease, prophylactic vaccination is applied prac-
tically worldwide (3, 9). As a consequence of these routine 
vaccination campaigns, NDV- and /or H5- maternal derived 
antibodies (MDA) are found in the offspring (20, 33). 

MDA is naturally transmitted from the mother to her off-
spring (4, 5) and is crucial in early life to provide protection 
against pathogens (2, 15, 27). However, beside these benefits, 
MDA present some burdens by affecting the induction of 
specific active immune responses induced by early vaccina-
tion (14, 25) as observed in the fight against pathogens like 
NDV (33) and AIV (1, 8, 26).

To protect simultaneously against both NDV and H5N1 
viruses, a new generation of vaccines as recombinant rNDV-
H5 vectored vaccines, have been developed by reverse genet-
ics (12, 32, 43) and were proven successful in Specific Patho-
gen Free (SPF) birds, conferring a good protection against 
viral excretion and clinical symptoms after a homologous 
HPAI H5 (23) and NDV velogenic challenges (12, 29, 43). 
However the impact of the presence of NDV- and H5-MDA 
on the efficacy of this type of bivalent vaccine was sparsely 
investigated in controlled conditions.

The goal of the present work was to investigate if and how 
NDV or H5-MDA interferes with the recombinant vec-

tored rNDV-H5 vaccine performance in case of a heterolo-
gous HPAI H5N1 challenge. To evaluate the distinct impact 
of the NDV- and H5-MDA on the rNDV-H5 vaccine effi-
ciency, chicks with an easy controllable artificial-induced 
passive immunity (24) were used. To confirm the reliability 
of this artificial MDA (aMDA) model, vaccination/challenge  
experiments were performed in parallel in commercial 
chickens presenting only NDV-MDA. For the first time, the 
presence of H5 at the surface of the rNDV-H5 vaccine and 
the influence of this H5 insert on the quantity of hemagglu-
tinin-neuraminidase (HN) and fusion protein (F) at the sur-
face of the vaccine were checked by immunogold labelling 
electron microscopy.

Material and methods

Vaccine and HPAI H5N1 challenge strain

The experimental rNDV-H5 vaccine was provided by 
Lohmann Animal Health GmbH (Cuxhaven, Germany) and 
was developed by the research group of Professor P. Palese at 
the Mount Sinai School of Medicine. The rNDV-H5 vaccine is 
a NDV La Sota vector expressing a modified H5 ectodomain 
from an HPAI A/Vietnam/1203/2004 H5N1 clade 1 strain, as 
described before (23). The parental LaSota strain was used as 
additional antigen for the immunoelectron microscopy.

The HPAI H5N1 strain A/chicken/Egypt/1709-6/2008 (Egypt 
2008) (clade 2.2.1) was used for the heterologous challenge. 
It was kindly provided by M.M. Aly of the Animal Health 
Research Institute, Giza, Egypt.

Immunoelectron microscopy

Copper grids were incubated with a 1% Alcian blue 8G solu-
tion to add positive charges and virions purified by differen-
tial centrifugation (34) were then absorbed to the grids. Four 
grids were incubated with purified rNDV-H5 and four other 
grids with purified LaSota virus. To perform immunogold 
labelling, one rNDV-H5 and one LaSota grid were incubated 
with one of the following primary monoclonal antibody 
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(mAb): 10F2 (anti-F mAb), 7D4 (anti-HN mAb), 5A1 (anti-
H5 mAb) and an anti-IFNγ mAb as negative control. After  
washing, grids were incubated with goat anti-mouse IgG con-
jugated with 10 nm gold beads as secondary antibody. After 
a final wash, immunogold labelled virions were observed 
with a transmission electron microscope. For each sample, 
golds were counted at the surface of 50 virions and, subse-
quently an average of gold per sample was calculated and 
expressed as a number of gold per surface of virion.

Chickens 

Chickens with artificial MDA (aMDA) were obtained from 
SPF hatched in house and injected in ovo and intraperito-
neally with specific NDV or H5 AI hyperimmun polyserum 
obtained as previously described (24). The conventional 
NDV-MDA (NDV-nMDA) eggs were obtained from NDV 
vaccinated hens according to the Belgian standard vaccina-
tion scheme.

Animal experiments (Table 1)

After the challenge, birds were monitored daily for clinical 
symptoms and well-being until the end of the experiment. 
At the end of each experiment the remaining birds were 
euthanized humanely. The different groups of animals and 
the vaccination/challenge schemes are represented in table 
1. Oropharyngeal (OP) and cloacal (CC) swabs were taken at 
1, 3, 6 and 8 day post infection (dpi) for viral excretion ana- 
lysis. To follow-up the humoral response, blood was taken at 
day (D) 2 (n=5 sacrificed birds from group 2 and 8, n=13 from 
group 6) and at D14, 1 week post second vaccination (1wp2v, 
D21) and 2 week post infection (2wpi, D34) from all birds.

Groups rNDV-H5 vaccine dose, ONA,  
106 EID50/inocB

Challenge dose, ON, 
106 EID50/inoc

Birds Number 
of birds

Vaccination Age 
(days)

H5N1 Strain Age 
(weeks)

1 SPF 20 rNDV-H5 2+14 Egypt 2008 3

2 SPF 30 Unvaccinated - Egypt 2008 3

3 NDV-nMDA 15 rNDV-H5 2+14 Egypt 2008 3

4 NDV-nMDA 20 Unvaccinated - Egypt 2008 3

5 NDV-aMDA 26 rNDV-H5 2+14 Egypt 2008 3

6 NDV-aMDA 20 Unvaccinated - Egypt 2008 3

7 H5-aMDA 20 rNDV-H5 2+14 Egypt 2008 3

8 H5-aMDA 30 Unvaccinated - Egypt 2008 3

A = oculonasal; B = inoculum

O Table 1.
Experimental setup of vaccination and challenge of birds vaccinated with the rNDV-H5 vaccine.

Immunological and viral excretion monitoring

Haemagglutination inhibition (HI) tests were conducted fol-
lowing current standard procedures using 4 haemaggluti-
nating units (HAU) of Egypt 2008 or NDV La Sota virus per 
well as antigen (30). 

After viral RNA extraction from OP and CC swabs, the detec-
tion of the AI challenge strain was performed by real time 
reverse transcriptase polymerase chain reaction (QRRT-
PCR) (42).

Results

Glycoprotein representation and their 
distribution at the surface of the rNDV-H5 and 
the LaSota virus

Expression of the chimeric H5 glycoproteins (gp) at the sur-
face of the rNDV-H5 vaccine was confirmed by the immu-
nogold labelling experiment by incubation with anti-H5 
mAb (5A1). However, the quantity of golds at the surface 
was variable from one virion to another and approximately 
one third of the 50 analysed recombinant virions did not 
present any gold at their surface, indicating the absence of  
chimeric H5 expression at the surface of these rNDV-H5 
virions. On average, the number of golds present at the sur-
face of the rNDV-H5 treated with the 5A1 mAb was signifi-
cantly greater than the number of golds present at the sur-
face of the LaSota virus treated with the same mAb (fig. 1). As 
a negative control, the rNDV-H5 and the LaSota virus were 
treated with an irrelevant mAb (anti-IFNg). In this case, both 
presented a very low number of golds at their surface due 
to some aspecific binding and this number of golds was not 
significantly different between the rNDV-H5 and the LaSota 
virus (fig. 1).

Purified rNDV-H5 and LaSota virions were also incubated 
with anti-F (10F2) or anti-HN (7D4) mAb. Golds particles 
were present at the surface of both viruses incubated with 
10F2 or 7D4 mAb, indicating that the observed virions are 
expressing both NDV gp’s at their surface. For each sample, 
almost all the 50 analysed virions were presenting golds at 
their surface. On average, the number of golds at the surface 
of the rNDV-H5 treated with 10F2 or 7D4 mAb was signifi-
cantly lower than the number of golds at the surface of the 
LaSota virus treated with the same mAb, showing a probable 
negative influence of the chimeric H5 on the NDV surface 
gp’s expression (fig. 2).
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O  Fig 1.
Number of gold particles counted on LaSota and rNDV-H5 viruses after treatment with an anti-H5 or an 
anti-IFNγ mAb. The number of gold particles is expressed by viral surface. For each treatment, the number 
of gold particles is the mean of the number of gold counted on 50 virions.

O  Fig 2.
Number of gold particles counted on LaSota and rNDV-H5 viruses after treatment with an anti-F, an anti-HN 
or an anti-IFNγ mAb. The number of gold particles is expressed by viral surface. For each treatment, the 
number of gold particles is the mean of the number of gold counted on 50 virions.

Effect of natural and artificial NDV-MDA and 
artificial H5-MDA on rNDV-H5 vaccine efficacy 
against a heterologous HPAI AsH5N1 challenge

The clinical protection induced by the rNDV-H5 vaccine in 
different MDA contexts after the heterologous HPAI H5N1 
challenge is presented in figure 3. The vaccine induces 25% 
protection in the NDV-aMDA vaccinated chicks while no 
protection is induced in the SPF and the H5-aMDA vacci-
nated chicks. Moreover, a faster 100% mortality is observed 
for the H5-aMDA vaccinated chicks compared to the SPF 
vaccinated birds. For the NDV-nMDA vaccinated chicks, the 
vaccine induces a 50% protection against the challenge.

O  Fig 3.
Protection against mortality after challenge with the clade 2.2.1 Egypt 2008 HPAI H5N1 strain on 
vaccinated SPF, NDV-MDA, NDV-aMDA and H5-aMDA chickens. Unvaccinated animals were used as the 
challenge controls groups. Data represent survival rate at different dpi. Lines with no common letters differ 
significantly (P<0.05).

Viral excretion after challenge measured from the collected 
OP and CC swabs is presented in table 2. OP viral excretion 
at 1 dpi was only reduced in the group of the NDV-nMDA 
chickens when comparing vaccinated and unvaccinated 
birds. The OP viral excretion at 1 dpi and CC at 3 dpi were sig-
nificantly lower in the vaccinated NDV-nMDA group com-
pared to vaccinated SPF and H5-aMDA groups. The same 
result is observed for the NDV-aMDA group but only for the 
CC viral excretion at 3 dpi.
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Effect of natural and artificial NDV-MDA and 
artificial H5-MDA on rNDV-H5 vaccine efficacy 
against a heterologous HPAI AsH5N1 challenge

The clinical protection induced by the rNDV-H5 vaccine in 
different MDA contexts after the heterologous HPAI H5N1 
challenge is presented in figure 3. The vaccine induces 25% 
protection in the NDV-aMDA vaccinated chicks while no 
protection is induced in the SPF and the H5-aMDA vacci-
nated chicks. Moreover, a faster 100% mortality is observed 
for the H5-aMDA vaccinated chicks compared to the SPF 
vaccinated birds. For the NDV-nMDA vaccinated chicks, the 
vaccine induces a 50% protection against the challenge.

O  Fig 3.
Protection against mortality after challenge with the clade 2.2.1 Egypt 2008 HPAI H5N1 strain on 
vaccinated SPF, NDV-MDA, NDV-aMDA and H5-aMDA chickens. Unvaccinated animals were used as the 
challenge controls groups. Data represent survival rate at different dpi. Lines with no common letters differ 
significantly (P<0.05).

Viral excretion after challenge measured from the collected 
OP and CC swabs is presented in table 2. OP viral excretion 
at 1 dpi was only reduced in the group of the NDV-nMDA 
chickens when comparing vaccinated and unvaccinated 
birds. The OP viral excretion at 1 dpi and CC at 3 dpi were sig-
nificantly lower in the vaccinated NDV-nMDA group com-
pared to vaccinated SPF and H5-aMDA groups. The same 
result is observed for the NDV-aMDA group but only for the 
CC viral excretion at 3 dpi.

Challenge 
at 3 weeks 

of age

Birds Group OP viral excretion x,y CC viral excretion x,y

1 dpi 3 dpi 6 dpi 8 dpi 1 dpi 3 dpi 6 dpi 8 dpi

Egypt 2008

SPF Vaccinated 5.2±1.3 AB 
(9/10) 

6.6±0.3 AB 
(9/9) 

6.4           
(1/1)

SM 2.1±0.8 A 
(2/10) 

5.1±1.4 A  
(9/9) 

5.0           
(1/1)

SM

Unvaccinated 5.5±1.4 A 
(9/10) 

SM SM SM 3.3±1.5 A 
(5/10) 

SM SM SM

NDV-nMDA Vaccinated 3.0±1.5 C 
(4/10) 

4.0±2.6 B 
(6/10) 

3.2±1.1 A 
(4/6) 

3.0±2.3A 
(2/6) 

1.9±0.0 A 
(0/10) 

3.4±2.1 B 
(4/10) 

1.9±0.0 A 
(0/6) 

2.4±1.2 A 
(1/6) 

Unvaccinated 4.9±1.5 AB 
(9/10) 

SM SM SM 1.9±0.0 A 
(0/10) 

SM SM SM

NDV-aMDA Vaccinated 4.1±2.0 BC 
(10/16) 

5.5± 2.4 AB 
(12/15) 

5.3±1.9A 
(6/7) 

2.8±2.0 A 
(1/5) 

1.9±0.0 A 
(0/16) 

3.4±1.8 B 
(7/15) 

2.4±1.0 A 
(2/7) 

2.8±2.1A 
(1/5) 

Unvaccinated 4.9±1.4 AB 
(6/7) 

6.8           
(1/1)

SM SM 2.2±0.8 A 
(1/7) 

7.8          
(1/1)

SM SM

H5aMDA Vaccinated 5.6±0.8 A 
(10/10) 

8.3±0.2A 
(4/4) 

SM SM 1.9±0.0 A 
(0/10) 

6.3±0.7 A 
(4/4) 

SM SM

Unvaccinated 5.7±0.9 A 
(10/10) 

8.7±0.3A 
(4/4) 

SM SM 1.9±0.0 A 
(0/10) 

6.2±0.9 A        
(4/4)

SM SM

x  Data were expressed as the mean ± standard deviation of the number of M gene copies per ml of swabs samples (log10). The number of chicken positive over the total number of chicken 
for OP or CC viral shedding is given in parentheses. 

y  Letters in capital indicate a significant (P<0.05) difference at a given time point between groups. 

SM= specific mortality

O Table 2.
Viral excretion on OP and CC swabs sampled at 1, 3, 6 and 8 dpi with the Egyptian clade 2.2.1 Egypt 2008 H5N1 strain, detected by matrix QRRT-PCR.

Effect of natural NDV- and artificial NDV-
and H5-MDA on rNDV-H5 vaccine immune 
response before and after a heterologous HPAI 
AsH5N1 challenge

H5 and NDV serology at different time points after vacci-
nation and post challenge is presented in table 3 for the dif-
ferent groups of birds.  After vaccination, 1/10 NDV-nMDA 
and 4/16 NDV-aMDA vaccinated chickens were positive by 
H5 AIV HI test. After the challenge, a similar and significant 
increase of the H5 HI titre was observed in both vaccinated 
NDV-nMDA and NDV–aMDA surviving birds.

Regarding the NDV serology, a positive response was 
detected after vaccination in SPF and H5-aMDA groups 
and was comparable to the NDV response measured in vac-
cinated NDV-nMDA and NDV-aMDA birds. However this 
latter group showed a significant lower HI titre if compared 
to the H5-aMDA vaccinated birds at D21. At the end of the 
experiment, a similar NDV serological response in NDV-
nMDA and NDV-aMDA surviving birds was demonstrated.
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Birds Groups NDV Average HI titer (log2)±SD H5N1 Average HI titer (log2)±SD

D2 D14 D21 D34 D2 D14 D21 D34

SPF Vaccinated 2.0±0.0B,g 
(0/5)

4.9±1.2AB,f 
(9/10)

6.5±1.1AB,e 
(10/10)

SM 2.0±0.0B,e 
(0/5)

2.0±0.0A,e 
(0/10)

2.0±0.0A,e 
(0/10)

SM

Unvaccinated 2.0±0.0C,g 
(0/10)

2.0±0.0C,g 
(0/10)

SM 2.0±0.0A,e 
(0/10)

2.0±0.0A,e 
(0/10)

SM

NDV-nMDA Vaccinated 8.4±0.7A,e 
(10/10)

6.0±0.7A,e 
(10/10)

5.9±1.2AB,e 
(10/10)

5.8±0.4A,e 
(5/5)

2.0±0.0B,f 
(0/10)

2.0±0.0A,f 
(0/10)

2.2±0.6A,f 
(1/10)

4.4±2.3A,e 
(3/5)

Unvaccinated 6.0±0.9A,e 
(10/10)

5.1±0.9AB,f 
(10/10)

SM 2.0±0.0A,f 
(0/10)

2.0±0.0A,f 
(0/10)

SM

NDV-aMDA Vaccinated 8.5±1.1A,e 
(13/13)

5.6±1.0A,e 
(16/16)

4.8±1.3BC,e 
(15/16)

6.0±1.6A,e 
(4/4)

2.0±0.0B,f 
(0/13)

2.0±0.0A,f 
(0/16)

2.6±1.5A,f 
(4/16)

4.3±2.1A,e 
(3/4)

Unvaccinated 2.6±1.0BC,f 
(2/7)

2.0±0.0C,f 
(0/7)

SM 2.0±0.0A,f 
(0/7)

2.0±0.0A,f 
(0/7)

SM

H5-aMDA Vaccinated 2.0±0.0B,g 
(0/5)

5.7±1.4A,f 
(15/15)

7.4±0.7A,e 
(15/15)

SM 3.6±0.9A,e 
(4/5)

2.0±0.0A,e 
(0/15)

2.0±0.0A,e 
(0/15)

SM

Unvaccinated 2.0±0.0C,g 
(0/10)

2.0±0.0C,g 
(0/10)

SM 3.2±1.3A,e 
5/10)

2.0±0.0A,e 
(0/10)

SM

O Table 3.
HI antibody titres of SPF, NDV- and NDV-H5-MDA birds vaccinated with the rNDV-H5 vaccine and challenged with the clade 2.2.1 Egypt 2008 HPAI H5N1 strain. Data represent average±standard deviation of HI titre 
(log2) at D2), at D14 at D21 (before challenge) and at D34 (after challenge), which corresponds to the last dilution showing an inhibition of haemagglutination of 4 haemagglutination units of A) Egypt 2008 H5N1 
AIV and B) NDV LaSota strains used as antigens. Titres >3 log2 were considered positive and all birds having a titre≤3 were considered as negative and received a value of 2 by default for statistical purposes. Average 
(Av)±standard deviation (SD) inside groups at different timing (superscript in lower case from “e” to “f”) and at given time point between groups (superscript in capital from “A “to “C”); values with no common 
superscript differ significantly (P<0.05). The number of positive birds out of the total of birds is given in parentheses.

Discussion
Increasing attention is given to the generation of new vac-
cines able to fight off multiple diseases simultaneously. The 
NDV virus was demonstrated as a promising competent 
vector vaccine to provide protection against different poul-
try diseases (13, 18, 45). To fight off both NDV and the H5N1 
viruses, a recombinant bivalent NDV-H5 vaccine (rL-H5) has 
been developed, licensed and used in China (7). However con-
sidering the NDV and H5 MDA interference with the perfor-
mance of classical NDV (33) and H5N1 vaccines (1, 20, 26) it 
could be extrapolated that NDV- and/or H5-MDA, inherent 
to continuous vaccination programmes currently applied in 
the field, could be a source of vaccination failure for this new 
generation of bivalent vaccines. Only few data are available 
supporting that NDV-MDA alone (40) and NDV-H5-MDA 
(36) can affect the performance of rNDV-H5 vaccines.

To investigate further the specific impact of NDV- and 
H5-MDA on the rNDV-H5 vaccination, chicks presenting 
H5- or NDV-MDA were required. A SPF model allowing 
to artificially transfer passive immunity in day old chicks 
has been developed in house (24) and was used here to pro-
duce both types of artificial MDA positive chicks. As chal-

lenge strain, the heterologous clade 2.2.1 Egypt 2008 strain, 
responsible for 100% of mortality in the rNDV-H5 vacci-
nated SPF chicken, as previously demonstrated (23), was 
applied in order to study the impact of the two types of MDA.

In the H5 artificial model, an H5-aMDA interference on the 
rNDV-H5 vaccination efficacy was demonstrated after the 
challenge as revealed by a faster onset of mortality (at 4 dpi) 
compared to the vaccinated SPF birds (at 7 dpi). However, 
the H5-aMDA do not seem to affect the serological response 
specific to the NDV vector, as it was similar in vaccinated 
H5-aMDA and SPF birds. Their impact on the building of 
an active vaccine H5 response was difficult to determine 
due to low levels of H5 antibodies induced by this vaccine. 
This generally poor H5 response and the absence of impact 
of the H5-aMDA on the NDV serological response could 
be linked to the important proportion (1/3) of rNDV-H5 
particles which do not express the H5 at their surface as  
demonstrated by the immunoelectron microscopy.

On the other hand, a benefic effect of NDV-MDA on the 
vaccine efficacy was observed through the challenge  
experiment in both conventional and artificial NDV-MDA 
chickens, showing a significant 50% and 25 % level of pro-
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tection, respectively, compared to the absence of clinical 
protection observed in the vaccinated SPF chickens. More-
over, vaccinated NDV–MDA chickens clearly shed a lower 
amount of virus by both routes at 1 dpi compared to the SPF 
group. The difference of protection observed between the 
NDV-nMDA and NDV-aMDA groups could be attributed to 
a difference in MDA source. Even if the quantity of MDA at 
D2 between the two NDV-MDA groups appeared similar, the 
durability of NDV antibodies artificially induced was shorter 
than in conventional chicks indicating that the artificial 
model should still be improved. However, in this study no 
difference was observed in NDV and H5 serology between 
conventional and artificial NDV-MDA groups.

Depending on the type of MDA, their effect on the rNDV-
H5 vaccination seemed completely different. H5-MDA 
seemed to neutralise the rNDV-H5 vaccine and its protective  
capacity, while NDV-MDA increased its protective poten-
tial. Two hypotheses, not mutually exclusive, could explain 
this observation but need further investigation. The first 
hypothesis would be that the formation of NDV or AI-based 
immune complexes (ICs) (vaccine-MDA) might modulate 
differently the vaccine persistence and induction of immu-
nological responses, reflecting more efficient neutralisation 
mechanisms of AI compared to NDV MDA. Depending on 
the composition of the ICs a faster clearance or a slower 
release of the vaccine will be induced. Slower release pro-
motes a better homing to immunological privileged sites and 
the formation of germinal centres (6, 17, 21). As shown by 
the immunogold labelling experiments, the expression of the 
H5 at the surface of the vaccine has a negative impact on the 
quantity of F and HN proteins at the surface of the rNDV-H5 
vaccine. This alteration of the antigenic surface of the vac-
cine could modify the composition of the ICs and modulate 
their effect on the vaccination. 

A second hypothesis addresses the direct interference of 
MDA with the vaccine entry routes into the host cells, influ-
encing the type of immune mechanisms induced. Indeed, 
due to its bivalent character, the rNDV-H5 vaccine could 
theoretically use both NDV- and AIV pathways to enter 
into the host cells by a mainly pH independent fusion (22, 
28) or by the pH-dependent endocytic route, respectively 
(16, 35, 41). Recently, it was demonstrated that a recombi-
nant NDV vector expressing a surface glycoprotein of Ebola 
virus entered primarily by the macropinocytosis route into 
the host cells, as a typical Ebola virus, indicating that a fo- 
reign surface protein could strongly alter or even completely 
change the entry pathway of the NDV virus (44). According 
to the opposite effect of H5 and NDV-MDA it is hypothe-
sized that the rNDV-H5 vaccine entry, mediated by the 
NDV glycoproteins, could be unable to develop a sufficient 

H5 immune response while its attachment and entry via the 
endocytic pathway, would induce an H5 immune response 
providing efficient AI protection. Further in vitro studies 
will allow us to characterise which entry pathway is privi-
leged by rNDV-H5 and which sensibility to specific NDV or 
H5 antibodies can be observed (10, 37, 44). Finally, the NDV 
antibodies could be less neutralising than the H5 AIV anti-
bodies, only reducing, without completely preventing, the 
cell plasma membrane fusion and the induction of immune 
responses.
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Introduction 
Tuberculosis remains a serious disease of animals and 
humans worldwide (WHO, 2014). Bovine tuberculosis (bTB), 
caused mainly by Mycobacterium bovis, is a zoonosis and a 
major infectious disease among cattle, domestic animals (dog, 
cat…)(Broughan et al., 2013) and wildlife populations (deer, 
wild boar, badgers…). bTB has a strong economic impact due 
to decreased production and limitations to the trade (Bezos 
et al., 2014b). M. bovis can be transmitted to humans mainly 
by ingestion of raw milk or contaminated raw milk products 
but also, in rare cases by the respiratory route (aerosols). 
However, as pasteurisation of milk is effective against M. 
bovis, transmission to humans has become rare in developed 
countries (tuberculosis of human attributable to M. bovis 
accounts for less than 1% of all cases) whereas in develop-
ing countries transmission to humans reaches 10 to 20% of 
tuberculosis cases (Bezos et al., 2014a; EFSA, 2014).

In Europe, control and eradication programmes are based on 
routine tuberculin skin testing of cattle, removal and slaugh-
ter of positive reactors or total stamping-out of an infected 
holding, and systematic post-mortem surveillance at slaugh-
ter and movement restrictions placed on herds with infected 
animals. This approach has been successful in many EU 
Member states or regions which have obtained the official 
bTB Free (OTF) Status (Directive 64/432/EEC). However, in 
certain countries this strategy has been insufficient to era- 
dicate bTB: United Kingdom, Ireland and Spain are still 
showing high % of infected herds (respectively 10.4, 4.4 and 
1.2%) (EFSA, 2014). National trade and contact with wildlife 
reservoirs both in non-OTF and OTF countries are major 
factors for re-infections and spill over to domestic livestock 
(Bezos et al., 2014a). Although Belgium has the OTF status 
since 2003 (Commission Decision 2003/467/CE), each year 
some outbreaks are detected and in 2013, 9 herds were diag-
nosed to be infected (FASFC, 2014). However, as the percent-
age of infected herds is not higher than 1% of Belgian herds, 
OTF status can be maintened (Directive 64/432/EEC).

Among the official eradication campaigns, two tests, the 
intradermal tuberculin test (skin test) and the in vitro inter-
feron gamma release assay (also called IFN-γ test) are used 
as early diagnostic assays for the detection of cell-mediated 
immune response during the infection (Cf. figure 1).

O  Fig 1.
Schematic representation of the bovine immune responses to bTB as determined by various tests.
M. bovis is an intracellular pathogen of macrophages and other monocytic cells. Early infection is often 
asymptomatic and associated with strong cell mediated immunity (CMI) whereas the later stages are 
associated with a loss of this cellular immunity and the development of humoral immunity. Ultimately 
(usually months or years after initial infection) immune response becomes anergic, and clinical signs, 
including progressive emaciation, weakness, loss of appetite and enlargement of lymph nodes appear (de 
la Rua-Domenech et al., 2006) (Cf. figure 1). Tuberculin skin test and interferon gamma release assay 
(IFN-γ test) are used to detect CMI responses at early stage of M. bovis infection. Pathology and isolation 
of M. bovis (culture) gradually increase with time (de la Rua-Domenech et al., 2006; Vordermeier et al., 
2004)).

Intradermal tuberculin skin test is the primary screening 
test used to detect CMI responses in vivo (Schiller et al., 
2010b) and is prescribed by the World Organisation for 
Animal Health (OIE) for international trade of cattle (OIE, 
2009). Skin testing detects a delayed-type hypersensitivity 
reaction to the intradermal injection of tuberculin purified 
protein derivative (PPD) and can be performed using bovine 
PPD alone (single intradermal test or SIT) or as a comparative 
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test using avian and bovine PPD. In practice, the skin thick-
ness at the injection site is measured before and 72 hours 
after injection and interpreted following OIE standards 
(OIE, 2009a). The reasons for which skin test is widely used 
include its low cost, low logistical demands, well-documented 
use and, until recently, lack of alternative methods to detect 
bTB (Bezos et al., 2014b; de la Rua-Domenech et al., 2006). 
In most cases bTB outbreaks have been detected by the 
post-mortem surveillance at slaughter (de la Rua-Domenech 
et al., 2006; FASFC, 2014) Skin testing has some limitations 
including difficulties in administration and interpretation of 
results, need for a second visit, low degree of standardisa-
tion and imperfect test accuracy (Bezos et al., 2014b; de la 
Rua-Domenech et al., 2006).

The tuberculin skin test is considered as “A good herd test, 
but a poor animal test” (de la Rua-Domenech et al., 2006), The 
in vitro interferon gamma release assay (also called IFN-γ 
test) is often used as an ancillary test to supplement the skin 
test in several countries (Schiller et al., 2010b). The IFN-γ test 
is performed in two steps: firstly heparinized whole blood 
is cultured with antigen (mostly tuberculin purified protein 
derivatives, PPDs) to stimulate the cell mediated immunity 
(lymphocytes, NK…) to produce IFN-γ. Cells from uninfected 
animals do not produce this cytokine. Secondly, after over-
night incubation, IFN-γ in the plasma supernatant is quan-
tified using a sandwich ELISA (de la Rua-Domenech et al., 
2006). 

The IFN-γ release assay overcomes some disadvantages of 
skin test, particularly  no  need for a second visit by the  
veterinarian,it allows to be more objective as all measure-
ments are laboratory-based, and allows the inclusion of 
specific supplemental antigens providing an increase of 
accuracy of the diagnosis. However the major limitations to 
its use are the cost and logistical difficulties associated with 
the transport of blood samples in a stable environment in a 
restricted interval of time to the laboratory (de la Rua-Dome-
nech et al., 2006). 

The IFN-γ test is accepted in the European Union since 2002 
[Council Directive 64/432/EEC, amended by Commission 
Regulation (EC) 1226/2002] and more recently the European 
Commission requested the European Food Safety Autho- 
rity (EFSA) to issue a scientific opinion on the suitability of 
the IFN-γ test for inclusion in Directive 64/432/EEC as an 
official primary or stand-alone test and as equivalent to the 
intradermal test to define the infectious status of an animal. 
EFSA in answer acknowledged that the performance of the 
PPD-based IFN-γ test is at least as sensitive as the skin test 
and that it should be included in the official tests for con-
trol and eradication bTB programs. Nevertheless, EFSA 

recommended further evaluation of IFN-γ release assays to 
study the influence of factors (i.e. presence of environmental 
mycobacteria, prevalence …) as well as the performance of 
specific antigens in order to improve specificity (EFSA, 2012).

Objectives of the current Belgian study were, in the context 
of an experimental M. bovis infection

O First to evaluate the second BOVIGAM® generation (Pri-
onics) IFN-γ test using avian and bovine tuberculins in 
parallel with one specific M. tuberculosis complex anti-
gen, ESAT-6.

O Second to evaluate the influence of a single intradermal 
skin test on these IFN-γresponses in order to explore the 
possibility to use IFN-γ tests for confirmation of skin test 
results.

Materials and methods

Culture M. bovis inoculum

M. bovis 125T96 (SB0162), a Belgian low passage field strain, 
(Humblet et al., 2010) was prepared from a biofilm culture 
on Sauton medium. Bacterial biofilm was resuspended in 1/5 
Sauton medium, homogenized with 4 and 6 mm glass beads 
(ratio 1:1) at 180 RPM during 20 min. This stock was aliquoted 
with 20% glycerol and conserved at -80°C until use. The stock 
concentration was enumerated by plating on 7H11 media.

Bulls, infection and necroscopy

Six Holstein bulls aged 19 months (± 2 months) and origina- 
ting from officially tuberculosis-free herds were used in this 
experiment. Two bulls (ID numbers 1954 and 1964) were not 
infected and kept in the BSL-2 facilities. The other 4 animals 
(ID numbers 3173, 2148, 2149 and 1977) were infected intra-
tracheally with 1.5x105 CFU of M. bovis 125T96 and main-
tained in the BSL-3 facilities. 

At slaughter, all animals were subjected to autopsy (realized 
17 weeks post-infection) and 30 organs and lymph nodes 
ofhead, chest cavity, abdomen and intestines were sampled 
for macroscopic, histopathological and bacteriological (isola-
tion and identification of MAP and M. bovis) analysis. For 
histopathological evaluation, all tissues were fixed in a 4 % 
phosphate-buffered formaldehyde solution, processed rou-
tinely, paraffin-embedded, and sectioned at 5-µm thickness. 
Sections were primarily stained with haematoxylin-eosin 
staining.
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Tissue samples for culture were first decontaminated with 
0.75% hexadecylpyridinium chloride (Corner and Trajstman, 
1988) and then cultured onto Coletsos medium. Isolates were 
further identified by RT-PCR amplification of IS6110. 

All cattle experiments were cleared by local ethical review, 
and animal procedures were performed in accordance with 
institutional guidelines and approved animal care and proto-
cols for animal welfare.

Blood Sampling 

Heparinized blood was sampled at 18 time points after 
infection, as indicated by the yellow cross-bars. Sampling 
was performed at one to two week intervals before single 
intradermal skin test (SIT), and every 2 or 3 days thereafter. 
The single intradermal skin test was performed at 115 days 
post-infection as indicated by time-line of days post-infec-
tion (cf. Figure 2). 

O  Fig 1.
Summary diagram showing the sampling. Yellow cross-bars: heparinized blood sample, single intradermal 
skin test (SIT) (red colour)

Tuberculin skin test procedures

The SIT (single intradermal skin test) was performed on the 
six bulls by intradermal injection with 0.1 ml bovine PPD 
(2000 IU, ID Lelystad) in the mid-neck region using a Der-
mojet at 115 days post-infection. Skin thickness was mea-
sured in mm before the intradermal injection and after 72 
h. Interpretations were performed according to OIE stan-
dards (OIE, 2009b), where a reaction is usually considered 
to be positive if the increase in skin thickness at the site of 
injection is more than 4 mm and considered as negative for 
an increase less than 2 mm. Between 2 and 4 mm, the test is 
inconclusive. The six bulls had not received any SIT prior to 
this experiment.

IFN-γ assay 

Heparinized blood was collected from the jugular vein and 
180 µL of blood was dispensed in duplicate in sterile flat-bot-
tomed microplates (Nunc®, Rochester, NY) with 20 µL of PBS 
as negative control, with respective antigens (PPD-B, PPD-A 
Prionics Lelystad, recombinant proteins or peptides and 

pokeweed mitogen (PWM) as positive control. Plates were 
incubated for 20 hours at 37°C in a humidified 5% CO

2 
incu-

bator. Duplicate supernatants were harvested by centrifu-
gation, pooled, and transferred to sealed microplates stored 
at -20°C, or tested directly with an IFN-γ sandwich ELISA 
(BOVIGAM®2G, © Prionics AG). 

Plate readings were validated in accordance to the manufac-
turer’s instructions using the positive and negative controls 
of the kit: negative bovine IFN-γ control < 0.130 (negative 
control must not vary by more than 0.040) and positive 
bovine IFN-γ control: 1.20 - 2.00 (positive control must not 
deviate by more than 30% from their absorbance). 

Sample results could be interpreted if the OD Nil value ≤ 0.3 
and the Pokeweed mitogen ≥ 0.5. A sample was considered 
positive when OD

450
 bovine PPD - Nil antigen ≥ 0.1 and the 

OD
450

 PPD-B –PPD-A ≥ 0.1, while a sample was considered 
negative when the OD

450
 PPD-B - Nil antigen < 0.1 or the 

OD
450

 PPD-B - PPD-A < 0.1.

Antigens 

Bovine tuberculin PPD-B and avian tuberculin PPD-A were 
purchased from Prionics Lelystad and used at final assay 
concentrations of 300 IU/ml and 250 IU/ml respectively.

Recombinant ESAT-6 (Cat n° 51055, Statens Serum Institut) 
was used at 5 µg/ml and 20-mer N-terminal peptide of ESAT-6 
(sequence: MTEQQWNFAGIEAAASAIQG) was used at  
10 µg/ml.
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Results

Experimental infection: SIT, bacteriology, gross 
and histopathological lesions. 

The single intradermal skin test (SIT) was performed once 
at 115 days post-infection (dpi). According to the interpreta-
tion criteria based on OIE standards (OIE, 2009b), the four M. 
bovis infected bulls showed a significant increase of at least 
16.5 mm and were classified as positive (Table 2) whereas the 
two uninfected bulls showed a thickness increase less than 
1.5 mm and were classified as negative. 

Skin thickness 
Day=0

Skin thickness 
Day = 3

Swelling mm Results

1954 uninfected 19,0 mm 20.0 mm 1 mm Neg

1964 uninfected 14,5 mm 16.0 mm 1.5 mm Neg

1977 Infected 16.5 mm 35-50 mm 18.5-33.5 mm Pos

3174 Infected 18.5 mm 35-45 mm 16.5-26.5 mm Pos

2148 Infected 20.0 mm >50 mm >30 mm Pos

2149 Infected 16.5 mm 34.0- 40.0 mm 17.5-23 mm Pos

O Table 1.
Response to the intradermal skin test (SIT). The results are expressed as the skin thickness before and 3 
days after SIT (in mm), as well as the increase in skin swelling.

Upon autopsy, and as expected, the two uninfected animals 
did not show macroscopic or histopathological tuberculosis 
lesions or positive culture, whereas all four experimentally 
M. bovis infected animals showed typical gross and histo-

pathological lesions. These lesions were located mainly in 
the lymph nodes (LN) of the head region and of the respira-
tory system (i.e. in submandibular LN, retropharyngeal LN, 
bronchial LN and mediastinal LN) (Cf. Table 3). 

Macroscopically, the tuberculous granuloma had a yellowish 
appearance and with caseous necrosis, but with no obvious 
macroscopic calcification (Cf. figure 2). 

O  Fig 3.
Gross lesion present in submandibular lymph node (Bull 3174, left) and in mediastinal lymph node (Bull 
2148, right). 

Results of culture and isolation of M. bovis in organs were 
correlated with presence or absence of gross lesions (Cf. 
Table 3). Moreover, M. bovis was also isolated from tonsils 
and Hile LN without gross lesion (bull 2148 and 2149). 

Histopathological observations were performed on tissue 
sample collected at autopsy. Nodular granuloma formation 
was observed in the retropharyngeal, submandibular, pres-
capular, bronchial, mediastinal and biliary lymph nodes of 
some infected animals. These nodular granulomas were 
composed of multiple granulomas (with central calcifica-
tion and necrotic cell debris and caseation) surrounded by  
macrophages, multinucleated giant cells and a peripheral 
zone of lymphocytes and plasma cells with sometimes the 
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Post-mortem analysis: macroscopical lesions (black box) and M. bovis culture (grey box). 
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start of fibrous capsule formation. There was no clear pre- 
sence of bacteria on Ziehl Neelsen coloration in these gra- 
nulomas. Other lymph nodes presented only a mild follicular 
hyperplasia with formation of germinal centres (secondary 
follicles). There were no typical granulomatous lesions in the 
lung tissue samples, nevertheless a slight multifocal intersti-
tial pneumonia surrounded by emphysema was observed in 
two animals (ID numbers 3174 and 1977). Finally, no typical 
tuberculosis lesions were observed in the two uninfected 
bulls.

O  Fig 4.
H&E staining on mediastinal and submandibular LN from infected bulls. Multinucleated giant cells were 
surrounded (left) and indicated by arrow (right).

Tuberculin IFN-γ responses

According to the interpretation of the IFN-γ assay as 
described above, in M. bovis infected bulls, IFN-γ responses 
to bovine PPD (PPD-B) exceeded the responses to avian 
PPD (PPD-A) as early as 2 weeks after challenge, allowing 
diagnosis of the tuberculosis infection from that time point 
onwards. At 0 and 14 dpi, there was no difference between 
the PPD-A and PPD-B responses or PPD-A responses tended 
to be even higher (ID numbers 1977 and 1954) indicating 
the possible sensitization of these animals to environmen-
tal mycobacteria (i.e. M. paratuberculosis or other myco-
bacteria). Bull 1977 showed the strongest IFN-γ production 
and a ½ dilution activated plasma was needed from 2 weeks 
post-infection until SIT was performed. In the two unin-
fected bulls, IFN-γ γ responses were very weak or oriented 
either to PPD-A. 

After the single intradermal skin test (SIT) was performed 
at 115 dpi, the PPD-B responses in the four infected bulls 
increased at 5 days post-SIT (associated with a need for higher 
dilution of their activated plasma with PPD-B and PPD-A, 
data not shown). This booster effect had no impact on test 
interpretation as described in the literature (Schiller et al., 
2010a). However, in the uninfected bull 1954 (dark green 
line in Fig. 5), SIT induced a strong and unexpected PPD-B 
(and to a lesser extent a PPD-A) specific IFN-γ response. 
This PPD-B specific IFN-γ response peaked at day 5 post-SIT 
and decreased gradually until seventeen days post-SIT. It is 
probable that this ‘false positive’ response resulted from the 
sensitisation of this bull to environmental, non-tuberculous 
mycobacteria.

O  Fig 5.
PPD-B minus PPD-A specific IFN-γ levels measured at different time points after infection. 
Diagnosis was made by subtracting OD450nm (bovine PPD – avian PPD). If the difference in OD between 
PPD-B and PPD-A was higher than 0.1, tuberculosis diagnosis was considered positive (cut-off value 
indicated by the horizontal red line). At 115 days after infection, a cervical tuberculin skin test (SIT) 
was performed (Vertical dotted brown line). In order to calculate this subtraction, PPD-B or PPD-A had 
to be below the saturation level (3.5). When the two PPD OD450nm values were near this saturation level 
(between 3 to 3.5), a dilution (1/2 to 1/5) of activated plasma was made until OD value was below 2.5.
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Response to ESAT-6
 1-20

 peptide and to 
recombinant protein ESAT-6 

Alongside this study, IFN-γ response to recombinant ESAT-6 
protein (rESAT-6) and ESAT-6 peptide 1 (consisting of the 
first 20 AA, ESAT-6

p1
) was analysed (Figure 6). 

Two (ID numbers 1977 and 2149) out of the four infected 
bulls reacted to ESAT-6 antigen (recombinant protein and 
peptide 1) as early as 2 weeks post-infection. A third animal 
(2148) recognised the ESAT-6

 p1
 at day 56 and rESAT-6 at 

70 dpi (Figure 5). The SIT test induced a strong boost effect 
on ESAT-6 specific IFN-γ production, from 5 days post-SIT 
onwards in these three infected bulls. Concerning infected 
bull 3174, the IFN-γ response to rESAT-6 or ESAT-6

p1
 was 

close to detection level and two times weakly positive. SIT 
did not stimulate responses against the ESAT-6 recombinant 
protein in this animal, but 17 days post-SIT a weak IFN-γ pro-
duction could be detected with ESAT-6

p1
 (OD

450nm
 = 0.132). 

The two uninfected bulls did not show any ESAT-6 specific 
IFN-γ response before SIT, but after SIT, bull 1954 showed 
a positive reaction. This response was very similar to that 
which we had previously observed for tuberculin (see pre-
vious chapter: Tuberculin IFN-γ responses) reaching a 
maximal intensity at 5 days post-SIT and then gradually  
decreasing again. 

Discussion - Conclusion
The first-BOVIGAM® generation (Prionics) kits are the 
most widely used official additional tests in bTB diagnosis 
and used in parallel to the skin tests in European control 
programmes since 2002 [Council Directive 64/432/EEC, 
amended by Commission Regulation (EC) 1226/2002]. Used 
in parallel to the skin test, it allows to maximise the detec-
tion of bTB-infected animals (Bezos et al., 2014b). The se- 
cond-generation Bovigam test kits could be used in the same 
context and seems to be comparable to the first generation 
in terms of sensitivity and specificity (Bass et al., 2013). This 
new generation offers improved repeatability for borderline 
results samples, reduces the cost per animal and requires 
fewer manipulation steps thus delivering faster results. 

The study  showed that IFN-γ release assays using the second 
BOVIGAM® generation test kits based on PPD-tuberculins 
as well as ESAT-6 antigens are an effective and useful tool 
in the context of bovine tuberculosis diagnosis allowing the 
discrimination between infected and uninfected animals. As 
mentioned and in accordance with a previous publication 
(Bezos et al., 2014b) about using tuberculin and ESAT-6 anti-
gen, M. bovis infection can be detected as early as 2 weeks 
post-infection. In a second part of this study, an increase of 
specific IFN-γ production following the single cervical intra-
dermal skin test (SIT). IFN-γ responses from the infected 
bulls were strongly stimulated using avian and bovine PPD 
tuberculin and ESAT-6 antigen without any impact on test 
interpretation. The boost effect of SIT in experimentally M. 

O  Fig 6.
Kinetics of ESAT-6 specific IFN-γ reponse of the two uninfected bulls (green) and the four infected M. bovis bulls. Blood cells were cultured in the presence of recombinant ESAT-6 protein used at 5µg/ml (right) or peptide 
ESAT-6(p1-20) used at 10µg/ml (left). IFN-γ production was tested by ELISA and results are expressed in OD450nm.
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bovis infected cattle with tuberculin and ESAT-6 antigen 
was already described before (Schiller et al., 2010a). 

However, an unexpected and strong IFN-γ response towards 
tuberculin and ESAT-6 specific antigen was observed after 
SIT in one of the two uninfected bulls. This response was 
maximal at 5 days post-SIT and decreased gradually to day 
17 post-SIT, when IFN-γ specific responses against tuberculin 
and ESAT-6 antigen were close to the cut-off value in this 
uninfected M. bovis bull. In contrast, boost effect of SIT was 
maintained in M. bovis infected bulls. ESAT-6 is a specific 
antigen of M. tuberculosis complex but it is also expressed in 
at least two mycobacteria not belonging to the mycobacteria 
tuberculosis complex (M. kansasii and M. marimun (Arend 
et al., 2002)). This antigen allows the differentiation between 
environmental mycobacteria (i.e. M. avium sp.) (Aagaard et 
al., 2010) and M. bovis infection. Two hypotheses can be 
made based on the fact that all bulls used in this study were 
probably exposed to non-TB environmental mycobacterial 
species (Thacker et al., 2013) as indicated by the initial PPD-A 
specific IFN-γ response: i) either SIT can boost immune 
responses in cattle sensitized with environmental mycobac-
teria which do not express ESAT-6 antigen (Gey van Pittius 
et al., 2006) and injection of tuberculin could induce a tran-
sient and non-specific immune response directed against 
this strong immunodominant antigen. ii) or SIT boosted 
ESAT-6 specific immune responses in cattle sensitized with 
M. kansasii, a mycobacterial species producing ESAT-6 anti-
gen (Arend et al., 2002; Waters et al., 2006). Unfortunately, 
neither M. paratuberculosis nor M. kansasii could be identi-
fied by culture in this study. Further immuno-histopatholo- 
gical and PCR analyses are still ongoing.

In conclusion this study indicated that IFN-γ release assays 
based on tuberculin and ESAT-6 are a useful tool to diagnose 
M. bovis infection as early as two weeks after infection. The 
sensitization of cattle to environmental mycobacteria did not 
interfere with the diagnosis of bovine tuberculosis. However, 
single intradermal skin test was found to interfere with the 
IFN-γ release assays, between day 5 and day 17 post SIT (end 
of experiment) but not at 3 days after tuberculin injection in 
uninfected cattle. However, this observation was made only 
on a single uninfected animal and therefore more extensive 
studies are needed in the field to demonstrate that SIT can 
interfere with IFN-γ release assays. IFN-γ release assays 
could be performed at 3 days post-SIT (at the time of reading 
the SIT result), and otherwise a waiting period between SIT 
and IFN-γ release assays should be applied (from 5 days to 17 
days at least). 
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Introduction
Reproductive disorders comprise a plethora of clinical  
manifestations spanning from infertility to abortions that 
can be associated to simple or more complex dynamics impli-
cating, among others, infective agents. Various reports (For-
nazari et al., 2012) present leptospirosis as one possible cause 
of reproductive disorders in production animals. Leptospiro-
sis is a disease with global distribution, caused by spirochetes 
belonging to the genus Leptospira. Its epidemiology, the wide 
range of susceptible and reservoir hosts, an intricate eco-
system, limitation in cultivating the germ, make this disease 
difficult to diagnose as such. The principal diagnostic test 
is an indirect serology through identification of antibodies 
in infected animals with the microscopic agglutination test 
(MAT) performed with live Leptospira as antigen (OIE, 2014). 
In recent years, together with MAT, diagnostic PCR has been 
increasingly used for direct detection, because of its higher 
sensitivity in diagnosing bacteraemia at an early phase of 
acute infection (Marga G.A. Goris, 2012) and in detecting 
chronic shedders (Hamond et al., 2014; Prager et al., 2013). 
Its use has been expanded because of the low sensitivity 
obtained formerly with culture, which tends to be labori-
ous and difficult, particularly from animal samples collected 
under field conditions. On the other hand, culture remains 
an important tool for epidemiology of the circulating strains 
(Picardeau, 2013). 

In lack of a perfect satisfactory diagnostic test, MAT and 
PCR are complementarily used. For the MAT, the standard 
protocol (OIE, 2014) indicates the use in routine diagnosis 
of a cut-off threshold of 1:100 irrespective of the diagnosed 
species. Indeed, the specificity in the diagnosis mostly relies 
on the demonstration of high titre in serology. On the other 
hand, lowering the threshold can be accepted under specific 
circumstances such in serosurveillance studies (Ayral et 
al., 2014). This report presents a case of reproductive disor-
ders in a cattle herd associated with high serology titre of 
Leptospira Sejroe antibodies but no direct detection of the 
pathogen. In the second herd present in this mixed species 
farm, the swine unit, antibodies against Leptospira were at 
low titre and would have been unnoticed at 1:100 thresh-
old dilutions. In this herd, presence of Leptospira was finally 
confirmed by indirect and direct diagnosis of the pathogen in 
two consecutive aborted litters. 

Materials and methods

Study design

Cattle

The calculation of the total number of cows to be sampled 
was based on an expected prevalence of 50 % (considering 
no a priori knowledge of the prevalence), an accepted error 
of 10% and a 90% confidence level. Since the population size 
was 107 cows, a total sample size of 31 animals was originally 
determined. Only 26 animals were actually sampled, eight of 
them were sampled twice or with an interval of 4 to 8 weeks.

Pigs

The calculation of the total number of sows to be sampled 
was based on an expected prevalence of 50 % (considering no 
a priori knowledge of the prevalence), an accepted error of 
5% and a 95% confidence level. Since the population size was 
140 sows, a total sample size of 103 animals was determined. 

Sample collection

Blood samples were collected in serum tubes, centrifuged 
and the serum stored at -20°C till analysis. Urine samples 
were taken by catheterization of three cows of which two 
tested positive by the micro agglutination test. The aborted 
piglets were also preserved in cooled conditions and organ 
tissues were sampled and analysed between one and three 
days after abortion had occurred. 

Strain and culture conditions

The Leptospira strains were maintained in liquid Elling-
hausen-McCullough-Johnson-Harris (EMJH) medium sup-
plemented with 0.2% w/v yeast extract and 10% foetal calf 
serum (PAA laboratories GmbH). Cultures were grown at 
29°C and inoculated weekly by 1:50 dilution. Strains are con-
trolled every 6-month period upon a panel of positive sero-
var-specific antisera (KIT, Amsterdam).
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Serum microscopic agglutination test (MAT)

The MAT was performed using a panel of 12 live cultured 
Leptospira strains comprising the following serogroups, with 
related serovars in brackets, Grippotyphosa (grippotyphosa), 
Canicola (canicola), Pomona (pomona), Ballum (castellonis), 
Icterohaemorrhagiae (icterohaemorrhagiae), Javanica (poi), 
Australis (muenchen), Autumnalis (autumnalis), Bataviae 
(bataviae), Pyrogenes (pyrogenes), Tarassovi (tarassovi), 
Sejroe (Hardjo type prajitno) (MAT12). Procedure was that 
preconized by the OIE manual (OIE, 2014). Briefly, sera were 
diluted in PBS and live strains to obtain the desired threshold 
dilution and incubated for 1h at 39°C. Endpoint titres were 
determined starting from an initial dilution of 1:10 and using 
a three-fold dilution until the last condition showing 50% 
agglutination was observed. 

Diagnostic real time PCR for leptospirosis

For nucleic acid extraction, tissue samples were smashed in 
minimum 250µl physiological water and 200µl of this homo- 
genate mixed with 235µl lysis-binding solution (MagMax, 
Applied Biosystem) supplemented with lysozyme at a final 
concentration of 1mg/ml. After incubation for one hour at 
37°C, samples were processed for extraction as defined by 
the manufacturer (MagMax nucleic acid extraction kit, 
Applied Biosystem). For the amplification of the Lipl32 gene, 
primers, probe and thermal conditions were those as previ-
ously described (Stoddart, 2009). Reaction mix consisted of 
2x absolute mix (Applied Biosystem), 300µM each of forward 
and reverse primers and 100µM of TaqMan probe.

Diagnostic real time PCR for hepatitis E virus 
(HEV) and porcine reproductive and respiratory 
syndrome virus (PRRSV)

Viral RNA was extracted using Viral RNA kit (Qiagen) and 
used for cDNA synthesis with random hexamers (Roche 
Life Science) and M-MLV Reverse transcriptase polymerase 
(Invitrogen).  The presence of HEV-specific sequence was 
investigated in the samples by real-time PCR with the pri- 
mers and probe described by Jothikumar et al. (2006). The 
PRRS-specific sequences were detected with a SYBR Green 
PCR assay using primers designed by Martinez et al. (2008). 

The two real-time PCR assays were performed on a Light-
Cyler 480 (Roche Life Science) using adapted master mixes 
(LightCycler FastStart DNA Taqman probe Master Mix and 
FastStart DNA Master SYBR Green I) from Roche Life Sci-
ence and according to manufacturer recommendations.

Results

Description of the farm at the time of study

In the late fall of 2012, a case of a mixed units farm presented 
at the National Reference Laboratory for leptospirosis with 
history of poor fertility performance among the cattle unit. 
The farm consisted of two different species units with the 
following characteristics:

O Cattle herd: 107 animals, Holstein-Friesian breed, 9 
females younger than 6 months, 2 between 6 and 12 
months, 21 between 12 and 24 months, 74 with more 
than 24 months and 1 bull older than 24 months. On 
average, 50 lactating cows;

O Sow unit: 140 animals. Record-keeping of the sanitary 
parameters in this herd was not provided. 

The two units were drinking from the same water source 
(wellbore) and manure is prepared from the swine slurry. The 
farm presented clear infestation with common rats (Rattus 
norvegicus), particularly within the swine unit (Figure 1).

Veterinary parameters of the cattle herd were well do- 
cumented. Reproductive problems were mainly observed 
at the calving-to-conception intervals, which were higher 
than 450 and sometimes above 500. The insemination/ges-
tation rate was low (3,67) as well as the success rate in off-
spring (2/10). Artificial insemination has been performed by 
the owner for the past 18 years and no particular abortion  
problems were recorded between 2011 and 2012. The cattle 
herd was BVDV (2x/year) and IBRV (1x/year) vaccinated, 
and prevention of young cattle with antiparasitic injection 
before and after the grazing season occurred. Clinical signs 
of paratuberculosis were absent and no abortions were 
present to suspect Neospora infection. Metabolic parame-
ters (hypocalcaemia, LDL, laminitis and sleeping milk di- 
sease) were within the normal reference level. The animals 
were of general good size, attentive and active, with optimal 
skin conditions, mammary gland status within reference 
values (rarely mastitis). An extensive laboratory follow-up 
was performed including BVDV antigens and salmonella 
in tank milk, selenium and iodine, IBRV IgE and Leptospira 
antibodies. Of the above analyses, all were uninformative 
to the exception of 2 out of 6 tested animals that presented 
antibodies against Leptospira serogroup Serjoe at threshold 
dilutions of 1:300 and 1:500. 



CODA-CERVA  Scientific RepoRt 2013/2014  O  animal HealTH

127

O  Fig 1.
Pictures illustrating the management in the swine unit. Sows are kept in farrowing units at high density. 
Presence of rats is clear within the units and in the entire farm by the frequent observation of sparsely 
distributed dead animals.

Seroprevalence and bacteriology of Leptospira 
within the cattle population

The in-herd prevalence in cattle was next evaluated by 
MAT12, which was estimated at 15,4% (95% CI :3,3 - 27,5), 
11,5% (95% CI: 0,8 - 22,2), and 7,7% (95% CI: 0,0 - 16,6) for 
cut-off titre of 1:10, 1:30 and 1:100, respectively. Represented 
serogroups were Sejroe (2), Australis (2), Javanica and Ballum 
(one animal with mixed serogroups). Only cows older than 
two years were affected. Twenty-one blood samples were 
additionally tested for presence of Leptospira DNA and were 
negative. Three urine samples, of two collected from the 2 
animals presenting antibody titres ≥ 1:300 against serogroup 
Sejroe, resulted negative by diagnostic PCR.

Seroprevalence of Leptospira antibodies in sows

The estimated in-herd seroprevalence for leptospirosis was 
calculated on 113 sows and corresponded to 84,1% (95% CI: 
84,4-89,8), 32,7% (95% CI: 28,9-36,5) and 1,8% (95% CI: 0,7-2,8) 
for cut-off titre of 1:10, 1:30 and 1:100, respectively. The dis-
tribution of the serogroups for the 1:30 dilution was Autum-
nalis (32%), Australis (17%), Tarassovi (15%), Ballum (12%), 
Bataviae (10%), Pyrogenes (7%), Pomona (5%), and Javanica 
(2%) (Figure 2). At the suggested diagnostic cut-off dilution of 
1:100, all but two sows were negative and none was positive 
beyond this dilution (Figure 2).

O  Fig 2.
Distribution of Leptospira serogroups in the swine unit in 113 animals. The chart shows the results among 
37 sows positive to MAT with cut-off threshold of 1/30. The bars indicate the distribution of the Leptospira 
serogroups considering the most prevalent serogroup.

Carriage of Leptospira in aborted piglets

Within a 2-month interval from the beginning of the study, 
two abortion events occurred in the swine herd. The aborted 
piglets were analysed for the presence of Leptospira anti-
bodies in body fluids (pleural liquid collected during autopsy) 
and DNA in tissues. No particular visual abnormalities were 
recorded during autopsy. In the first litter, both piglets pre-
sented antibodies against Leptospira spp. for various sero-
vars, with no presence of DNA in the tissues tested (kidneys 
and liver). In the second litter, no antibodies were detected. 
On the other hand, 6 out of 7 piglets demonstrated Lepto-
spira DNA in at least one organ (Table 1). The most affected 
organs were spleen (4/7) and kidneys (3/7). Bacterial load, 
ascertained by the average Ct value, was higher in spleen 
(average of 32.5) (Figure 3) than in kidneys (35.7), albeit not 
significantly different. The overall tissue samples tested  
negative for Chlamydia spp. and C.burnetii DNA. Slurry (2 
individual samples) and organs (kidneys and liver) of dead 
rats (3) were analysed for presence of Leptospira DNA and 
resulted negative.
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Fœtuses 1st litter 2nd litter

1 2 1 2 3 4 5 6 7

Bacteriology

Kidneys - - POS - - - POS POS -

Liver - - - - - - POS - -

Spleen NT NT POS POS POS POS - - -

Lungs NT NT POS - - - - - -

Serology 

MAT 12 1/30 Ballum, 
Javanica, 
Australis, 
Autumnalis, 
Tarassovi

1/10 Ballum, 
Javanica, 
Australis, 
Autumnalis, 
Tarassovi

- - - - - - -

O Table 1.
Bacteriological and serological results of two litters collected between late fall 2012 and winter 2012. 
The first litter showed positive MAT12 results on biological fluids, while in the second it was possible at 
bacteriological examination. Minus indicates a negative result for the test; POS: positive; NT: not tested.

O  Fig 3.
Bacterial load, expressed as Ct values, in various organs from the aborted piglets of the second litter. 
The data include only Ct from positive samples. The y-axis is placed in reverse order to provide direct 
visualization of magnitude of bacterial load (which is inversely related to the Ct value). 

Conclusions
This report presented a case study in a mixed-species farm 
with documented reproductive disorders in the cattle unit. A 
long calving-to-conception interval was the hallmark among 
the problems observed in cows. Some cows presented high 
titre of antibodies against Leptospira Sejroe, but the within 
prevalence was low. The in-herd prevalence of leptospi-
rosis in the sow unit was high, but it would not have been 
observed at standard cut-off thresholds (1:100). In this unit, 
the most prevalent serogroup was Autumnalis. The con-
firmation of Leptospira maintenance within the farm was 
obtained through detection of Leptospira DNA in an aborted 
swine litter. Despite the fact that a common causative bond 
between the two animal units was not highlighted some fac-
tors such as drinking from the same water source and the 
use of manure prepared with the swine slurry might raise 
suspicion for a possible cross-contamination between the 
two units. This report aims to highlight that leptospirosis 
needs to be considered by the veterinary practitioners in the 
differential diagnosis of reproductive disorders and abor-
tions and wants to re-open a debate on the setting of thresh-
old dilutions for different animal species.
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Introduction
Bovine viral diarrhoea or BVD is one of the most impor- 
tant viral diseases in cattle, causing severe economic losses 
to the cattle industry worldwide. The causative agent of this 
disease is the Bovine Viral Diarrhoea Virus (BVDV), which 
belongs to the genus Pestivirus within the family of the Fla-
viviridae. Two genotypes are recognized, BVDV type 1 and 
BVDV type 2, with a third, putative, genotype being docu-
mented in literature. Following the successful eradication 
of BVDV in Scandinavian countries, several countries, such 
as Switzerland, Germany, Luxemburg and Ireland, are cur-
rently undertaking efforts to eradicate BVDV.

At the moment, Belgium is in the first phase of a National 
eradication programme, based on the obligatory testing of 
newborn calves within seven days after birth. Farmers are 
then urged to eliminate persistently infected (PI) animals 
as soon as possible. At the beginning of the programme, 
the main goal is to reduce the number of PI animals in the 
Belgian herds. Later in the programme, when the BVDV 
prevalence has diminished sufficiently, farmers may apply 
for a “BVDV free” herd status, which will allow them to stop 
testing calves at birth. These farmers will however have to 
test their herds at regular intervals using antibody ELISAs 
to comply with a mandatory monitoring strategy in order to 
confirm and keep the BVDV free status of the herd. 

In order to draw up a serological surveillance scheme to 
be used in the Belgian BVDV control programme, several 
questions were raised regarding the quality of the currently 
available antibody ELISAs : the possible differences between 
the performances of blocking and indirect ELISAs and the 
different BVDV antigens used in each kit, the possibility to 
certify/monitor “BVD free herds” by means of serology on 
different type of samples (individual/pooled sera, individual/
bulk milk), the suspected interference of vaccination with 
seropositivity, the number and age of animals to sample,… 
These questions were addressed in the project “BVD moni-
toring” and some of the obtained results are summarized in 
this report. More detailed scientific articles describing each 
part of the study are currently in preparation.

Part 1:  
Evaluation of BVDV antibody ELISA 
kits using a panel of well-defined 
serum and milk samples
In a first part of the study, all antibody ELISA kits from dif-
ferent producers currently available on the Belgian market 
were evaluated using a panel of well-defined serum and 
milk samples. To compose the panel, virus neutralisation 
(VN) assays on serum were regarded as the gold standard 
for determination of the (positive or negative) status of both 
serum and milk samples. For the latter, only milk samples 
were used of which the status of the corresponding serum 
sample was known. Samples are considered seropositive 
if their VN titre is equal to or greater than 1/10 for either 
BVDV type 1 or 2. Therefore, serum samples from infected 
animals, vaccinated animals and vaccinated and infected 
animals were considered positive in our study and only 
samples obtained from naïve animals (no prior infection, 
nor vaccination) were considered negative. This decision 
was made since we do not have currently a true DIVA (Dif-
ferentiating Infected From Vaccinated Animals) vaccine at 
our disposal, nor tests which allow this differentiation. For 
all samples obtained in the field, the vaccination history of 
the animal and the history of BVDV circulation at the farm 
was known. Apart from field samples, some of the positive/
negative samples were collected from animals involved in 
an experimental infection study. For each matrix, samples 
were distributed on two ELISA plates per tested ELISA kit, to 
allow the evaluation of diagnostic sensitivity and specificity, 
repeatability and detectability (analytical sensitivity). The 
serum panel consisted of: 20 positive samples, 60 negative 
samples (including sera from 3 PI animals), a two-fold dilu-
tion series (14 samples) of a strong positive sample obtained 
from an animal experimentally infected with a BVDV-1 
virus and one with a BVDV-2 virus and two times 10 repeats 
of a strong positive, a weak positive and a negative sample. 
The milk panel consisted of: 44 positive samples, 36 negative 
samples, two-fold dilutions series (14 samples) of two diffe- 
rent strong positive samples obtained from a farm infected 
with BVDV and two times 10 repeats of a strong positive, a 
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weak positive and a negative sample. All samples were tested 
according to the kit manufacturers’ instructions. 

In total, 22 protocols (14 short and 8 long incubations) were 
performed with serum as a matrix, to evaluate 10 blocking 
ELISAs (9 anti-NS3 (also known as p80) and 1 anti-E0) and 
5 indirect ELISAs (4 total antibody and 1 anti-NS3) from 10 
producers. Results from this evaluation are summarized in 
Table 2 and are subdivided according to the type of kit (blo- 
cking/indirect ELISA).

Our results show that all kits have a good specificity of on 
average 95,7% for blocking anti-NS3 ELISAs and 100% for 
the blocking anti-E0 ELISA and of on average 96,7% for 
the total antibody and the anti-NS3 indirect ELISAs. It was 
observed that two sera from PI calves were consistently 
causing false positive results in many kits.

When looking at the sensitivity of the kits, it was found that 
indirect ELISAs (ranging from 85% to 100%; average 93,5% 
for the total antibody indirect ELISAs) scored better than 
blocking ELISAs (ranging from 45% to 65%; average 57,3% 
for blocking anti-NS3 ELISAs). However, the anti-E0 blo- 
cking ELISA scored better than all anti-NS3 blocking ELISAs 
with a sensitivity of 75%. In contrast, the anti-NS3 indirect 
ELISA scored much less compared to other total antibody 
ELISAs and levels itself with the worst blocking ELISAs, 
having a sensitivity of only 55%. When looking more accu-
rately at which were the positive serum samples that repea- 
tedly scored false negative in this study, it was found that 
most of them were from vaccinated animals, including some 
animals with high VN titre from farms previously or cur-
rently infected with BVDV.

Concerning the detectability of the ELISAs, it was found 
that all indirect ELISA scored well for this parameter, always 
detecting the weak positive sample from the panel and 
having a good ability to detect strong diluted samples in both 
dilutions series. This in contrast with the blocking ELISAs, 
which often did not detect the weak positive sample from 
the panel and in all cases did not detect diluted samples in 
the BVDV type 1 dilution series, whereas the BVDV type 2 
dilution series was readily detected at higher dilutions. As 
expected, all evaluated kits scored the strong positive sample 
positive and the negative sample negative. Coefficients of 
variation (CV) were calculated from the results obtained 
with the 20 repeated strong and weak positive and negative 
samples. From these coefficients, a mean CV was calculated. 
Whereas all indirect ELISAs had mean CV’s below 10%, 3 
(anti-NS3) blocking ELISAs had a mean CV larger than 10%. 
Of these three kits, 2 had individual CVs above 15%.

Blocking ELISA Indirect ELISA

Anti-NS3  
(13 protocols)

Anti-E0  
(1 protocol)

Total antibody  
(7 protocols)

Anti-NS3  
(1 protocol)

Sensitivity

Range (%) 45 – 65 75 85 – 100 55

Average (%) 57,3 93,6

Specificity

Range (%) 90 - 96,7 100 93,3 – 100 96,7

Average (%) 95,7 96,7

Detectability

Weak positive sample 
(x/20 positive)

0 (9 kits);  
8 (1 kit);  

20 (3 kits)

20 20 20

Dilution series BVDV type 
1 (last positive dilution)

0 (10 kits); 1 
(2 kit);  

5 (1 kit)

1 4- 10 4

Dilution series BVDV type 
2 (last positive dilution)

6 – 10 9 5 – 9 8

Repeatability (Mean CV)

Range (%) 2,7 - 12,7 4,7 4,3 – 9,5 9,4

Average (%) 6,9 6,5

O Table 1.
Summary of results for blocking and indirect ELISAs using serum as a matrix.

Using milk as a matrix, 15 protocols (8 short and 7 long 
incubation) were performed to evaluate 6 anti-NS3 blo- 
cking ELISAs and 4 indirect ELISAs (3 anti-NS3 and 1 anti-E0) 
 from 7 producers. A summary of the obtained results can be 
found in Table 3.

Similarly to the results obtained with the serum panel, the 
specificity of both blocking and indirect ELISAs was good, 
with an average approaching 100%, whereas the sensitivity 
of the kits was much less. Again, blocking ELISAs (average 
Se = 66,8%) were found less sensitive compared to the total 
antibody indirect ELISAs (average Se = 76,9%), whereas the 
anti-NS3 indirect ELISAs performed similar to the worst 
blocking ELISAs. When looking more accurately at which 
were the positive milk samples that repeatedly scored false 
negative in this study, it was found that they were both from 
vaccinated and unvaccinated animals, including some ani-
mals with high VN titre for the corresponding serum.

All ELISAs showed a good detectability with regard to the 
dilution series, yet only 2 out of 8 blocking and 4 out of 6 
indirect ELISAs were able to detect all repeats of the weak 
positive sample from the panel. The strong positive and 
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the negative sample were correctly identified by all ELISAs 
tested. From these results the CVs were calculated, as well 
as the mean CV. One blocking and one indirect ELISA had 
a mean CV greater than 10%, due to individual CVs for the 
high positive or negative sample above 15%.

Parameter Blocking 
ELISA

Indirect ELISA

Anti-NS3  
(8 protocols)

Total antibody 
(6 protocols)

Anti-NS3
(1 protocol)

Sensitivity

Range (%) 56,8 – 75 61,4 – 88,6 61,4

Average (%) 66,8 76,9

Specificity

Range (%) 97,2 – 100 94,4 – 100 100

Average (%) 99,3 98,1

Detectability

Weak positive sample 
(x/20 positive)

0 (2 kits);  
2, 6, 15, 16  
(1 kit each);  
20 (2 kits)

1 (1 kit);  
3 (1 kit);  

20 ( 4 kits)

0

Dilution series BVDV type 1 
(last positive dilution)

3 – 5 4- 5 3

Dilution series BVDV type 2 
(last positive dilution)

4 – 6 2 – 4 3

Repeatability (Mean CV)

Range (%) 3,6 – 10,9 3,8 – 13 6,1

Average (%) 5,8 6,7

O Table 2.
Summary of results for blocking and indirect ELISAs using milk as a matrix.

From this part of the study we could conclude that both for 
milk and serum all ELISAs had a good specificity. Regarding 
detectability it was found that indirect ELISAs score better 
than blocking ELISAs using serum as a matrix, whereas with 
milk, some blocking and some indirect ELISAs were unable 
to detect the weak positive sample. Even though most kits 
scored well on repeatability, it should be kept in mind that 
some kits had greater CVs than acceptable. Yet, most impor-
tantly, our evaluation showed that sensitivity was the wea- 
kest point of the antibody ELISAs. Both for serum and milk 
it was found that blocking (anti-NS3) ELISAs were less sensi-
tive compared to the total antibody indirect ELISAs. This may 
partly be explained by the use of samples from vaccinated, 
uninfected animals in the panel. It is well known that these 
samples may score negative in some blocking ELISAs and po- 
sitive in indirect ELISAs, which lead to the false assumption 

by some manufactures that anti-NS3 blocking ELISAs may 
serve as DIVA tests to distinguish vaccinated from infected 
animals. Yet, literature shows that no true DIVA vaccine and 
test is available for BVDV currently. Moreover, two samples 
which had high VN titre (1/640) from vaccinated animals 
from farms infected with BVDV were also found negative by 
these blocking ELISAs, showing an unsatisfying level of sen-
sitivity for this type of kit. When comparing the sensitivity 
using serum or milk as a matrix, our evaluation shows that 
anti-NS3 blocking ELISAs are more sensitive using milk (Se ~ 
66,8%) as a matrix than serum (Se ~57,3%), whereas for total 
antibody indirect ELISAs it is the other way around (serum 
(Se ~ 93,6%) versus milk (Se ~76,9%)).

The results obtained in this part of the study were finally 
used to select those kits in each category which had the best 
scores on all parameters for further evaluation using sam-
ples obtained in the field. For serum, 1 anti-NS3 and 1 anti-E0 
blocking ELISA and 2 total antibody indirect ELISAs were 
selected. For milk, 1 anti-NS3 blocking and 1 total antibody 
indirect ELISAs was selected.

Part 2: Evaluation of BVDV 
antibody ELISA kits using serum 
and milk samples obtained in the 
field

a) Selection and characterization of the 
herds involved in the study and sample 
collection

For this part of the study, several herds participating in a vo- 
luntary BVD control programme were visited. It was ascer-
tained that different herds, representative for the Belgian 
cattle sector regarding location, type of herds, herd size, BVD 
status and vaccination status of the herd, were selected. 51 
farms spread all over the country were visited, 26 in Wal-
lonia and 25 in Flanders (Figure 1). 16 of those herds were 
milking herds, 23 were beef herds and 12 were mixed herds. 
The average herd size was 168, but the smallest herd con-
tained 13 and the largest herd 635 bovines.

Each farm was visited once, by a veterinarian of CODA-
CERVA or DGZ, between December 2013 and March 2014. 
During this visit, blood samples (serum) were taken from all 
young stock (aged 6 to 18 months) as well as from 20 cows 
randomly selected, except in mixed herds where 20 dairy 
cows and 20 beef cows were sampled. In dairy herds, indi-
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O  Fig 1.
Geographical distribution of farms participating in the study.

vidual milk samples were taken from the same cows which 
had been sampled for blood, as well as a bulk milk sample 
from the milk tank. During the visit a questionnaire was also 
filled out together with the farmer, to collect epidemiological 
information regarding BVD in their herd, such as vaccina-
tion practices, risk factors for BVD introduction, detection of 
PI animals in the herd,... The purpose of this questionnaire 
was to assign a status to each herd regarding BVD and BVD 
vaccination, in order to correlate the serological results with 
the BVD herd status. Five different BVD herd statuses were 
attributed (Table 4): (1) BVD free (all animals present in the 
herd tested for BVDV, calves tested for BVDV at birth since 
at least one year, no PI detected), (2) BVD eradicated (all ani-
mals present tested for BVDV, all calves tested for BVDV at 
birth since at least one year, PI detected but removed from 
the herd since at least one year), (3) BVD controlled (part of 
the herd tested for BVDV, detected PI removed from the 
herd), (4) BVD infected less than one year (PI detected in the 
last 12 months and removed from the herd), (5) BVD infected 
(PI detected and present in the herd).

Category All animals tested 
for BVDV antigen

Calves tested at 
birth

PI animals detected PI present PI removed Number of herds  
in the study

BVDV free Yes Since > 1 year No No Not applicable 4

Free of PI animals Yes Since > 1 year Yes No Over a year ago 14

Controlled Yes / No Yes / No Yes / No No Over a year ago 13

Infected within the last 
year, control measures 
applied

Yes / No Yes Yes No Less than a year ago 15

Infected Yes / No Yes / No Yes Yes No 5

O Table 3.
Overview of attributed BVDV herd statuses based on PI detection and PI presence.

b) Sample testing and evaluation of the 
performances of each ELISA kit

In total, 3159 sera, 557 individual milk samples and 28 bulk 
milk samples were tested to detect antibodies against BVDV, 
using the 6 ELISA kits selected at the end of the first part of 
the study (4 kits for serum and 2 kits for milk). Then, a po- 
sitive, negative or discordant serological status was assigned 
to each sample, depending on the outcome of all ELISAs. For 
serum, the VN test (BVDV type1) was used as a gold stan-
dard to confirm the sample status when one ELISA gave a 
differing result from the others. Therefore, a VN test was 
performed on all samples for which at least one ELISA gave 
a different result from the others. When the VN test did not 
confirm the status, or when two ELISAs were positive and 

two were negative, the sample was classified as “discordant”. 
The decision tree for status assignment followed for serum 
and milk can be found in Table 5. The percentage of positive, 
doubtful and negative samples per kit and after assigning a 
final status to the sample can be found in Table 6. When an 
ELISA result was interpreted as doubtful according to the 
manufacturer’s instructions (in the case of ELISA I2 (serum)), 
it was considered as a positive result in the decision tree.

From the results obtained for serum samples we observe 
that the percentage of positive samples was slightly higher 
with the two indirect ELISAs (I1 and I2) than with the blo- 
cking ELISAs (B1 and B2). The proportion of positive results 
was significantly different when comparing the kits two by 
two, except for the blocking ELISA B1 when compared to 
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the blocking ELISA B2 and to the indirect ELISA I1. This in 
contrast to the results obtained in the first part of the study 
(Table 2), where blocking ELISAs seemed to be much less 
sensitive than indirect ELISAs. For milk, the blocking ELISA 
performed better than the indirect ELISA, since the percen- 
tage of positively identified samples (73,2%) was similar to the 
one of the corresponding serum samples (75,9%), whereas 
the indirect ELISA seemed to be less sensitive (64,6%) if 
doubtful results are not considered, although the difference 
in proportion of positive results between the two kits was 
not statistically significant. Again, this does not confirm 
what was observed in the first part of the study (evaluation 
on serum panels), in which there was a better sensitivity 
for indirect ELISAs on milk samples compared to blocking 
ELISAs (Table 3).

Matrix ELISA 1 ELISA 2 ELISA 3 ELISA 4 VN Interpretation 
(sample status)

Serum + + + + Not regarded +

+ + + - + +

+ + + - - Discordant

+ + - - + or - Discordant

+ - - - - -

+ - - - + Discordant

- - - - Not regarded -

Milk + + N.A. N.A. Not regarded +

+ - N.A. N.A. Not regarded Discordant

- - N.A. N.A. Not regarded -

N.A.: not applicable

O Table 4.
Decision tree to determine serum sample status, combining results from 4 ELISAs with results from a VN test, or milk sample status, combining results from 2 ELISAs.

Matrix Obtained result ELISA I1 ELISA I2 ELISA B1 ELISA B2 Sample status Serum sample 
status

Serum + 53,5% 55,4% 52% 50% 51,4%

- 46,6% 42,2% 48% 50% 44,1%

Doubtful N.A. 2,4% N.A. N.A. 4,5% discordant

Milk + 64,6% N.A. 73,2% N.A. 67,3% 75,9%

- 30,4% N.A. 26,8% N.A. 24,4% 20,9%

Doubtful 5,0% N.A. N.A. N.A. 8,3% discordant 3,2% discordant

N.A.: not applicable.

O Table 5.
Overview of results obtained with each ELISA and sample status after applying the decision tree on each serum or milk sample. The percentage of positive, negative and discordant serum samples corresponding to the 
milk samples is also given.

The next step of the study was to assess the performance 
of each ELISA kit using only field samples obtained from 
herds which were not vaccinated, to exclude interference 
of vaccination. Therefore, a selection was made, leaving 
only those samples obtained from animals from unvacci-
nated herds. In total, 1308 serum samples and 293 individual 
milk samples were selected, obtained from 19 herds. A virus 
neutralisation test (BVDV type 1) was performed on each 
of these serum samples and the individual VN test results 
were used as reference test for the comparison with ELISA 
results obtained on serum samples. Since VN tests are not 
feasible on milk samples, we used the VN test result of the 
corresponding serum sample as reference test for the com-
parison with ELISA results obtained on milk samples. Using 
2 by 2 tables we calculated, for each selected ELISA kit, true 
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and false positive and true and false negative results. When 
an ELISA result was interpreted as doubtful according to 
the manufacturer’s instructions (in the case of ELISA I2 on 
serum and ELISA I1 on milk), it was considered as a posi-
tive result. These results were imported in STATA (StatCorp 
LP, 2010,10) to calculate the following parameters for each 
ELISA kit: sensitivity (Se), specificity (Sp), Youden index (= Se 
+ Sp -1), positive predictive value, negative predictive value, 
Kappa of Cohen and area under ROC curve. The results of 
this analysis are summarized in Table 9. The performances 
of three of the four evaluated ELISA kits on serum were very 
similar and quite satisfactory for all parameters. One of the 
kits (ELISA B2) had a lack of sensitivity (93%) compensated 
by an increased specificity (99,1%) possibly due to an inappro-
priate cut-off value. We did not observe in this second part 
of the study (evaluation on field samples) the clear lack of 
sensitivity of blocking ELISAs compared to indirect ELISAs 
which was observed in the first part of the study (evaluation 
on serum and milk panels). One of the reasons for these con-

tradictory results might be that for the field study we used 
only the two indirect ELISA kits and the two blocking ELISAs 
which had performed best in the study on sample panels, 
therefore improving the average performances of the eva- 
luated kits. Another possible explanation is the absence of 
interference of vaccination since only samples from unvac-
cinated herds were used in the field study whereas samples 
from vaccinated animals were included in the sample panels 
of the first study. As previously mentioned, these samples 
from vaccinated animals often scored negative in the blo- 
cking ELISAs, causing a reduced sensitivity of the test. When 
looking at the results obtained for milk, we found anew that 
the blocking ELISA performed slightly better than the indi-
rect ELISA both in terms of sensitivity and specificity. This 
finding is contradictory to what was observed after the eva- 
luation with the milk panels (1st part of the study) and as 
for the sera results, the reason for it might be the absence of 
interference of vaccination in the field study.

Parameter ELISA I1 Serum ELISA I2 Serum ELISA B1 serum ELISA B2 serum ELISA I1 Milk ELISA B1 milk

Sensitivity 96,7% 98,7% 96,0% 93% 91,3% 94,0%

Specificity 96,7% 94,3% 97,4% 99,1% 96,7% 100%

Youden index 0,934 0,930 0,934 0,921 0,88 0,940

Positive Predictive Value 96,2% 93,7% 97% 98,9% 99,1% 100%

Negative Predictive Value 97,1% 98,8% 96,6% 94,3% 74,7% 81,3%

Kappa of Cohen 0,934 0,926 0,935 0,926 0,79 0,87

Area under ROC curve 0,9806 0,9931 0,9819 0,9868 0,94 0,97

O Table 6.
Overview of results obtained for each parameter when comparing each ELISA kit with the VN test.

c) Effects of pooling of serum and milk samples 

As a last part of the evaluation, we investigated whether 
serum could be pooled before testing it in each of the selected 
ELISAs. The advantage of pooling samples is that it decreases 
the cost of a serological screening since only samples coming 
from a positive pool should be tested individually. Hence, in 
a situation where the seroprevalence is very low (BVD free 
herd or region), the total number of tests to perform will be 
much decreased. However, our study showed that pooling 
should not be performed with serum samples, since weak 
positive samples were missed by each of the evaluated kits, 
even when using small pool sizes (e.g. 5) (data not shown). 
In the case of dairy herds, bulk milk samples are conve-
nient and cheap samples to obtain, which can be tested on a  

regular base to monitor the herd. Therefore, pools of indivi- 
dual milk samples were made to be able to perform the same 
evaluation, to ascertain whether bulk milk samples may 
be used for monitoring strategies. Again it was found that 
weak positive samples were missed by each of the evaluated 
kits, even using small pool sizes. Therefore there is a risk 
that they do not detect a low prevalence of positive samples 
when sampling bulk milk, since up to 50 or sometimes even 
200 dairy cows may contribute to the milk tank. Consistent 
with previously mentioned results of this part of the study, it 
was observed once more that the blocking ELISA performed 
slightly better than the indirect ELISA. The failure to detect a 
seropositive animal in a pool of milk samples, combined with 
the lower sensitivity of the ELISAs using milk as a matrix 
compared to serum (Table 3, Table 6), leads to the conclusion 
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that it may be impossible to guarantee a “BVDV free” status 
of a herd based only on bulk milk testing. This finding is also 
supported by literature. Our results do not, however, exclude 
the use of bulk milk testing as a feasible means of cheap sero-
logical surveillance in a herd which can be performed at re- 
gular intervals.

Conclusion and prospects
A thorough evaluation of commercial ELISA tests to detect 
antibodies against BVD was performed. In a first part of the 
study all kits available on the market were used on a panel of 
a limited number of characterized serum and milk samples. 
We observed a lack of sensitivity of blocking ELISAs com-
pared to indirect ELISAs, both on serum and on milk sam-
ples. We also found that sensitivity was lower on milk com-
pared to serum. Subsequently, we selected a few ELISA kits 
which performed best in each category (blocking/indirect) 
to assess, in a second part of the study, their performance 
on a large number of serum and milk samples coming from 
51 herds of different size, type (dairy/beef/mixed) and BVD 
status. To avoid possible interference of vaccination against 
BVD with the serological results, we restricted the evalua-
tion to samples from non-vaccinating herds. We found that 
all selected kits performed well on individual serum samples, 
observing no difference between blocking or indirect ELISAs. 
Yet, when using milk samples, a decreased sensitivity was 
observed. Pooling of serum samples and the use of bulk milk 
samples showed a lack of sensitivity for the detection of po- 
sitive samples even at low dilutions (small pool sizes). Of note, 
the conclusions from the evaluation with the serum and 
milk panel differ somehow from the evaluation with the field 
samples. This discrepancy is probably due to interference of 
vaccination, since only samples from unvaccinated herds 
were considered in the evaluation on field samples, whereas 
samples from vaccinated animals were included in the eva- 
luation based on sample panels. Moreover, a subsequent 
study (results not shown, paper in preparation) clearly shows 
the interference of vaccination when crossing the serologi-
cal results obtained in the second study with data from the 
epidemiological survey performed through a questionnaire 
in each farm where the samples were obtained. Importantly, 
the determination of the characteristics of BVD antibody 
ELISA kits, especially in terms of sensitivity and specificity, 
was a first step which was necessary to assess the possibility 
of implementing serological monitoring of BVDV free herds 
in the future. The results described above were combined 
with the analysis of the epidemiological survey and allowed 
CODA-CERVA to define specific and practical recommenda-

tions regarding serological surveillance to be implemented 
in the Belgian BVDV eradication programme, which was 
launched in January 2015. These recommendations have 
already been presented to the stakeholders involved and, if 
approved, should become effective in a second phase of the 
programme.
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Introduction
Following the Bluetongue virus (BTV) epidemics in  
Northern Europe during the years 2006, 2007, 2008, 
Commission Regulation (EC) No 1266/2007 (EC, 2007) last 
amended in May 2012, prescribed the implementation of 
mandatory surveillance systems composed of i) passive 
clinical surveillance, ii) sentinel surveillance, iii) a combi-
nation of serological and/or virological surveillance, as well 
as targeted risk-based monitoring. More and more, rather 
than prescribing fixed guidelines, the aim of these current 
regulations is oriented towards minimum requirements to 
be fulfilled. As a consequence, regulations are more flexible 
and allow each member state to adapt its own surveillance 
activities and prove the effectiveness of its system towards 
the required objectives. The present study was carried out 
in this context. The four major BT surveillance components 
implemented in Belgium in 2007 (winter screening, sentinel, 
export, and passive clinical) were evaluated for the relative 
efficacy in terms of their risk-based design for substantiation 
of infection freedom after a whole year of surveillance and 
guaranteeing monthly posterior probability of freedom. The 
latter provided insight on efficacy for early detection. 

Materials and Methods

BTV surveillance system in Belgium in 2007

Surveillance data was extracted from the National Animal 
Identification and Registration System (SANITEL) and the 
National Laboratory Information Management System 
(LIMS) of CODA-CERVA. 

At the time of the study, 38805 cattle herds and 31777 sheep 
flocks were present in Belgium. 
The four major surveillance components for BTV surveil-
lance in Belgium in 2007 were:

O Passive clinical (Clinical): Clinical surveillance and notifi-
cation of all ruminant case herds (sheep, cattle) (defined 
as positive as soon as at least one clinically infected 
animal was serologically confirmed in the herd);

O Sentinel (Sentinel): Detection of seroconversion by 
monthly serological surveillance in 266 seronegative 
cattle herds during the vector activity period (in 2007: 
April until December) (EC, 2007; FASFC, 2012);

O Winter screening (WS): Yearly cross-sectional serologi-
cal survey in 344 cattle herds during the winter season 
(December until February) to detect if there have been 
past infections during the last vector season and to esti-
mate the seroprevalence; 

O Export (Export): Serological testing of all exported cattle 
and sheep (equivalent to 120 herds) all year round. 

In each surveillance component, in case a positive serological 
result was found a virological isolation test was carried out. 

The mean number of sampled animals within a herd (n
a
) in 

the WS component was set at 50 for an average herd size (Na)
of 70. In the Sentinel component, n

a
 was set at 15 (in accor-

dance with Commission Regulation (EC) No 1266/2007 (EC, 
2007)). The n

a
 in the Export component was considered as 2, 

because on average 1 or 2 animals are exported and tested 
per exporting herd per year. In the Clinical component, n

a
 

was equivalent to N
a
 or 70 as all animals were considered to 

be looked at.

Model design and data description 

Herd sensitivities (taking into account herd size, the  
average number of animals sampled in each herd, the effec-
tive probabilities of infection at animal level as well the pro- 
babilities of detection) and the probability of detecting at 
least one infected herd  (taking into account herd population, 
the average number of herds sampled, the effective proba-
bilities of infection at herd level and the obtained herd sen-
sitivities) were determined for each risk group within each 
component. The component sensitivities, provided insight 
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on how effective each component (Sentinel, Clinical, Export 
and WS) was for substantiating freedom of infection at set 
design prevalence after whole year surveillance. Monthly 
simulations were carried out for computing the posterior  
probabilities of freedom given the component sensitivity, 
prior probability of infection of 0.5 with varying probability 
of introduction of 0.25, 0.5 and 0.75 during the vector acti- 
vity period . All calculations were done using the scenario 
three methods described by Martin et al. (2007a,b). 

The scenario trees were modelled in Microsoft Excel using 
ModelRisk 3.0.® software. The sensitivity estimates for the 
different components were obtained by separate simulations 
for each component with 10,000 iterations in each simula-
tion. 

Node 
type

Node Name Branch Description Probability Data source

Infection Risk zone High risk zone: Antwerp, Brabant, Limburg, Liège Pert (1.28; 1.53; 1.98) Collected field data: average predicted probability of 
infection per province Literature: Faes et al., 2013

Low risk zone: West Flanders, East Flanders, 
Hainaut, Namur, Luxemburg

Reference (1)

Vector activity period High vector activity period: April, May, June, July, 
August, September, October, November, December 

Pert (1; 1.90; 3.14) Collected field data: monthly proportion of infections 
in both periods

Low vector activity period: January, February, March Reference (1)

Animal species Bovine Pert (1.05; 2.61; 4.16) Literature: Durand et al., 2010; Elbers et al., 2008a

Ovine Reference (1)

Detection Diagnostic process Diagnostic test sensitivity Ab-ELISA (all components) Triangular (0.85; 0.89; 0.92)bovine 
Triangular (0.78; 0.85; 0.91)ovine 

Literature: Vandenbussche et al., 2008

Diagnostic test sensitivity PCR (all components) Triangular (0.99; 0.99; 1)bovine  
Triangular (0.99; 0.99; 1)ovine 

Literature: Vandenbussche et al., 2008

Probability of showing clinical signs (only for passive 
clinical component)

Pert (0;0.025;0.116)bovine 
Pert (0;0.077;0.097)ovine

Literature: Elbers et al., 2008b

Sensitivity of clinical signs (only for passive clinical 
component)

Pert (0.60;0.67;0.75)bovine  
Pert (0.70;0.76;0.81)ovine

Literature: Elbers et al., 2008c

O Table 1.
Parameters characterising infection and detection nodes and branches
 

Risk factors affecting the probability of infection or detec-
tion were estimated using historical data and risk factors 
retained to influence the probability of infection at herd 
level were “Risk Zone” (Low/ High), “Vector Activity period” 
(Low/High) and “Species” (Bovine/Ovine). The latter risk fac-
tors were considered as the infection risk nodes while the 
detection node “Diagnostic Process” was characterised by 
the sensitivity of the different diagnostic tests used within 
each component (Table 1). Specificity was assumed at 100% 
as each positive reaction would be further investigated until 
truly positive. The simulated between-herd design preva-
lence and within-herd prevalence was set at 2% (EC, 2007). 
For the WS component, 20% between-herd and 23.8% (20.1-
28.1) within-herd design prevalence was assumed (EC, 2007; 
Méroc et al., 2008). 
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Sensitivity analysis

Firstly, to determine which input parameter most affected 
the component sensitivity, a sensitivity analysis was carried 
out for each component. The obtained correlation coeffi-
cients allowed measurement of how sensitive the output 
variables were to the input variables of interest for each 
component separately. 

Secondly, to measure the magnitude of impact of the influ-
ential parameter on the surveillance component of interest, 
additional scenarios were carried out: 
i) A scenario without differential risk of infection between 

the different subpopulations  was run to determine 
how effective the component was ignoring the targeted 
approach.  For Sentinel and Export components, scena- 
rios with higher estimates of differential risk of infection 
were simulated. 

ii) For the WS component, to measure how sensitive this 
component would be if the prevalence was lower, sce-
narios with design prevalence of 2% were simulated. 

iii) For the Clinical component, to represent a situation with 
lower disease awareness, due for instance to immune 
animals showing less clinical signs, two scenarios were 
simulated. The first scenario simulated only 10% of the 
total herd population being looked at and sampled and 
the second scenario simulated 50% of the total herd  
population. 

Results

Estimation of surveillance sensitivities and 
posterior probabilities of infection  

Table 2 displays the obtained herd and risk group sensitivities 
for each component. WS, Sentinel and Clinical components 
appeared to be rather sensitive for detecting the infection 
after a whole year of surveillance with component sensiti- 
vities mean (minimum-maximum) values of 100% (100-100), 
90% (77-95) and 100% (99-100) respectively, whilst Export 
only had very low sensitivities of detection 22% (17-26). 

In terms of monthly posterior probability of freedom (Figure 
1), the Clinical component appeared to be the most efficient 
followed by the WS component. The posterior probability of 
freedom with the Sentinel component was equal to the prior 

WS Sentinel Export Clinical

Risk Group level

HRZ VAH BV 72%(53-82) 9%(6-11) 99%(100-100)

OV 0%(0-0) 99%(85-100)

VAL BV 100% (100-100) 4%(2-6) 2%(1-3) 98%(6-100)

OV 0%(0-0) 99%(59-99)

LRZ VAH BV 63%(46-73) 12%(7-15) 99%(11-100)

OV 0%(0-0) 99%(90-100)

VAL BV 100% (100-100) 8%(5-12) 1%(1-2) 98%(7-100)

OV 99%(69-99)

Herd level

HRZ VAH BV 25%(24-26) 4%(3-4) 3%(0-9)

OV 3%(3-4) 6%(0-9)

VAL BV 99% (99-100) 25%(24-26) 4%(3-4) 3%(0-9)

OV 3%(3-4) 6%(0-9)

LRZ VAH BV 25%(24-26) 4%(3-4) 3%(0-9)

OV 3%(3-4) 6%(0-9)

VAL BV 99% (99-100) 25%(24-26) 4%(3-4) 3%(0-9)

OV 3%(3-4) 6%(0-9)

HRZ/VAH/BV: High Risk Zone/Vector Activity High/Bovine LRZ/VAH/BV:  
Low Risk Zone /Vector Activity High/Bovine
HRZ/VAH/OV: High Risk Zone/Vector Activity High/Ovine LRZ/VAH/OV:  
Low Risk Zone/Vector Activity High/Ovine
HRZ/VAL/BV: High Risk Zone/Vector Activity Low/Bovine LRZ/VAL/BV:  
Low Risk Zone/Vector Activity Low/Bovine
HRZ/VAL/OV: High Risk Zone/Vector Activity Low/Ovine LRZ/VAL/OV:  
Low Risk Zone/Vector Activity Low/Ovine
 
O Table 2.
Sensitivities (Mean (Minimum-Maximum)) at herd and risk group level for each risk group within each 
component (Winter screening (WS), Sentinel, Export, Clinical).

probability of infection 50% during the low vector activity 
period as no samples were taken. As sampling is carried 
out from end of March onwards, the posterior probability 
of freedom suddenly increased in April. However, because 
the probability of introduction also increased from April 
onwards, posterior probability of freedom later slightly 
decreased. The Export component only provided very li- 
mited guarantee towards the country posterior probability 
of freedom and only during the low vector activity period, 
thereafter the posterior probability of freedom decreased 
drastically. 
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O  Fig 1.
Monthly posterior probabilities of disease freedom for varying probability of introduction (25, 50, 75%) 
within each component (Winter screening (WS), Sentinel, Export, Clinical).
 

Sensitivity analysis

For the Clinical component the diagnostic process was the 
parameter that most influenced the component sensitivity. 
For WS, the most influential parameters were the within- 
herd design prevalence followed by the diagnostic test sen-
sitivity and the relative risks input values for the infection 
nodes vector activity and species. For the Export and Senti-
nel component, the sensitivity analysis showed that the most 
influential inputs were the relative risk values attributed to 
vector activity and species infection nodes followed by the 
diagnostic test sensitivitie. 

 
 

O  Fig 2.
Sensitivity analysis: Impact of changes in input parameters on the component (Clinical, Export, Sentinel, 
WS) sensitivity
Clinical 1, Export 1, Sentinel 1, WS 1: All herds sampled, considering differential risks of infection between subpopulations; 
Clinical 2, Export 2, Sentinel 2, WS 3:  All herds sampled ignoring differential risks of infection between subpopulations; 
Clinical 3, 4: 10% and 50% of herds sampled respectively, considering differential risks of infection between subpopulations; 
Export 3, Sentinel 3: All herds sampled with very high differential risks of infection between subpopulations;
WS 2: All herds sampled with relative risks, between and within herd design prevalence (0.02; 0.02) respectively. 

Discussion
The aim of the present study was to estimate the effective-
ness of the Belgian surveillance system for bluetongue and its 
components in terms of substantiating freedom of infection, 
early detection and their risk-based approach. The scenario 
tree methodology (Martin et al., 2007a,b), offers the oppor-
tunity to take into account all factors that can influence the 
probability of infection and detection while estimating the 
sensitivity of detection of a surveillance program and has 
proven its efficacy (Frossling et al., 2009; Hadorn et al., 2009; 
Knight-Jones et al., 2010; Stark, 2006; Welby et al., 2012). 

Despite the wide range of values around the mean risk 
group sensitivity values, the clinical surveillance component 
appeared most performant. In a situation where disease 
awareness would drop or if clinical signs would no longer 
be visible, as in a vaccinated/immunised population or with 
a different BTV serotype, the assumption that all herds and 
animals are looked at and sampled might during clinical 
(passive) surveillance no longer hold. Indeed, the scenarios 
run in this study showed a drop in sensitivity by even 26% if 
only 10% of the population is sampled. Not only is passive cli- 
nical surveillance strongly dependent on disease awareness 
and the occurrence of clinical symptoms, but also farmers 
could be reluctant to report diseases by fear of ethical and 
economic repercussions (Elbers et al., 2010; Saegerman et al., 
2010). More in depth study of this parameter is required in 
order to better estimate the sensitivity of this component 

The WS component, which displayed very good sensiti- 
vity at cattle herd and risk group level during the whole low 
vector activity period, was evaluated with a between-herd 
design prevalence of 20% and average of 23.8% within-herd 
design prevalence, as requested by the EU legislation. Ho- 
wever, to determine the effectiveness of this component in 
terms of substantiating disease freedom, it was thought that 
2% design prevalence would be interesting to simulate at 
within- and between-herd level. Results showed that though 
sensitivities at risk group level would be lower, the compo-
nent sensitivity would be 99% instead of 100%. This would 
only result in a slight decrease. Because this component con-
sists only of a yearly cross sectional survey, it is of limited 
value for early detection. Thus it may be concluded that WS 
is useful for substantiating freedom of infection at the end of 
a year or for seroprevalence estimation. 

The targeted approach of the Sentinel component showed 
relatively good sensitivities at herd and risk group level, 
despite the fact that not all herds and animals were sampled 
within this component. However, in terms of early detection, 
due to the limited number of herds followed-up and the high 
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probability of introduction in the high vector activity period, 
the Sentinel component might not be optimal for detecting a 
2% seroconversion and substantiating freedom of infection. 

Export testing only had limited value in Belgium due to the 
small number of samples taken in this component. Thus 
relying only on export testing, in Belgium, is not sufficient to 
substantiate infection freedom. However, it should be stated 
that this was not the primary aim of export testing. 

Some recommendations for the future BTV surveillance in 
Belgium can be made from this study’s output;
O A Sentinel program is very effective to detect the infec-

tion, provided that sufficient samples are taken and that 
the sampling frequency is high enough. A monthly or 
quarterly frequency would be recommended. 

O WS is useful for substantiation of freedom and overall 
prevalence interpretation at the end of the year. 

O Export testing by itself is not enough to guarantee free-
dom of infection or early detection of infection. 

O Clinical passive surveillance is effective for both freedom 
of infection substantiation or early detection of infection 
but strongly dependent on disease awareness.

This study has enabled to better quantify the sensitivity 
of the main surveillance components and their risk-based 
approach for BTV detection in Belgium. Simulations carried 
out provided insight into the impact of several scenarios, 
which further enabled better quantification of the effective-
ness of the different bluetongue surveillance components as 
required by the European legislation and the international 
standards. 
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Introduction
Effective and efficient early detection of emerging vector 
borne diseases as well as quick recovery and proof of free-
dom remain a constant challenge for animal surveillance. 
During the years 2006-2007, an arthropod-borne viral 
disease, named Bluetongue virus (BTV) and affecting both 
wild and domestic ruminants, emerged in Northern Europe 
with major economic impacts and adverse impact on trade 
(Wilson and Mellor 2009; Zientara and Sánchez-Vizcaíno, 
2013). In this context, regulation 1266/2007/EC last amended 
by 456/2012/EC (EU, 2012) prescribes the main surveillance 
components to implement in cattle populations within each 
country. The minimum guidelines for sample size are men-
tioned together with the maximum design prevalence as 
well as desired confidence level. 

Scenario tree methods, described by Martin et al. (2007) offer 
the possibility of estimating the sensitivity of a surveillance 
system and of comparing several surveillance components 
while taking into account the sensitivity of the diagnostic 
process, the number of herds, cattle present and tested in 
the population, the expected prevalence, as well as diffe- 
rential risk of infection or detection for different risk groups 
(if present) (Frössling et al., 2013; Knight-Jones et al., 2010; 
Welby et al., 2013). In the present study we propose an alter-
native approach to account for timeliness of detection using 
data obtained with epidemic curves from Reed-Frost models 
as inputs to feed the scenario models. 

The aim of this work was three fold: 

O Firstly, the different BT surveillance components in place 
in Belgium, in France and the Netherlands during 2006 
and 2007 were evaluated for effectiveness in substan- 
tiating freedom of infection using scenario tree methods

O Secondly, the existing BT surveillance components 
and the added value of using syndromic surveillance  
(mortality, milk production or reproductive performance 

data) were evaluated for effectiveness of early detection 
of combining methods of Reed-Frost models and sce-
nario tree methods

O Finally, cost efficiency of each BT surveillance compo-
nent was investigated

Material and Methods

Surveillance components

The surveillance components ongoing in each country 
during 2006 and 2007, as prescribed by the regulation 
1266/2007 and considered in the present study are: Cross 
Sectional (Yearly cross sectional survey of a sample from the 
total cattle population during the winter); Sentinel (Monthly 
follow up of samples of seronegative cattle in order to detect 
seroconversion in the months where vectors are active); Pas-
sive clinical (Daily reporting of relevant clinical signs by the 
farmers and vets to the authorities). In addition, Syndromic 
surveillance (not prescribed by the legislation), defined by 
the collection and analysis for deviations of the baseline 
trends of nonspecific production data (i.e. milk production 
data; reproductive performance data; mortality data), was 
evaluated too. 

Population and surveillance data from official programmes 
were obtained from the different regional and national 
institutes (CODA, GD, ONIRIS) in the given countries as 
well as the Royal Cattle Syndicate (CRV) and rendering 
plants (RENDAC) and supported by literature (Méroc et al., 
2008; van Schaik et al., 2008). Because only milk and repro-
duction data from the Flanders region in Belgium were  
available, data within  that region was used and extrapolated 
to country level. Population data and samples taken within 
the ongoing different BT surveillance components in 2006-
2007 are summarised for each country in Table 1.
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To account for the diversity in herd sizes, a distribution was used to 
model the within herd population with mean (25th percentile-75th 
percentile) values. For cross sectional survey in Belgium and milk 
production data in both countries, 70% of the herd size was con-
sidered to be sampled as it was thought that only 70% would be 
lactating cows and thus considered for sampling. For reproductive 
performance data and mortality data, the varying number of cattle 
sampled within herd was accounted for using mean (min-max) 
values. All cattle within herd were considered to be looked at in 
the passive clinical component. A fixed number of 15 or 16 cattle, as 
stated by the regulation, was considered to be sampled within the 

sentinel component.

Effectiveness of surveillance in terms of 
freedom of infection

Scenario trees, described by Martin et al. (2007), modelling 
the sensitivity of detection at herd and component level 
were designed for each ongoing BT surveillance component 
(Passive Clinical, Sentinel, Cross Sectional) in 2006-2007 
within each country (France, the Netherlands and Belgium) 
in Microsoft Excel spreadsheets. Herd (HSe, Eq1) and compo-
nent sensitivity (CSe, Eq2) in terms of substantiating infec-
tion freedom, were computed for each ongoing surveillance 
component (

i
) (Passive Clinical, Sentinel, Cross Sectional) 

in each country, using the same hypergeometric sampling 
approach. Simulations were done using the ModelRisk 3.0.® 
software with 10.000 iterations per simulation. Appropriate 
distributions were fitted to the data to account for the uncer-
tainty and variability of the different parameters. 

Number of active herds (Nh),  average number of cattle 
within herd (Na), average animals per herd (na) and herds 

(nh) tested (Table1), together with the expected design pre- 
valence at herd (DPh) and within herd (DPa) level (set at 
2% (1266/2007/EC)), the effective probabilities of detection 
(EPD) (Sensitivity values (0.89 (0.85-0.92)) of the antibody 
ELISA test (Ab-ELISA) for BTV (ID-VET®, France) (Vanden-
bussche et al., 2008) for the active surveillance components 
(Cross sectional and Sentinel) and  (0.5(0.1-0.99)) for passive 
clinical surveillance component (due to missing data a large 
distribution of values was simulated) enabled the computa-
tion HSe

i
 and CSe

i
.

Effectiveness of surveillance in terms of early 
detection

In terms of early detection, the model described by Martin 
et al. (2007), was adapted to account for timeliness of detec-
tion. Also the added value of syndromic surveillance using 
production data (Milk production data, Reproductive perfor-
mance data (days until return to service post insemination), 
and Mortality data (obtained from rendering plants)) was 
evaluated. The EPD values were adjusted using the number 
of detected cases over the number of expected infected cases 
obtained with epidemic curves. The epidemic curves were 
obtained using between herd BT transmission ratios in 2006 
and 2007 obtained in literature (de Koeijer et al., 2011) and 
simulated by Reed Frost Models (RFM) in Winepiscope 2.0.®, 
with monthly time intervals starting from the month of 
April 2006 onwards (Saegerman et al., 2010). The number 
of detected infected cattle at time of first alerts observed 
with milk production data, reproductive performance data, 
mortality data (Veldhuis et al., submitted) or dates of first 
case notification with the sentinel, cross sectional and pas-
sive clinical component separately were used to compute the 
EPD (Eq. 3). 

Country Data Level Population Cross-
sectional

Sentinel Passive 
clinical

Milk 
production 

data

Reproductive 
performance 

data

Mortality  
data

BE Herd 36000 344 260 ALL 10000 10000 7500

Within herd 50(1-370) 70% 15 ALL 70% 11(7-14) 2(1-2)

FR Herd 190000 NA 960 ALL NA NA NA

Within herd 100 NA 15 ALL NA NA NA

NL Herd 44204 5436 275 ALL 15500 19270 7926

Within herd 78(1-383) 1(1-12) 16 ALL 70% 11(7-14) 2(1-2)

O Table 1.
Cattle population and surveillance data for each surveillance component in place in each country ((BE(Belgium); FR(France); NL(the Netherlands)) for Bluetongue in 2006-2007 (NA: not available).



144

The herd and component sensitivities were obtained using 
eq. 1 and 2 through stochastic simulations using ModelRisk 
3.0.® software with 10.000 iterations per simulation. Two 
different simulations were done to account for the different 
within herd expected prevalence (2% and 20%).

Cost efficiency

In a last stage, the cost of running each component for early 
detection in Belgium was estimated, which enabled quanti-
fication of the economic efficiency of each component (Table 
2) including syndromic surveillance.

Components Surveillance activity Source of information Cost Common to all activities

Cross sectional  
Sentinel 
Passive Clinical

ELISA cost Belgian Federal Agency for the 
security of the food chain

4€/test Hard and software development 
and overall management

Sample preparation 0.6€/test

Sample collection 2.5€/test

Farm visit by vet 25€/visit

Data analysis Belgian National Laboratory: 1 
person equivalent full time

40000€/year

Milk production data Reproductive 
performance data Mortality data

Data deliveries Belgian National Laboratory: Data 
cost for 5 retrospective years

8000€/ year

Data analysis Belgian National Laboratory: 3 
person equivalent full time 

120000€/ year

O Table 2.
Costs estimation of the surveillance activities needed in the different components

For each active and passive component (Sentinel, Cross 
Sectional, Passive Clinical), the cost estimation over the 
year consisted in a farm visit by the vet (times number of 
farms visited yearly) and sample collection, preparation and 
analysis (times number of animals sampled in each visited 
farm yearly). For the syndromic surveillance components 
(Milk production data, Reproductive performance data, 
Mortality), the considered costs were estimated as follows: 
the cost of data deliveries, and the cost of data analysis and 
interpretation of signals. The cost of hardware and software 
development as well as overall management was assumed 
common and constant to all surveillance systems and thus 
not accounted in the cost efficiency calculations. The yearly 
cost efficiency ratio was obtained using the mean compo-
nent sensitivity over the total estimated cost.

Results

Effectiveness of surveillance in terms  
of freedom of infection

Figures 1 illustrates the iteration results (1st-50th-99th per-
centiles) for the obtained sensitivity values (probability of 
detecting an infected cow or herd given it is infected at the 
set design prevalence) obtained at herd and component level 
for each component with the surveillance components in 
place in 2006-2007.  

 
 

O  Fig 1.
Simulated component sensitivities (1st-50th-99th percentiles) in each component (CSS (Cross Sectional); 
SENT (Sentinel); PC (Passive Clinical)) in each country ((BE(Belgium); FR(France); NL(the Netherlands)). 
No values available for the cross sectional component in France. 
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Though the mean herd sensitivities (depending on the diag-
nostic test used, number of cattle sampled within a herd and 
expected design prevalence) varied depending on the com-
ponent considered, values were similar among countries. 
Component sensitivities were around 0.99 for most of the 
components except for the sentinel component (around 0.7).  

Effectiveness of surveillance in terms of early 
detection

Figures 2 illustrates the range of the obtained component 
level (CSS (Cross Sectional); SENT(Sentinel); PC (Passive  
Clinical); MILK(Milk production data); REP(Reproductive 
performance data); MORT(Mortality)) sensitivities in terms 
of early detection with a simulated 2% and 20% expected 
within herd prevalence.

O  Fig 2.
Simulated component sensitivities (1st-50th-99th percentiles) in each component (CSS (Cross Sectional); 
SENT(Sentinel); PC (Passive Clinical); MILK(Milk production data); REP(Reproductive performance data); 
MORT(Mortality)) in Belgium (BE) and the Netherlands (NL) for varying within herd design prevalence 
2% and 20%.
 

Two different simulations were done to account for the dif-
ferent within herd expected prevalence (2% and 20%). Sen-
sitivities at herd and component level varied greatly along 
with the expected within herd prevalence. In terms of early 
detection, it is mainly the passive clinical component and the 
syndromic components that performed best. In Belgium, the 
use of reproductive performance data was effective for early 
detection. No alerts were triggered using milk production 
and mortality data in Belgium, therefore CSe values were 
null for these components in Belgium. In the Netherlands, 
reproductive performance data and milk production data 
were effective for early detection as well as mortality data 
but CSe values were slightly lower.

Cost efficiency

Table 3 displays the mean cost efficiency ratio, taking into 
account the mean component sensitivity (CSe) values for 
early detection in Belgium (assuming an expected within 
herd prevalence of 20%) and cost estimation, taking into 
account number of animals and herds sampled. Because cost 
data was only available for Belgium, the exercise regarding 
cost efficiency was only done for Belgium.  
 

Component Sampled 
herds

Sampled 
within 
herd

Cost total Cse Cse/Cost

Cross 
Sectional

344 40 146296 0.76 0.00052%

Sentinel 260 15 74190 0.31 0.00041%

Passive 
clinical

700 3 72410 0.99 0.00138%

Milk 
production 
data

15 40 132635 NA NA

Reproductive 
performance 
data

15 40 132635 0.97 0.00074%

Mortality 
data

15 40 132635 NA NA

O Table 3.
Mean sensitivity values obtained at component level (CSe) for each component (Cross Sectional; Sentinel; 
Passive Clinical; Milk production data; Reproductive performance data; Mortality) in Belgium and cost 
estimation, taking into account number of animals and herds sampled. 

 
For the purpose of early detection, total direct costs were 
lowest for sentinel and passive clinical surveillance. Pas-
sive clinical surveillance was most cost efficient, followed by 
syndromic surveillance based on reproductive performance 
data.
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Discussion 
International standards more and more require surveillance 
to be fit for purpose and tailored according to the minimum 
guidelines and country needs. Moreover, effectiveness (FAO, 
1999; OIE, 2014) and efficiency (Drewe et al., 2012; Häsler 
et al., 2011) are important parameters to consider while 
evaluating surveillance. Our first aim was to evaluate the 
effectiveness of each ongoing component for substantiating 
freedom of disease, taking into account the minimum guide-
lines stated in the different European regulations, using BT 
surveillance as case study. Using surveillance data of 2006-
2007, the passive clinical surveillance components in Bel-
gium, France and the Netherlands and cross sectional sur-
veillance components in Belgium and the Netherlands were 
effective for substantiating freedom of infection after a 
whole year with component sensitivities values around 0.99, 
providing a design prevalence of 2%.  The sentinel compo-
nent, mainly due to the small number of herds sampled, was 
of limited value with a CSe around 0.7. The herd sensitivities 
values were slightly lower and very much influenced by the 
number of animals sampled within a herd. 

Our second aim was to determine effectiveness of the on- 
going surveillance components for early detection as well as 
quantifying the added value of syndromic surveillance. Syn-
dromic surveillance has gained increasing interest in recent 
years (Dorea, 2013; Madouasse et al., 2014). These studies 
have showed how syndromic surveillance could trigger 
alerts, but to date none really evaluated their effectiveness 
and cost efficiency in comparison to existing systems. In the 
present study we tried to tackle this issue and proposed a 
method that could be used for this purpose. The approach 
elaborated in the present study combined existing methods, 
namely scenario tree models and epidemic curves models. A 
mathematical model, derived from epidemic curves obtained 
with Reed-Frost models, was developed for quantifying the 
effective probabilities of early detection for each surveillance 
component. This allowed comparison between components 
using a standardised approach. Using this approach, passive 
clinical surveillance remained the best component in both 
countries. This can be explained by the fact that clinical signs 
were fairly evident; however this might not be the case in an 
immunised/vaccinated population or in the case of another 
vector-borne disease with different spread characteristics. 

The legislation does not consider a herd effect for BT while 
estimating appropriate sample sizes. Therefore it can be 
expected that once the virus is present in a region it will  
rapidly spread to reach a within herd and between herd close 
to 100%. However, previous studies have shown that at the 
start of the epidemic the within herd prevalence was lower 

(Méroc et al., 2008; van Schaik et al., 2008), also in a context 
of disease freedom or early detection, it seems reasonable to 
consider very low within herd prevalence. This is the reason 
for simulating within herd expected prevalence of 2 and 20% 
and measure the impact on the herd and component sensi-
tivity. Though the relative sensitivities of each component 
remained constant, the obtained sensitivities varied greatly 
according to the chosen prevalence, revealing the impor-
tance of considering correct expected within herd and herd 
prevalence when setting up or evaluating surveillance. 

Regarding cost-efficiency of the different surveillance 
components it was found that not only passive clinical sur-
veillance offered good sensitivities of detection, it also is 
cost efficient. Syndromic surveillance is also cost efficient  
providing the assumed direct cost. However total direct cost 
was lower with sentinel and passive clinical surveillance. 
Yearly cross sectional surveys have the limitation that it is 
not repeated within a year therefore hampering early detec-
tion, but the aim of this component is mostly proving free-
dom of infection or prevalence estimation, for which it is very 
efficient, assuming sufficient cattle within herd are sampled. 
Besides the fact that, as discussed above, the disease under 
consideration must have similar spread characteristics and 
visible impact on the production parameters considered for 
syndromic surveillance or passive surveillance, lack of spe- 
cificity together with poor positive predictive value, due to 
the false alarms and the difficulty of differentiating a base-
line trend behind the background noise, constitute another 
major limitation of these surveillance components (Hope et 
al., 2006). The poor specificity might lead to extra cost linked 
to confirmation testing generated in order to rule out the 
suspicious cases. In the present study we considered 15 false 
alarms per year. Despite this, syndromic surveillance offers 
promising rapid diagnostics of deviations from trends, using 
readily available data against reasonable cost (Madouasse 
et al., 2014). In a context of globalisation, where emerging 
diseases spread and cross borders fairly rapidly and when 
disease awareness is not always present, syndromic surveil-
lance definitely has an important role for detection.
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Introduction
Antimicrobial resistance has become a major public health 
concern leading to the set-up of national and European 
surveillance programmes to follow-up its evolution. It is 
believed that resistant bacteria found in animals could 
spread to humans not only through direct contact but also by 
contaminating the environment or through the food chain 
(Geenen et al., 2010).

Non-pathogenic bacteria of the intestinal flora that are  
present in most animals and in humans are considered as 
good indicators to monitor antimicrobial resistance. In this 
study we performed a trend analysis of the prevalence of 
antimicrobial resistance in commensal Escherichia coli and 
Enterococcus spp. (E. faecium and E. faecalis) based on data 
of three consecutive years (2011-2012-2013) in Belgium. 
We also evaluated the level of multi-resistance (resistance 
against at least three antibiotics by the same strain) and its 
trend over the same period.

Sampling and laboratory testing     
Representative faecal samples from cattle (veal calves and 
young beef cattle), slaughter pigs and broiler chickens were 
taken at the farm or at the slaughterhouse within a nation-
wide surveillance programme of the Federal Agency for 
Safety of the Food Chain (AFSCA-FAVV). Isolates of E. coli 
(n=2504) and Enterococcal strains (n=1380) were obtained 
at the two Regional laboratories ARSIA and DGZ and sent 
to the National Reference Laboratory (CODA-CERVA) for 
confirmation of identification and for susceptibility testing 
using a micro-dilution technique (Sensititer®) (Fig.1). A panel 
of 14 antimicrobials specified by the European commission 
was used for E.coli and a custom panel including 12 antibi-
otics was used for Enterococci isolates. For each strain and 
each antimicrobial substance, the Minimal Inhibitory Con-
centration (MIC) was read and recorded in a database. MIC 
is defined as the lowest concentration by which no visible 
growth could be detected. Quantitative MIC values were 
converted in binary qualitative values (Resistant /Suscepti-
ble) based on the susceptibility breakpoints defined by the 
European Committee on Antimicrobial Susceptibility Tes- 
ting (EUCAST).

 
 

O  Fig 1.
Micro-titre plate showing bacterial colonies growing in wells containing increasing concentrations of different 
antimicrobials. In red, on the left, a fully resistant strain with growth at all concentrations. 

Statistical analysis 

Descriptive statistics: 

For each bacterial species and each antimicrobial separately, 
the percentage (with 95% confidence intervals) of observed 
resistant strains was calculated, per year and per animal  
category. The percentages of resistant strains per year for 
each antimicrobial were then plotted on graphs. 

The percentages of multi-resistant strains (i.e. strains resis-
tant to at least three drugs) and their 95% confidence inter-
vals were also calculated per year for each bacterial species 
and each animal category and were plotted on graphs. In 
addition, diversity indices (entropy and weighted entropy) 
were calculated using the R software to describe the degree 
of diversity of multi-resistance: these indices take a value 
between 0 and 1; a higher weighted entropy index reflecting 
a shift to multi-resistance against a larger number of antibi-
otics. These indices were calculated per year for each bacte-
rial species and each animal category. Detailed descriptive 
statistics results are described in Butaye (2014) and Hanon 
et al. (2014)
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Trend analysis: 

Using SAS 9.2 software, several statistical methods were 
tested to model the observed trends. Univariate models, 
based upon categorical data (logistic regression, generalised 
logit models) or upon continuous data (models for inter-
val-censored data, mixture models) were used to analyse the 
time trend of resistance for each antimicrobial agent sepa-
rately. Multivariate models (Generalised Estimating Equa-
tion models (GEE)) were used to take into account a possible 
correlation between antimicrobial agents in the time trend 
of resistance. After evaluating these various models for their 
capacity to accurately reflect the data and after comparing 
the results and their possible interpretation, it was decided 
to restrict the trend analysis to the logistic regression  
(univariate analysis) and to the GEE (multivariate analysis). 
These two approaches offered the best convergence and 
gave outputs that were convenient to interpret and to com-
pare and that could be easily plotted on graphs for presenta-
tion to authorities and decision makers.

For multi-resistance a logistic model was used to check 
whether there was a significant trend (increase or decrease) 
over the years regarding the prevalence of multi-resistant 
strains, for each animal category. In this model an OR >1 
means that the probability for a strain to be multi-resistant 
increases with time.

A note on multiple comparisons: in this study, the effects of 
the different antimicrobials were assessed on an individual 
level. Hence, the 5% significance levels were specified for 
each antimicrobial separately. If the interest is in making 
a statement on the entire pool of antimicrobials jointly, a 
family wise significance level should be specified. Different 
correction methods exist, including the very conservative 
Bonferroni. Another way to correct for multiple compari-
sons is by controlling the false discovery rate. In this respect, 
a less conservative method is the linear step-up method of 
Benjamini and Hochberg (1995). These methods were not 
applied to the results presented here.

Trends of the prevalence of 
resistance in E. coli (Table 1)
High levels of resistance against several antimicrobials were 
observed for the three consecutive years in all animal cate-
gories except in beef cattle. Decreasing trends were observed 
in veal calves and slaughter pigs for antimicrobials for 
which there was a low to moderate resistance prevalence.  
Increasing trends were observed in beef cattle for two anti-
microbials (gentamicin, kanamycin) for which there was a 
low to moderate resistance prevalence.

The situation is worrying in broiler chickens: in this animal 
category, we observed a high resistance prevalence (≥ 60%) 
for half of the tested antimicrobials (7/14). Moreover, in 
this animal category, increasing trends of resistance were 
observed, with the multivariate analysis models, for 5 dif-
ferent antimicrobials (chloramphenicol, ciprofloxacin, colis-
tin, florfenicol, nalidixic acid), including two substances for 
which there was high resistance prevalence (ciprofloxacin, 
nalidixic acid) (Figure 2).

 
 

O  Fig 2. 
Yearly trend, per antimicrobial, of  resistance in E.coli isolates from broiler chicken. Five antimicrobials had 
a significant increasing trend and one a decreasing trend, with the multivariate models
Red = significant / Blue = not significant
Black = overall trend
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Trends of the prevalence of 
resistance in Enterococcus spp. 
(Table 2 and 3)
For these bacterial species, the number of tested isolates was 
sometimes insufficient to obtain significant trends. This was 
especially the case for the year 2011 due to poor isolation 
success, which was improved, in the subsequent years by 
adapting laboratory methods.

For E. faecalis, the resistance prevalence was high for 3 
antimicrobials (erythromicin, streptomycin and tetracyclin) 
in all animal categories except in slaughter pigs for which 
only the resistance against tetracycline was high. Increasing 
resistance was observed mostly in strains from veal calves, 
including against 2 antimicrobials for which there was a high 
prevalence of resistance (erythromycin and tetracycline).

For E. faecium, the resistance prevalence was generally low 
to moderate except for synercid for which there was a very 
high prevalence of resistance (> 80%) in all animal categories. 
Decreasing trends were observed for several antimicrobials 
in all animal categories except in veal calves for which there 
was an increasing resistance to 2 substances (erythromycin 
and tetracycline).

Table 1 :  
E. coli 

Veal Calves Beef Cattle Chickens Slaughter 
Pigs

Ampicillin ++ ++ ++
Chloramphenicol ↓ ↑
Ciprofloxacin ↓      ↑ ++ ↓
Colistin ↑
Florphenicol ↑
Cefotaxime ↓ ↓
Gentamicin ↑
Kanamycin ↑
Nalidixic acid ↓     ↑ ++ ↓
Sulphonamide ++ ++ ++
Streptomycin ++     ↑ ++ ++
Ceftazidime
Tetracycline ++ ++ ++
Trimethoprim ↓ ++ ++

Table 2 :  
E. faecalis

Veal Calves Beef Cattle Chickens Slaughter 
Pigs

Ampicillin
Chloramphenicol ↑ ↑
Ciprofloxacin
Erythromycin     ↑ ++ ++ ++
Florfenicol
Gentamicin
Linezolid ↓
Salinomycin
Streptomycin ++ ++ ++
Synercid 
Tetracycline     ↑ ++ ++ ++ ++
Vancomycin

Table 3 :  
E. faecium

Veal Calves Beef Cattle Chickens Slaughter 
Pigs

Ampicillin
Chloramphenicol ↓ ↓ ↓
Ciprofloxacin
Erythromycin ↑ ↓
Florfenicol
Gentamicin
Linezolid ↓
Salinomycin
Streptomycin ↓
Synercid ++ ++ ++ ++
Tetracycline ↑ ↓ ↓
Vancomycin ↓

O Table 1,2,3.
Summary of observed trends of the resistance prevalence in commensal  E.coli and Enterococcus spp. from 
2011 till 2013 (++ = High prevalence (close to or > 50%) during 3 consecutive years; ↑ = increasing 
trend ; ↓= decreasing trend)
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Multi-resistance in commensal 
flora (Figure 3)
In broiler chickens, the percentage of multi-resistant strains 
remained very high (>80%) during the three consecutive 
years both for E. coli and for Enterococci. In veal calves it 
was very high (>70%) during the three years for E. coli; it was 
increasing for Enterococci although the lack of data in 2011 
makes such trend questionable. In slaughter pigs it was high 
for E. coli and decreasing for E. faecium. In beef cattle the 
level of multi-resistance was moderate. 

The comparison of diversity indices (weighted entropy) 
shows that for E.coli strains, multi-resistance against a high 
number of antibiotics was higher in isolates from the veal 
calves animal category. The indices were lower for Entero-
coccus spp. isolates in all animal categories meaning that 
resistance to high number of antimicrobials was less fre-
quent compared to E. coli (data not shown).  

 
 

O  Fig 3. 
Yearly prevalence (with 95%C.I.) of multi-resistance in E. coli isolates, per animal category. Prevalences 
were >50% for all categories except for beef cattle. No significant increasing nor decreasing trend was 
observed.

Conclusion 
The models show that trends were sometimes diverging 
within the same animal species, with an increasing resis-
tance for some antibiotics and decreasing for others wi- 
thout obvious explanation (e.g. florphenicol and cefotaxime 
in chickens) and the trends observed in Enterococci were 
sometimes conflicting with the trends observed in E. coli. 
(e.g. chloramphenicol in veal calves). 

Nevertheless some of the results were more conclusive. A 
high to very high prevalence of resistance was observed 
for some of the tested antibiotics during the three consecu-
tive years. Such high levels of resistance have already been 
observed previously both in pathogenic and non-pathogenic 
bacteria and results are comparable to those from other sur-
veillance programmes in some other European countries 
(Butaye et al., 2001, Hendriksen et al, 2008a, Hendriksen et 
al, 2008b, AFSSA, 2009, EFSA/ECDC, 2014, CVI, 2014). 

The use of such antimicrobials should be carefully moni-
tored especially in livestock species with intensive animal 
husbandry practices (veal calves, broiler chickens, slaugh-
ter pigs), for which the highest resistance prevalence were 
observed in our study. The situation is particularly wor-
rying for E. coli isolated from broiler chickens with a high  
prevalence of resistance for several antimicrobials and yet, 
an increasing trend for some of them. It is also in this animal 
category that the level of multi-resistance was the highest, 
both in E. coli and Enterococcus spp. isolates. The prevalence 
of multi-resistance was also high for slaughter pigs and 
veal calves in E. coli isolates but no significant increasing/
decreasing trend was detected in these animal species.

To conclude, the methodology and statistical tools applied in 
this study led to the observation of some significant trends 
and high prevalences of resistance after three years of  
monitoring; these results need to be confirmed by data cove- 
ring a longer period. It is therefore recommended to continue 
the surveillance programme (i) to advise the public health 
and animal health authorities, based on objective and scien-
tific information, on the measures and actions to be taken 
to control and regulate the use of antimicrobials in livestock 
species with the objective to reduce antimicrobial resistance, 
(ii) to evaluate the efficiency of such measures and actions.
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Abstract
Before prevention or early eradication measures on poten-
tially invasive and hazardous species (macroscopic or micro-
scopic) can take place, it is essential to first identify those 
species that pose the highest risk. Given the huge and still-in-
creasing number of animal species that become transported 
and may host emerging infectious diseases, such a prioritiza-
tion must allow for a high number of species to be assessed 
in a relatively short time, using risk assessment tools. Pan-
dora is a new first-line risk screening tool for parasitic and 
pathogenic microorganisms, with respect to their potential 
(re)emergence capacity and impacts. Impacts are relative to a 
given target area and may refer to health impacts (on domes-
tic or wild animals and plants, and humans), trade and public 
perception. 

Pandora is a semi-quantitative risk assessment protocol, 
based on general epidemiological principles from existing 
schemes (OIE, EPPO, WHO). After having defined the patho-
gen, area and targets at hand, the user is asked to score the 
likelihood of pathogen release, transmission and exposure, 
and to score the likelihoods and effect sizes for consequences 
towards targets. Pandora provides ample guidance, sug-
gested data sources and examples to assist the user in per-
forming the analysis. The answers are ordinally scaled, and 
this allows to put these risks into scores, and thus, to classify 
pathogens accordingly. This may support policy makers in 
the prioritization of preventive control measures, and also 
point to caveats in our knowledge on particular pathogens.

Pandora draws on the same concepts as the Harmonia+ pro-
cedure for alien animals and plants (D’hondt et al., submit-
ted/under review). It was realized by a consortium of eight 
Belgian scientific institutes, each providing their expertise 
on components of the protocol. Experts that tested the pro-
tocol overall granted the Pandora protocol medium to high 
scores for clarity, consistency, completeness, novelty & use-

fulness. It is currently being used for an assessment of the 
recently emerging African Swine Fever Virus (Roelandt et 
al., submitted/under review). Pandora can be consulted at 
http://ias.biodiversity.be/harmoniaplus.

Introduction
One can generally distinguish 3 methodologies in risk assess- 
ment: fully qualitative, fully quantitative and semi-quantita-
tive.  No single method has proven applicable in all situations 
and all involve a certain level of subjectivity (OIE, 2004). The 
qualitative method involves a reasoned and logical discus-
sion of all available information in a group of experts. Quan-
titative risk assessments often produce more reliable results 
as compared to qualitative risk assessment. However, this 
involves modelling and thus requires the availability of suf-
ficient and high quality numerical data and mathematical 
skills (OIE, 2004; Tomuzia et al, 2013). Both methods are sui- 
table for the majority of import risk assessments for domestic 
animals or derived commodities (OIE, 2004/2014), cultivated 
plants (FAO, 2006; EPPO, 2011), for translocation/ pest risk 
assessments for wild animals or plants (FAO, 2006; EPPO, 
2011; OIE, 2012; IUCN, 2013). Such assessments are generally 
performed one at a time. 

However, before prevention or early eradication measures 
on potentially invasive species (macroscopic or microscopic) 
can take place, it is essential to first identify those species 
that pose the highest risk. Given the huge and still-increasing 
number of macroscopic species that are transported and may 
co-transport emerging infectious diseases, such a prioritiza-
tion must allow for a high number of species to be assessed 
in a relatively short time. When a large number of hazards 
(e.g. pathogens, chemical substances, invasive pest species, 
risk factors/drivers of emergence) have to be comparatively 
ranked or evaluated for knowledge/data gaps, or when there 
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is a limited time frame (emergencies or rapid screening) to 
produce an answer, the semi-quantitative risk assessment is 
more often used in practice. This type of risk assessment is 
based on experts scoring a number of criteria followed by 
simple calculations on these ordinal scores (multiplication, 
summation, weighting). The final output equally supports 
diverse policy decisions, particularly in prioritization of 
management/surveillance actions or in adaptive allocation 
of budget, e.g. for research. 

Materials and Methods
Pandora is a semi-quantitative risk assessment protocol for 
Emerging Infectious Diseases. The tool is based on gene- 
rally accepted notions of risk in epidemiology and biological 
invasion (OIE, 2012/2014; EPPO, 2011; WHO, 2008; IUCN, 
2012): infection pathways entail both release and exposure 
(OIE, 2014), and risk is regarded as the product of probability 
and severity/magnitude of consequence/impact (Kinney and 
Wiruth, 1976; ISO, 2009; OIE, 2014). This standardized risk 
screening protocol is fully described in D’hondt et al. (sub-
mitted/under review) and may support policy makers in the 
prioritization of preventive control measures for different 
pathogens. It may also highlight knowledge gaps. One may 
consult an online version of Pandora through http://ias.bio-

diversity.be/harmoniaplus, which can be used freely and is 
open source.

When using Pandora (Figure 1) in a predefined setting with 
given pathogen(s), area and targets of interest, a user/expert 
is asked to answer a set of up to 13 questions that are consi- 
dered important for understanding the risk of a specific 
pathogen in a specific geographic area. The questions are 
grouped into selectable modules, each of which refers to a 
distinct stage of infectious disease epidemiology: “Entry” 
includes 1 question on likelihood of pathogen (re)introduc-
tion),  “Exposure” consists of 2 questions on maintenance 
and transmission to/exposure of targets, the 4 Consequence 
module on “Environmental targets” (wild animals and plants, 
habitats and ecosystems), “Animal targets” (domesticated: 
production and companion), “Human targets” and “Plant tar-
gets”  (cultivated plants) each include 2 questions on indivi- 
duals and populations, and finally “Other targets” involves 2 
questions on international trade and tourism, and on public 
perception and attention. 

The questions within each module are scored by choosing 
from a set of either three or five pre-defined, alternative 
answers that fit an ordinal scale (type: ‘very low/negligible’ 
< ‘low’ < ‘medium’ < ‘high’ < ‘very high’). To minimize any 
ambiguity with regard to the questions and their poten-
tial answers, every single question of the Pandora protocol 

O  Fig 1. 
Online version of Pandora
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comes with ample guidance that includes definitions, sug-
gested data sources, cut-off values and examples. By con-
verting the chosen ordinal answers to the questions into 
numerical scores (negligible: 0.05; low: 0.25; medium: 0.50; 
high = 0.75; very high: 1.00), and then performing some basic 
calculations on these, Pandora allows the expression of com-
parative risks on a numerical [0.00 – 1.00] interval.

Any component of risk is liable to uncertainty, which in fact 
lies at the very base of performing risk analyses (Leung et al. 
2012). For every relevant question, an assessor using Pan-
dora+ is therefore asked to provide a level of confidence with 
his/her answer provided (‘low’, ‘medium’, ‘high’), as well as 
any relevant remarks and references to support the answer. 
Following the guidance of Mastrandrea et al. (2011), the level 
of confidence is regarded as a combination of the average 
robustness of pieces of evidence, and the degree of agree-
ment between these pieces.

The Entry and Exposure module scores are then combined 
into the aggregated Emergence Score, by simple multipli-
cation of the probabilities or by a geometric mean which 
allows individual weighting of these infection pathway pro-
cesses. The scores from the different Consequence modules 
can equally become aggregated into a general ‘Consequence 
score’, either by taking the (potentially weighted) arithmetic 
mean if the user considers risks to be additive, or by taking 
the maximum of any module score if the user considers 
the highest risk as defining (precautionary “worst case” 
approach). Finally, the ‘Emergence score’ and ‘Consequence 
Score’ can be multiplied to yield an ‘Overall Risk Score’ for 
the pathogen at hand, following the general ‘risk’ definition 
(probability * consequence). 

Results and Discussion
The Pandora protocol allows a considerable amount of 
flexibility. One does not necessarily need to follow the full 
mathematical framework, as shown in Figure 1. Instead, it 
is of paramount importance that the output should meet 
the stakes of the end-users. For instance, it may be of inte- 
rest to present the scores for the different Consequence 
domains separately, rather than as an aggregated score, as 
to respect the different interests and competences from the 
stakeholders. Pandora alternatively allows stakeholders or 
experts to allocate different weights (of importance) to dif-
ferent questions and modules, to highlight certain parts of 
the emergence process or particular consequences they con-

sider more important, through  re-aggregation of the expert 
scores with more emphasis on particular field(s) of interest. 
Weights should ideally be set independently of, and prior to, 
expert scoring and may then result in more objective/realis-
tic semi-quantitative output (Krause et al., 2008; Discontools, 
2012). 

All risk assessments are subjective to some degree. How-
ever, through the use of arbitrary scores, weights, combined 
with expert opinion, semi-quantitative methods may be less 
transparent and may give a misleading impression of supe-
rior objectivity in comparison to a qualitative assessment 
(OIE, 2004; McKenzie et al., 2007; Discontools, 2012). This 
is why Pandora offers the two approaches in a mutually 
non-exclusive way. As such, the standardized semi-quantita-
tive outcome can be validated through the qualitative infor-
mation and remarks provided by the experts, and through 
external validation against other approaches (especially fully 
quantitative ones), and peer review as advised by McKenzie 
et al. (2007). The protocol can be used in combination with 
a reiterative Delphi approach or the semi-quantitative out-
comes of multiple experts can be summarized and visualized 
by means/standard deviations, as in Figure 2.

Pandora draws on the same concepts as the Harmonia+ 
procedure for exotic animals and plants (D’hondt et al., sub-
mitted/under review). These protocols were realized by a 
consortium of eight Belgian scientific institutes, each provi- 
ding their expertise on components of the protocol. Since the 
risk of an alien plant or animal species (dealt with by Har-
monia+ protocol) is often linked to the risk of pathogens or 
parasites being hosted by that species, we created a slightly 
adapted version of Pandora that is restricted to one specific 
host organism. This so-called Pandora+ protocol thus eva- 
luates the risk of a particular pathogen to be introduced by 
one particular host species, and bridges the other protocols, 
as its final output may feed directly into a question in the 
Harmonia+ assessment.

In a first round of protocol validation, experts who tested 
the Pandora protocol to assess Classical Swine Fever virus, 
Bluetongue virus and Echinococcus multilocularis in rac-
coon dogs, overall granted the Pandora(+) protocols medium 
to high scores for clarity, consistency, completeness, novelty 
and usefulness. Since then, a risk assessment of the recently 
emerging African Swine Fever virus was performed, where 
Pandora has produced satisfactory semi-quantitative and 
qualitative output, comparable to other recent ASFV risk 
assessments, while needing less time to complete (Roelandt 
et al., submitted/under review).
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O  Fig 2. 
Visualization of multiple expert scores
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Abstract
A logistic regression was carried out on case-control data of 
honeybee winter mortality in Belgium for winter 2012-13, 
which was obtained through the European EPILOBEE pilot 
project on honeybee pathogen and health surveillance. The 
model provided 80% accuracy in the prediction of mortality 
risk based on factors related to beekeeper (age and attitude), 
landscape diversity, Varroa infestation levels and acaricide 
treatments with chemical products before the 1st of Septem-
ber. Clusters of high and low winter mortality were iden-
tified and mapped alongside with Varroa infestation levels 
and an interpolated predictive layer.

Introduction
Over the last years, an increase in honeybee mortality has 
been reported in several countries within and outside the 
EU. In 2011, the EC set up and co-financed a standardized 
and Europe-wide voluntary surveillance programme in 
order to obtain reliable and accurate estimates of honeybee 
colony losses and health as well as information about the 
risk factors for these losses (EPILOBEE project).

The Belgian surveillance programme was based on pre- 
existing studies/data which documented recent Belgian 
bee-pathogen prevalence. The EU guidelines of the EPI-
LOBEE project with relation to the required sample size 
were also adapted to a small-scale Belgian beekeeping sce-
nario using a design prevalence to detect Varroa of +/-75% 
at apiary level and of +/-50% at colony level. The sampling 
strategy was multi-stage (apiary/colony levels) and strati-
fied by province: 150 apiaries were selected from a sampling 
frame of 3000 registered beekeepers. These apiaries were 
visited twice - in autumn 2012 and spring 2013 - and ques-
tionnaires were completed, collecting info on potential risk 
factors and bee mortality. Honeybee samples, systematically 
taken at the first visit, were screened for Varroa destructor 
by mite counts. 

Materials and Methods
Based on the original study design, aimed to estimate winter 
mortality, we attempted to identify risk factors in a case-con-
trol interpretation of the data after winter, recorded after 
winter. The calculated mortality rates at apiary level (Figure 
1) were used as a binary dependent variable: “Control” when 
apiary mortality rate <10%, else >10% “Case”. Due to the small 
within-apiary sample size (n = 1 to 6 colonies), a mortality 
rate of <10% is in reality only possible for 0% (0/n colonies). 

 
 

O  Fig 1. 
Case and Control Apiaries from EPILOBEE project.
According to the observed winter mortality as recorded at Visit 2: Pi† >10% = a case.  

To identify risk factors associated with honeybee winter 
colony mortality, univariate logistic regression models 
were constructed with random effects grouped according 
to the apiary (primary epidemiological unit). The variables 
obtained at visits 1 and 2 via the questionnaires, on topics 
such as apiary and beekeeper characteristics, management 
actions and opinions, landscape diversity, clinical symptoms, 
acaricide treatment as well as the recorded Varroa infesta-
tion rates, were evaluated as covariates in individual logistic 
regression models using SAS 9.3® (SAS Institute Inc., Cary, 
NC, USA). 
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These factors were subsequently combined in several  
topic-based (opinions/management, landscape, infections, 
treatments) multivariable logistic regression models in SAS. 
Several variable selection protocols were used to construct 
these models: backward, forward and stepwise, with p to stay 
<0.150 and p to enter <0.100 and no change in significance 
when leaving out variables, parameter scaling according to 
deviance criterion. Interactions were studied for parame-
ters related to the same/similar questions. Finally, the best 
(most significant p<0.100) factor per group/topic of parame-
ters was retained in a final, multivariable predictive logistic 
model (Table 1) for honeybee winter colony mortality, after 
removing the outliers for these parameters. 

VARIABLE 
Random 
effect

EFFECTS ESTIMATE 
Coeff.

Pr > 
ChiSq

ODDS RATIO

Keep apiary 
at V1

overall -1.40 0.0209 0.2470          
(0.076 - 0.809)

Age group: 
Compared to  
< 45 years

overall (type 3) / 0.0433 /

45-65 years -0.17 0.5226 1.478           
(0.518 - 4.218)

>65 years 0.74 0.0123 3.685               
(1.205 - 11.270)

Landscape 
diversity: 
Compared to 
1 type

overall (type 3) / 0.1025 /

2 types -0.33 0.2474 1.178                
(0.503 - 2.760)

3-4 types 0.82 0.0342 3.714             
(1.079 - 12.781)

Chemical 
Treatment: 
Compared to  
< 1 Sept

No treatment or 
> 1 Sept.

1.06 0.0153 2.886                   
(1.226 - 6.795)

Thymol 
Treatment

overall -0.86 0.0368 0.423             
(0.189 - 0.949)

Average 
Varroa Count: 
Compared to 
0-1 V/100Bs

overall (type 3) / 0.0202 /

Low avg (>1-5V 
/ 100B)

-0.37 0.2564 1.849               
(0.734 - 4.661)

Medium avg 
(>5-10V / 

100B)

-0.26 0.5449 2.065               
(0.616 - 6.917)

High avg (>10V 
/ 100B)

1.63 0.0063 13.678               
(2.621 - 71.368)

O Table 1.
Multivariable logistic regression model of the selected risk factors

The correlation matrices for the initial dataset (all factors) 
and final model were checked for multicollinearity among 
the variables, using limits of r<0.60 for the pairwise correla-
tion coefficients and Variance inflation Factor (VIF) below 
10. The final model retained the following covariates: age of 
beekeeper, wanting to continue the apiary,  the number of 
surrounding landscapes, average colony Varroa infestation 
level per apiary were associated with increased mortality 
rates while chemical acaricide treatment (before 1st of Sep-
tember) and especially Thymol-containing acaricide were 
associated with lower mortality rates. The accuracy of this 
final predictive model was measured using ROC analysis in 
Stata 10.0® and resulted in an AUC = 80.70%, which is con-
sidered reasonably good but leaving room for improvement.  

 
 

O  Fig 2. 
Accuracy of the final predictive model. Predicted probability versus observed mortality (Cases-Controls 
defined ~10% †)

Within SatScan 9.0® software, the purely spatial scan sta-
tistic (Bernouilli model) was applied to highlight potential 
clusters in the winter mortality rates (first high/low clus-
ters p>0.05). This analysis revealed three significant (p<0.05) 
potential clusters in our data, two of high and one of low 
mortality. One cluster, however, did have a very small apiary 
sample size and other places had high mortality too and may 
have showed clustering if the sample size had been larger. 

Finally, in ArcGIS 8.0® software, (Figure 3), the observed 
sample colony mortality for individual apiaries is depicted 
(size of circles), as well as average Varroa infestation levels at 
Visit 1 (colours) and the most significant potential mortality 
clusters as highlighted by Satscan® analysis (p<0.05; striped 
circles). This descriptive map is complemented by a predic-
tive background layer (predicted risk), which displays the 
interpolation of the predicted mortality rates for the sampled 
apiaries, based on the multivariable logistic regression model 
(output from final model).
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O  Fig 3. 
Observed versus Predictive Winter Colony Mortality, Varroa infestation and mortality clusters during winter 2012-2013.
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Discussion and Conclusion
It is obvious that neither the current logistic regression 
model nor the Satscan® (Bernouilli) model of mortality data 
“perfectly” predict colony mortality or capture existing mor-
tality clusters yet. This is partly due to the potentially cor-
related nature of some of the questionnaire items, and partly 
to the non-risk-factor status of some of the most explica-
tive variables, which complicates the multivariable logistic 
regression. Additionally, due to the multifactorial nature of 
winter colony mortality, not even all potential risk factors 
are yet included in the current model (due to circumstances 
of the project) such as e.g. virus prevalence data, certain 
management action data (winter feeding), spatial data on 
pesticide use, detailed land use data at apiary level (3 km re- 
solution; regional data). Some of the (lack of) clustering may 
be explained by the small provincial sample sizes.

This analysis has highlighted certain covariates and resulted 
in a base model with an 80% success rate in predicting mor-
tality. Furthermore, it has highlighted where the case-con-
trol study could benefit from an increased future sample size 
in the prevalence study design (EPILOBEE pilot project), or 
from a rephrasing of certain questionnaire items. Finally, it 
has generated further hypotheses for future analyses (e.g. 
use higher resolution landscape data and/or collect data on 
pesticide use). 
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Summary and keywords
Schmallenberg virus (SBV) emerged during the summer of 
2011. SBV was shown to be responsible for an unspecific 
syndrome in cattle and congenital signs (abortions, still-
births and malformations) in domestic ruminants. In order 
to study the impact of SBV in Belgium a telephone survey 
was conducted for cattle and sheep farms. Hereto, two 
groups of cattle farmers (A and B) and two groups of sheep 
farmers (C and D) were randomly selected. Farms from 
group A (n=53) and C (n=42) were farms that received SBV 
positive result at RT-PCR in a National Reference Labora-
tory (NRL). Farms from group B (n=29) and D (n=44) never 
sent suspected samples to NRL for SBV analysis. Question-
naires related to reproduction parameters and clinical signs 
observed in newborn and adult animals were designed and 
addressed to farmers.

As calculated on a basis of farmers’ observations, 4% of 
calves in group A and 0.5% in group B were reported aborted, 
stillborn or deformed due to SBV in 2011-2012. The impact 
as observed by sheep farmers was substantially higher with 
19% of lambs in group C and 11% in group D that reported 
aborted, stillborn or deformed due to SBV in 2011-2012. 
Interestingly, abortions or stillbirths were not clear conse-
quences of SBV outbreak in cattle farms and the birth of a 
deformed animal was an essential condition to suspect SBV 
presence in cattle and sheep farms.

In conclusion, this study contributes to a better knowledge 
of the impact of the SBV epidemic. The results suggest that 
SBV impacted Belgian herds mostly by the birth of deformed 
calves, stillborn lambs and deformed lambs. This work also 
demonstrates that the birth of a deformed calf or lamb was 

a trigger for the farmer to suspect the presence of SBV and 
send samples to NRL for further analyses.

Keywords: Schmallenberg virus, Impact, Sheep, Cattle

1.  Introduction
Among viruses which affected cattle and sheep populations 
in recent years, Schmallenberg virus (SBV) is probably the 
most intriguing one after its first emergence in 2011 (Hoff-
mann et al., 2011). The first clinical signs related to SBV were 
notified during summer 2011 in cattle; an acute unspecific 
syndrome including high fever, drop of milk production and 
diarrhoea was observed (Hoffmann et al., 2012, Muskens et 
al., 2012). In the following months, a significant increase of 
congenital malformations, including arthrogryposis, torti-
collis, kyphosis, brachygnathia, hydrocephaly or lesions of 
the central nervous system was observed in calves, lambs 
and kid goats (Garigliany et al., 2012, Herder et al., 2012, van 
den Brom et al., 2012). In contrast to cattle, no clinical signs 
were reported in adult sheep under natural conditions so far 
(Beer et al., 2013).

SBV spread rapidly throughout Europe including Belgium 
(EFSA 2013). Two serological studies from Méroc et al. (2013 and 
2014) demonstrated that Belgian sheep and cattle herds were 
extensively infected with SBV during the epidemic. In 2012-
2013, data reported the resurgence of SBV in previously or 
newly infected countries: Belgium, Germany, Greece, Norway 
and Scotland (Anonymous, 2013; Chaintoutis et al., 2013; Claine 
et al., 2013; Wernike et al., 2013a; Wisløff et al., 2014).

It is now commonly accepted that the Culicoides played a 
key role in the spread of the epidemic (Elbers et al., 2011; De 
Regge et al., 2012; Rasmussen et al., 2012; Larska et al., 2013). 
It highlights once again the importance of Culicoides-borne 
diseases in Belgium after the Bluetongue virus (BTV) epi-
demic (Méroc et al., 2008, Méroc et al., 2009).
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Increasing knowledge of the real impact of SBV in domestic 
livestock and risk-factors associated with SBV infections are 
essential given the threats of re-emergence of SBV or emer-
gence of other Culicoides-borne diseases (Beer et al., 2013). 
In Belgium, only two limited preliminary surveys studied 
the impact of SBV in cattle and sheep populations (Marti-
nelle et al., 2014, Saegerman et al., 2014). In the Netherlands, 
a case-control survey identified grazing as a possible risk 
factor for SBV (Veldhuis et al., 2014a). Finally Veldhuis et 
al. (2014b) studied the impact of SBV on milk production and 
reproductive performance in the Netherlands and Germany.

This study describes the results of a telephone survey among 
the Belgian cattle and sheep farms, conducted in September 
2012, aiming to evaluate the impact of SBV after the first 
introduction.

2.  Material and methods

2.1  Study population

For this telephone survey, 2 groups of Belgian cattle farmers 
were selected based on two sample frames. The first sample 
frame consisted of 408 cattle herds in which all herds had 
sent at least one sample to the National Reference Labora-
tory (NRL) in Belgium with a confirmation of SBV infection 
diagnosed by RT-PCR (De Regge et al., 2013). The second 
sample frame consisted of 382 cattle herds that had never 
sent ‘samples/material’ to the NRL for SBV diagnosis at the 
time of the study. Respectively 71 (group A, SBV confirmed 
by PCR) and 60 (group B, no SBV analysis performed) cattle 
herds stratified proportionally to the number of herds per 
province were randomly selected.

In sheep, two similar sample frames were constructed (166 
flocks and 83 flocks respectively) and 70 (group C) and 74 
(group D) flocks were selected for the survey. All herds used 
in the sheep survey were different from those used in the 
cattle survey.

2.2  Questionnaire

In order to have an idea of the history of each selected 
farm, data related to three seasons were obtained: season 1 
(S1, 01/09/09 – 31/08/10) represented the situation before 
the emergence of SBV. Season 2 (S2, 01/09/10 – 31/08/11) 
covered the period in which the first cases could retrospec-
tively be associated to SBV infection in adult animal. Finally, 
season 3 (S3, 01/09/11 – 31/08/12) covered the period in 

which increased number of malformations was observed in 
calves and lambs (outbreak of SBV in Belgium) (EFSA, 2013).

The questionnaire was structured in 2 main sections. The 
first section (Q1.1 – Q1.9) was dedicated to the impact of SBV 
in relation to reproduction parameters, including congenital 
deformations reported in calves and lambs. The second sec-
tion (Q2.1 – 2.3) was focused on the clinical impact of SBV in 
adult animals. A short description of the questionnaire can 
be found in Table 1.

In order to estimate the impact of SBV, cattle and sheep 
farmers were asked to give estimates in relation to abor-
tions (Q1.3), stillbirths (Q1.4) and deformed animals (Q1.5) 
they observed during the 3 last seasons: before the outbreak 
of congenital signs (S1 and S2) and in the SBV outbreak of 
2011-2012 (S3). A fertility indicator, which was defined as 
the number of successive artificial inseminations necessary 
to obtain one pregnant animal, was asked for each season 
(Q1.6).

To evaluate the temporal and spatial spread of SBV infected 
cattle and sheep farms in Belgium, the farmers were asked 
to provide the date at which they assumed for the first time  
that SBV infection was present in their herds (Q1.8.1) and to 
indicate the reason for this assumption (Q1.8.2). In addition, 
the farmers were asked to estimate the time period (first and 
last date) during which they observed the highest number of 
“SBV suspected” animals that were born in the herd (Q1.8.5).

To evaluate the impact of SBV on adult animals, the second 
section contained questions on clinical signs compatible with 
SBV infection in adult cattle/sheep (Q2.1 – Q2.3).

The questionnaire was validated by a group of veterinarians 
and farmers in order to verify the terminology used and the 
feasibility to obtain the demanded administrative informa-
tion of the farmer. The survey was conducted by telephone 
in the mother tongue of the respondent (Dutch or French). 
The interviewers were not aware of the SBV status of the 
herds during the interview. The interviewers were veteri-
narians and/or veterinary assistants from ARSIA (Agence 
Régionale de Santé et d’Identification Animale), CODA-
CERVA (Veterinary and Agrochemical Research Centre) and 
DGZ (Dierengezondheidszorg Vlaanderen).

2.3  Descriptive analysis

The mean number of gestations for each season (S1, S2 and 
S3) was calculated per group taking the total of number of 
gestations (Q1.2) divided by the number of herds in the cor-
responding group.
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The percentage of aborted/stillborn/deformed calves and 
lambs for each season (S1, S2 and S3) was calculated per 
herd taking the total number of aborted/stillborn/deformed 
calves or lambs observed by the farmer in the herd (Q1.3 – 
Q1.5) divided by the expected number of newborn calves or 
lambs in the herd within that period. In cattle, one newborn 
calf was expected per gestation while in sheep, 1.86 lambs 
were expected per gestation, as stated by Saegerman and col-
leagues (2014).

To evaluate the proportion of aborted, stillborn and deformed 
calves and lambs due to SBV in S3 (estimated impact of SBV), 
the difference between the percentage of aborted/stillborn/
deformed newborn calves or lambs obtained before the out-
break of congenital signs (average of S1 and S2) and the per-
centage obtained during S3 was calculated for each herd.

To evaluate the impact of SBV infection on the number of 
inseminations needed per gestation (fertility indicator) in 
cattle, the average of this fertility indicator obtained during 
S1 and S2 was calculated for each herd and compared to the 
fertility indicator obtained for S3 (Q1.6). Finally, the percen- 
tage of cattle herds that had an increase of the fertility indi-
cator during S3 (more inseminations needed per gestation) 
was calculated.

A purely spatial normal model was used to scan for clusters 
of cattle/sheep farms using the dates of first suspicion of SBV 
infection (Q1.8.1). The model tested the null hypothesis that 
first suspicion date was homogeneously distributed among 
the farms. The method used a likelihood ratio test to iden-
tify clusters. To test the significance of this likelihood, 1000 
Monte Carlo simulations were performed to obtain its distri-
bution and clusters with p-value<0.05 were to be considered 
as statistically significant. The test was performed on SaTS-
can 8.2.1. (Kulldorff, 1997).

2.4  Statistical analysis

The total number of animals present in cattle and sheep 
herds and the total number of adult animals present in the 
cattle herds in August 2012 were extracted from the Belgian 
system for animal identification, registration and follow-up 
(SANITEL). Data were not available for 2 cattle herds (1 in 
group A and 1 in group B) and 3 sheep herds (1 in group C and 
2 in group D) and were consequently deleted for the result 
part. The mean herd size, the mean number of adult animals, 
and the mean number of gestations during S3 (Q1.2) were 
compared between cattle groups A and B and between sheep 
groups C and D with Welch’s t test to evaluate the influence 
of herd size on the study population. P-value<0.05 were con-
sidered to be statistically significant.

3. Results

3.1 Response rate

The final survey consisted of 53 cattle surveys in group A, 29 
cattle surveys in group B, 42 sheep surveys in group C and 
44 sheep surveys in group D resulting in a responding rate 
of 75%, 48%, 60% and 59%, respectively. The total number 
of animals included in the survey within each group is 
given in Table 2. The geographical distribution of cattle and 
sheep farms is shown in Figure 1. A survey was considered 
complete and subsequently included in the analyses only 
if the interviewer obtained complete answers for Q1.1 to 
Q1.5. Incomplete questions from Q1.6 to Q2.3 (Table 1) were 
accepted and consisted in questions which the farmer did 
not know the answer for or questions not applicable to the 
farm. The non-responding farmers consisted of farmers who 
refused the interview or of incomplete surveys .

 
 

O  Fig 1.
Geographical localization of the farms in the study: group A (n=53, p), group B (n=29, Δ), group C 
(n=42, l) and group D (n=44, ¡), as described in the material and methods (section 2.1). 
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Cattle Sheep

A B C D

Section 1: global impact of SBV in the herd.

1.1 Give the period of calving/lambing during each of the 3 last seasons (S1, S2, S3) 53 29 42 44

1.2 How many gestations did you have during each of the 3 last seasons (S1, S2, S3) 53 29 42 44

1.3 How many aborted calves/lams did you have during each of the 3 last seasons (S1, S2, S3) 53 29 42 44

1.3 How many stillborn calves/lams did you have during each of the 3 last seasons (S1, S2, S3) 53 29 42 44

1.4 How many deformed calves/lams did you have during each of the 3 last seasons (S1, S2, S3) 53 29 42 44

1.5 What was the ratio insemination/fertilizing insemination during each of the 3 last seasons (S1, S2, S3)* 31 18

1.6 What malformations did you observed according the following systems:

head 50 21 40 43

column 50 21 42 43

members 50 21 42 44

nervous system 41 20 42 44

1.7 Did you have a first suspicion of SBV? 53 29 42 44

1.7.1 What was the date of the first clinical suspicion of SBV? 48 3 38 13

1.7.2 What was the reason of the first clinical suspicion of SBV? 50 4 42 14

1.7.3 Did “SBV suspected lambs/calves” die after birth? 49 3 40 12

1.7.4 After how long did they die? 25 1 29 11

1.7.5 Indicate the period during which the highest number of “SBV suspected animals” were born? 41 3 41 12

1.8 Did you observe the birth of premature animals? 49 23 42 44

Section 2: impact on adult animals.

2.1 Did you observe in adult animals of the farm high fever, degradation of the general state, loss of appetite, drop in milk production*, 
severe diarrhea or nervous symptoms

53 29 42 44

2.1.1 If yes, indicate the period during which these symptoms were observed 10 1 4 1

2.1.2 If yes, indicate how long these clinical signs lasted 11 1 4 0

2.1.3 Did one of these adult animals gave birth to a calf/lamb aborted or malfomred? 13 1 5 0

2.2 Did you observe the death of cows/ewes after giving birth to SBV calf/lamb? 43 0 37 13

2.3 Did you observe hydroallantois during calving? 37 3 37 13

*only asked to cattle farmers

O Table 1.
Summary of the questionnaire submitted to cattle and sheep farmers. For each question, the number of answers is given under columns A, B, C or D, representing the 4 groups: A (n=53), B (n=29), C (n=42) and D 
(n=44), as described in the material and methods (section 2.1). All missing data was due to farmers who did not have opinion on the question or questions not applicable to the farm.

3.2 Descriptive analysis

3.2.1 Impact on reproductive parameters

Cattle/calves:

In cattle, the average calving period during S1, S2 and S3 was 
similar for groups A and B and covered early October to mid-
July, independently of the predefined seasons (data not shown).

During the SBV outbreak in S3 the differences between 
group A and group B were significant in relation to the mean 
herd size, the mean number of adult animals per herd and 
the mean number of gestations (p<0.05) (Table 2 and 3). The 
percentage of aborted calves was similar in groups A and 
B. The percentage of stillborn calves and the percentage of 
deformed calves were however substantially higher in group 
A as compared to group B (Table 3). Seven farmers (23%) from 
group A and 4 farmers (22%) from group B had an impres-
sion of lower fertility (increased fertility indicator) during S3 
compared to previous seasons (S1 and S2) (Table 3).
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Number of animals per herd Grand 
total of 
animals

Number of adult animals per herd  
(>24 months of age)

Grand 
total of 
adult 

animals

group n= mean 95% CI [ ] Min Max mean 95% CI [ ] Min Max

Cattle A 52 177 [143 – 211] 8 657 9200 96 [77 – 115] 2 393 4980

B 28 102 [79 – 125] 5 203 2844 55 [42 – 69] 2 116 1551

Sheep C 41 89 [34 – 145] 2 858 3669

D 42 44 [12 – 76] 2 613 1850     

O Table 2.
Mean herd size and mean number of adult animals present in the herds in August 2012 are given for each group A, B, C and D (see in material and method) with their associated 95% confidence interval (95% CI), 
minimum and maximum values. The total number of (adult) animals within each group is given as well. All data was extracted from the Belgian system for bovine and ovine identification, registration and follow-up 
(SANITEL) in August 2012. Results could not be obtained for 2 cattle herds and 3 sheep herds. The number of adult sheep is unknown. 

 
 

Cattle Sheep

A B C D

 Season  Mean 95% CI [ ] Mean 95% CI [ ] Mean 95% CI [ ] Mean 95% CI [ ]

number of 
gestations

S1 77 [61 – 93] 51 [38 – 65] 62 [25 – 99] 31 [8 – 54]

S2 79 [63 – 96] 52 [38 – 65] 62 [26 – 99] 33 [6 – 60]

S3 77 [61 – 93] 50 [36 – 64] 68 [26 – 109] 30 [9 – 51]

proportion of 
abortion

S1 3.33 
(2.08)

[2.16% – 4.5%] 1.96% 
(1.24)

[0.91% – 3.02%] 0.27% 
(0.51)

[0.04% – 0.5%] 0.56% 
(0.38)

[0.06% – 1.06%]

S2 4.03% 
(2.18)

[2.27% – 5.8%] 1.94% 
(1.22)

[0.95% – 2.93%] 0.96% 
(0.77)

[0% – 2.27%] 0.53% 
(0.51)

[0.03% – 1.04%]

S3 3.81% 
(2.47)

[2.6% – 5.01%] 2.63% 
(1.16)

[0.58% – 4.69%] 3.39% 
(1.65)

[0.93% – 5.85%] 3.14% 
(1.63)

[1.45% – 4.84%]

proportion of 
still-births

S1 1.16% 
(0.94)

[0.67% – 1.65%] 0.98% 
(0.64)

[0.46% – 1.49%] 1.48% 
(1.4)

[0.57% – 2.4%] 2.64% 
(2.01)

[1.25% – 4.02%]

S2 2.6% 
(1.26)

[0.63% – 4.57%] 2.1% 
(0.71)

[0.09% – 4.11%] 2.85% 
(2.01)

[0.84% – 4.86%] 2.02% 
(1.9)

[0.94% – 3.09%]

S3 2.4% 
(1.64)

[1.41% – 3.39%] 1.06% 
(0.69)

[0.5% – 1.63%] 10.48% 
(5.02)

[6.84% – 14.12%] 7.7% 
(3.34)

[5.06% – 10.35%]

proportion 
of deformed 
newborn 

S1 0.08% 
(0.04)

[0% – 0.23%] 0.21% 
(0.09)

[0% – 0.51%] 0.12% 
(0.07)

[0% – 0.35%] 0% 
(0)

 

S2 0.18% 
(0.16)

[0% – 0.38%] 0% 
(0)

 0.08% 
(0.1)

[0% – 0.23%] 0% 
(0)

 

S3 3.44% 
(0.85)

[0% – 7.21%] 0.35% 
(0.21)

[0% – 0.92%] 8.38% 
(6.57)

[4.7% – 12.05%] 2.76% 
(1.02)

[1.1% – 4.42%]

insemination/
fertilizing 
insemination

S1 1.83 [1.62 – 2.04] 1.99 [1.7 – 2.29]     

S2 1.8 [1.63 – 1.97] 2.08 [1.8 – 2.35]     

S3 2.03 [1.74 – 2.32] 2.16 [1.86 – 2.46]    
 
O Table 3.
Mean number of gestations per herd calculated in each group as the total number of gestation divided by the total number of herds; percentages of aborted, stillborn, deformed calves/lambs  calculated per herd taking 
the total number of aborted/stillborn/deformed calves/lambs observed by the farmer in the herd divided by the expected number of newborn calves/lambs in the herd; the mean number of aborted/stillborn/deformed 
calves or lambs per herd is specified between brackets below the corresponding proportion; and insemination/fertilizing insemination ratio as asked during the survey (Q1.5) are given with associated average and 95% 
confidence interval (95% CI) for the cattle herds and the sheep herds during the three predefined seasons: season 1 and 2 (S1, S2: before the outbreak of congenital signs due to SBV) and season 3 (S3: outbreak of 
congenital signs due to SBV). Results are given for the 4 groups: A (n=53), B (n=29), C (n=42) and D (n=44), as described in the material and methods (section 2.1).
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Cattle Sheep

A B C D

 Mean 95% CI [ ] Mean 95% CI [ ] Mean 95% CI [ ] Mean 95% CI [ ]

Abortions 0.13% [-1.16% –1.41%] 0.68% [-1.47% – 2.83%] 2.77% [0.26% – 5.29%] 2.6% [0.95% – 4.24%]

Stillbirths 0.52% [-0.79% – 1.83%] -0.47% [-1.55% – 0.61%] 8.31% [4.52% – 12.11%] 5.37% [3.02% – 7.73%]

Deformations 3.31% [-0.47% – 7.1%] 0.25% [-0.35% – 0.85%] 8.28% [4.58% – 11.98%] 2.76% [1.1% – 4.42%]

O Table 4.
The difference between the mean proportion of respectively aborted/stillborn/deformed calves or lambs during S3 compared to the average of these proportions observed during S1 and S2 (estimated impact of SBV). 
Positive differences reflect the situation that proportions were higher during S3 compared to S1 & S2, negative differences indicate that proportions in S3 were lower than during S1 & S2. Results are given for the 4 
groups: A (n=53), B (n=29), C (n=42) and D (n=44), as described in the material and methods (section 2.1).

The estimated impact of SBV on congenital signs in S3 indi-
cates that 4% of the calves in group A and 0.5% in group B 
was aborted, stillborn or deformed due to SBV in S3. The 
estimated impact of SBV in S3 was substantially different 
between groups A and B for stillborn and deformed calves 
(Table 4); in contrast with the results in group A, the esti-
mated impact of SBV for stillborn calves in group B was even 
lower in S3 compared to S1 and S2 (as indicated by the nega-
tive percentage). 

In group A, deformations at locomotor system, vertebral 
column, head and nervous signs were observed by respec-
tively 44 (88%), 33 (66%), 23 (46%) and 6 (15%) farmers. In 
group B, these were respectively 2 (10%), 2 (10%), 2 (10%) and 
3 (15%) farmers. The most observed clinical signs were scoli-
osis, twisted limbs and hydrocephaly.

The first retrospective suspicion of SBV as indicated by the 
cattle farmers was due to a calf born with deformations or 
stillborn and was notified during week 18 of 2011 in group 
A. This first suspicion was in a herd localized in the North-
West of Belgium (Figure 2). No significant spatial cluster 
related to the date of first suspicion could be identified in 
the cattle group. In group A, 34 farmers (68%) related  that 
the first suspicion of SBV infection was due to calves born 
with deformations and/or stillborn, 12 farmers (24%) related 
that the first suspicion was due to an abortion and 4 farmers 
(8%) related that the first suspicion was due to an adult cattle 
which presented clinical signs commonly attributed to SBV 
in adult animals. In group B, 4 farmers (14%) observed a first 
suspicion of SBV and this was always due to calves born with 
deformations and/or stillborn.

Twenty-five farmers (51%) in group A and 1 farmer (33%) 
in group B  stated that “SBV suspected” calves died shortly 
after birth. Moreover, the farmers from group A stated that 
the death of these “SBV suspected” calves happened after an 

average period of 4 days (95% CI [1 – 8]). Most of the SBV sus-
picious cases were reported on average from 3rd March 2012 
to 9th April 2012 in group A (Figure 3).

Eleven farmers (22%) from group A and 2 farmers (9%) from 
group B reported that premature animals were born at the 
farm during S3.

Sheep/lambs:

In sheep, the average lambing period was similar for groups 
C and D. The period covered mid-January to early April 
independently of the predefined seasons (S1, S2, S3) (data not 
shown). 

The mean herd size and the mean number of gestations 
during S3 were substantially, however not significantly, 
higher in group C as compared to group D (Tables 2 and 3). 
The percentage of stillborn and deformed lambs was sub-
stantially higher in group C compared to group D (Table 3).

The estimated impact of SBV on congenital signs in S3 indi-
cates that 19% of the lambs in group C and 11% in group D 
were aborted, stillborn or deformed due to SBV in S3. The 
estimated impact of SBV in S3 was substantially different 
between groups A and B for stillborn and deformed lambs 
(Table 4).

In group C, deformations at the locomotor system, verte-
bral column, head and nervous signs were observed by 40 
(95%), 33 (79%), 25 (63%) and 12 (29%) farmers, respectively. In 
group D, this was 11 (25%), 8 (19%), 4 (9%) and 7 (16%) farmers, 
respectively. Specifically, torticollis, twisted limbs and hydro-
cephaly were mostly related within the different systems.

The first retrospective suspicion of SBV as indicated by the 
sheep farmers was during week 38 of 2011. This was a flock 
belonging to group C and localized in the middle-West of 
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Belgium, about 15 km from the Dutch border (Figure 2). No 
significant spatial cluster related to the date of first suspicion 
could be identified in the sheep group. In group C, among the 
reasons conducting to a first suspicion of SBV in the flocks, 
the birth of a deformed/stillborn lamb was invoked by 36 
farmers (86%). Five sheep farmers (12%) related a first suspi-
cion of SBV due to an aborted lamb. Finally, only one sheep 
farmer (2%) stated a first suspicion of SBV based on an adult 
sheep which presented clinical signs commonly attributed to 
SBV in adult animals. In group D, 14 farmers (32%) related a 
date of first suspicion of SBV; for 10 farmers (71%), the reason 
for this suspicion was a deformed/stillborn lamb while the 
other 4 farmers (29%) suspected it due to an aborted lamb. 
No sheep farmers from group D reported a first suspicion of 
SBV based on clinical signs commonly attributed to SBV in 
adult animals.

 
 

O  Fig 2.
Number of herds perceived to be infected with SBV by the farmers during 2011 and 2012 in the cattle 
herds and the sheep herds. Results are given for the 4 groups: A (n=48), B (n=3), C (n=38) and D 
(n=13), as described in the material and methods (section 2.1). The dashed line indicates the cumulative 
percentage of herds newly suspected of a SBV infection (---). 

Twenty-six farmers (65%) from group C and 10 farmers (83%) 
from group D stated that “SBV suspected” lambs died shortly 
after birth. Moreover, the farmers estimated that these “SBV 
suspected” lambs died after an average period of 2.5 days in 
group C (95% CI [1.2 – 3.9]) and 1.6 days in group D (95% CI 
[0.5 – 2.8]). Most of the SBV suspicious cases were reported 
on average from 29th January 2012 to 19th February 2012 in 
group C, and from 23rd January 2012 to 20th February 2012 
in group D (Figure 3). 

 
 

O  Fig 3.
Period in which the highest number of calves and lambs were born and suspected of SBV during 2011 and 
2012. Results are given for the 4 groups: A (herd numbers 1 to 41), B (herd numbers 42 to 44), C (herd 
numbers 1 to 41) and D (herd numbers 42 to 53), as described in the material and methods (section 2.1).

Premature animals were reported by 3 farmers (7%)  in group 
C and 2 farmers (5%) in group D .

3.2.2 Impact on adult animals

Cattle

During the interview, 15 cattle farmers (28%) from group 
A and only one farmer (3%) from group B declared having 
observed clinical signs commonly attributed to SBV in adult 
animals (Table 1). According to the cattle farmers in group 
A, the average period for the observation of these clinical 
signs was from 22nd September 2011 to 9th November 2011. 
The clinical signs lasted an average period of 18 days (95% 
CI [3 – 33]). The farmer from group B who observed clinical 
signs in adult animals observed these signs from 15th May to 
31st May and the clinical signs lasted an average period of 7 
days. Among the farmers who declared clinical signs of SBV 
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in adult animals, 4 farmers (31%) from group A  declared that 
at least one animal, which had the clinical signs commonly 
associated to SBV infection in adult animals, later gave birth 
to a calf that was either deformed or aborted. The latter was 
not observed in group B.

One cattle farmer (2%) belonging to group A observed that 
at least one cow died shortly after giving birth to an “SBV 
confirmed” calf. In addition, 12 farmers (32%) from group A 
observed hydroallantois in cattle which gave birth to “SBV 
confirmed” calves while this was not observed in group D.

Sheep

Five sheep farmers (12%) in group C and only 1 farmer (2%) 
in group D declared to have seen clinical signs that can com-
monly be associated with an SBV infection in adult animals. 
These signs were declared to be observed on average from 
23rd August 2011 to 11th September 2011 in group C. The 
farmer from group D who observed clinical signs in adult 
animals related them from 10th March 2012 to 15th April 
2012. These clinical signs lasted on average 9.5 days (95% CI 
[0 – 22]) in group C. One sheep farmer (20%) in group C stated 
having observed that the adult animals, which had clinical 
signs of SBV, later gave birth to a deformed or an aborted 
lamb.

Nine sheep farmers (24%) in group C and 5 sheep farmers 
(38%) in group D declared to have at least one ewe that died 
after giving birth to an “SBV confirmed” lamb. Moreover, 9 of 
the sheep farmers (24%) in group C observed hydroallantois 
in ewe during lambing of “SBV confirmed” lambs. The latter 
was not observed in group D.

Discussion
This study describes the general impact of SBV perceived 
by Belgian cattle and sheep farmers after the emergence of 
SBV in 2011. Originally this study was designed in order to 
identify possible risk factors for SBV infection. To do so, a 
case-control survey design was attempted. Therefore, we 
kept the classification in this study according to the defini-
tion of “case” and “control” we attempted to construct in the 
initial phase. Cases were considered as cattle and sheep herds 
that had sent at least one sample to the NRL in Belgium with 
a confirmation of SBV infection diagnosed by RT-PCR (group 
A in cattle and C in sheep). The 2 remaining groups where 
those cattle and sheep farms that had never sent ‘samples/
material’ to the NRL for SBV diagnosis (group C in cattle and 
D in sheep). However, it seemed impossible to build a rele-

vant control group in this study. Indeed, the between-herd 
seroprevalence in the Belgian cattle herds (99.76%; Méroc et 
al., 2013) and sheep herds (98.03%; Méroc et al., 2014) was 
very high at the time the study was designed. This made it 
difficult to select available seronegative flocks for controls. 
The difficulties encountered for assigning herds into the case 
and control groups stress the importance of having a good 
definition of a case (herd) for emerging diseases and was also 
faced in other studies (EFSA, 2013, Veldhuis et al, 2014a). 
Nevertheless, for some parameters substantial and signifi-
cant differences could be observed between the different 
groups of cattle and sheep defined in the study (groups A, 
B, C and D). In particular, herds belonging to groups A and 
C had a higher herd size and a higher number of gestations. 
The latter results suggest that NRL obtained more RT-PCR 
positive results from bigger herds (even though this should 
be confirmed in sheep with a bigger sample of herds). Still- 
births and deformed newborn being overall rare pheno- 
mena, bigger herds are more likely to undergo such events. The 
latter is clearly shown by the higher percentage of stillborn 
and deformed animals observed in group A and C (Q1.4 and 
Q1.5). The higher percentage of farmers who related defor-
mations according to the different organ systems and body 
parts in group A and C (Q1.7) also corroborates this observa-
tion. It makes thus perfect sense that stillborn and deformed 
newborn, which were more often observed in bigger herds, 
led to a suspicion of SBV and consequently pushed the  
farmers and the veterinarian to send samples to NRL.

Together with the probability for having a stillborn/
deformed newborn, bigger herds are possibly more closely 
and professionally monitored and farmers more aware of 
emerging diseases such as SBV, which could contribute to a 
better diagnosis of SBV at herd level. 

Interestingly, abortions and stillbirths did not seem to be a 
clear consequence of SBV epidemic for the cattle farmers, 
in contrast with the situation in sheep. Nevertheless, high 
variability was observed between the herds. The different 
impacts observed in both species could result from diffe- 
rent susceptibility of the species (cattle or sheep) to SBV. This 
discrepancy between sheep and cattle farms could also be 
related to management systems or awareness of the disease.

For both species, the birth of a deformed animal showed to 
be the typical sign for the farmers to suspect the presence of 
SBV in their farms. It seems logical because deformed ani-
mals were less observed during S1 and S2, the seasons before 
the outbreak of congenital signs due to SBV. Consequently, 
even if the percentages of aborted or stillborn calves or lambs 
increased during S3, the birth of a deformed animal consti-
tuted a remarkable phenomenon for the farmer. Interestingly, 
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25 farmers from group B and 30 farmers from group D did 
not mention the observation of an SBV suspicion in their herd 
(Q1.8). This is intriguing considering that all the herds from 
the groups B and D were seropositive for SBV (Méroc et al. 
2013 and 2014). Nonetheless, among all farmers who did not 
suspect SBV (n=25 in group B and n=30 in group C), it is noti- 
ceable that not a single deformed calf or lamb was observed. 
This reinforces the importance of the birth of a deformed 
animal to suspect SBV at herd level. Even if it is here assumed 
that the observation of deformed animals is a trigger to sus-
pect SBV, to ensure a good diagnosis, this suspicion of SBV 
must be distinguished from the multiple causes, other than 
SBV, that can induce congenital deformations. Among these 
other causes, viruses (BTV, bovine viral diarrhoea virus 
(BVDV)) parasites (Neospora caninum), nutritional defi-
ciency (manganese, selenium), toxic causes (lupin) or physi-
cal causes (radiation) must be investigated (Martinelle et al., 
2012). Genetic defects must also be included in the differential 
diagnosis, particularly when it comes to the local Belgian blue 
breed (Andrews et al., 2004). On the basis of our results, it can 
also be observed that 12 cattle farmers and 5 sheep farmers 
did not send suspected material to NRL despite an abortion, 
which is mandatory in Belgium. This observation questions 
the efficacy of surveillance programmes in Belgium as already 
demonstrated by Delooz et al. (2011). Furthermore, in this 
study, 4 cattle farmers and 14 sheep farmers suspected SBV 
and did not send suspected material to NRL. Their presence 
in group B and D is thus questionable, but these farmers can 
however not be included in group A or C because this SBV 
suspicion was not confirmed by RT-PCR. 

About 20% of the cattle farmers (groups A and B) perceived 
a decrease in fertility (increase in number of inseminations 
per successful gestation) in S3 as compared with the situa-
tion in S1 and S2. To the best of our knowledge, a decrease 
of the fertility has never been described as a consequence of 
the SBV epidemic. It has maybe remained unnoticed because 
SBV infection might lead to early embryonic mortality which 
is very difficult to observe. In sheep, the fertility indicator 
could not be investigated because most Belgian breeders are 
hobbyists and natural fertilisation by rams (instead of A.I.) is 
frequently used.

One cattle owner from group B reported the birth of a calf 
showing signs compatible with SBV infection as soon as  week 
18 of 2011 (1st May 2011). This suggests that infection might 
have occurred much earlier than the first confirmed SBV case 
in Belgium during week 52 of 2011 (EFSA, 2013). This seems 
very unlikely and indicates that stillbirths and deformed 
calves or lambs must be introduced in the differential diagno-
sis of other diseases susceptible to induce stillbirth or conge- 
nital deformations like BTV or BVDV (Martinelle et al., 2012).

According to the results of this study, premature birth was 
not a trigger for the farmer to suspect SBV at herd level.

It is noticeable that during this survey, substantially more 
cattle farmers compared to sheep farmers observed clini-
cal signs commonly attributed to SBV in adult animals. The 
higher percentage calculated in bovine species seems logi-
cal. Indeed, it is well described that after SBV infection, adult 
cattle suffer from an unspecific syndrome including the signs 
asked for in the questionnaire (Beer et al., 2013), while clinical 
signs in adult sheep were never related under natural condi-
tions (Beer et al., 2013) and few symptoms were observed after 
experimental infection (Wernike et al., 2013b). In this respect, 
it is also logical that only a few sheep farmers reported clinical 
signs in adult sheep similar to those usually associated with 
SBV infection in adult animals. However, if clinical signs asso-
ciated with SBV infection were noticed by cattle and sheep 
farmers, to our understanding, these signs cannot strictly be 
attributed to SBV and the percentage of farmers who observed 
clinical signs in adult animals was probably overestimated. 
Indeed, SBV causes a non-specific syndrome and the clinical 
signs described consequently to an SBV infection are com-
monly observed in other diseases. Subsequently, it is difficult 
to certify that the clinical signs observed in the herds were 
the consequence of an SBV infection. Furthermore, the clini-
cal signs in adult animals happen weeks before the birth of a 
deformed newborn, which was shown to be the true signal of 
SBV for the farmers. This time-gap between the observation 
of the clinical signs and the birth of deformed lambs, together 
with the non-specificity of the clinical signs and the absence 
or low awareness for the disease at that time (August-Septem-
ber of 2011) make the link between SBV and clinical signs in 
adults difficult to certify for the breeders. This is supported by 
the fact that few farmers noticed a link between the obser-
vation of clinical signs in adult animals and the birth of an 
aborted or a deformed calf/lamb.

More sheep farmers stated the death of ewes at lambing 
compared to cattle at calving. This can be associated with 
the fact that, proportionally, more deformed animals were 
born in sheep during the SBV epidemic. Deformed animals 
are susceptible to induce complications and dystocia, which 
could lead to a fatal issue (Mee, 2008). Also, less sheep far- 
mers stated hydroallantois. This might be due to a less close 
monitoring during lambing than is the case during calving 
in cattle. In consequence, this can lead to an underestima-
tion or misinterpretation of this result in sheep flocks, which 
could also explain why all sheep farms with hydroallantois 
belong to group C.

Saegerman et al. (2014) carried out a similar impact study 
with sheep farmers. In this study, a case and a control 
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group were defined. Comparison between both studies is 
difficult because in the present study, no credible control 
group was on hand. This could also be the case in the study 
of Saegerman et al. since the negative group was probably 
impacted by SBV for two reasons. Firstly, the percentages of 
aborted/stillborn/deformed lambs were high (3.2%, 9.5% and 
2%, respectively) in the negative group of the study of Sae-
german et al. compared to those observed during S1 and S2 
in the present study that represented the Belgian situation 
before the outbreak of congenital signs due to SBV (Table 
3). Secondly, 50% of the surveys (13 sheep flocks) were clas-
sified in the negative group. Such a percentage of negative 
herds is however doubtful knowing that the seroprevalence 
in Belgium reached 98.03% (Méroc et al., 2014) at the time 
the study was carried out. A comparison seems, however, 
relevant if only the positive groups from Saegerman et al. 
(2014) are used and compared with group C of the present 
study. Indeed using a similar approach (herds with a posi-
tive PCR result in sheep) the percentages of aborted/still 
born/deformed lambs are higher with 2 to 3% compared to 
the present study. Different reasons can explain this discre- 
pancy: the sample size as well as the geographical repre-
sentation (Belgium versus only one region of Belgium) can 
induce a bias for comparing both studies.

This study described the general impact of SBV infection 
perceived by Belgian cattle and sheep farmers after the first 
emergence of SBV in Belgium. This descriptive analysis sug-
gests that the SBV epidemic had minor impact on the per-
centages of aborted calves and lambs and stillborn calves 
meanwhile the percentages of stillborn lambs and deformed 
calves and lambs were high in the year of the outbreak. The 
birth of a deformed calf/lamb was the most obvious trigger 
for the farmers to notify “SBV-suspected material” to the 
laboratory. This suggests that monitoring and surveillance 
of SBV can be implemented by monitoring the material 
from stillborn and deformed calves/lambs on large herds via 
RT-PCR.
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Introduction
Nanotechnology is a so-called ‘Key Enabling Technology 
(KET)’, which means that it enables process, goods and  
service innovation throughout the economy and has a con-
siderable direct economic impact. The number and amount of 
consumer products and applications using nanotechnology 
on the market are rapidly increasing. Several stakeholders 
such as the European Parliament, some EU member states 
and non-governmental organizations, have requested more 
transparency and traceability concerning the use of nano-
materials in consumer products on the market [1]. Therefore, 
from 13 December 2014 onwards, food ingredients contai- 
ning engineered nanomaterials (ENM) have to be labelled 
with “(nano)” [2]. With their increasing application, the public 
awareness of possible merits and demerits of nano products 
and concerns regarding their safety for human health and 
the environment is often polarized by interest groups. The 
presence of manufactured nanomaterials in food is parti- 
cularly sensitive. It appears inevitable that, as with products 
of any other new technology, the introduction of one of the 
many products of nanotechnology will sooner or later be 
associated with a hazard, linked or not with risks for human 
health. The possibility to respond to such concerns through 
scientific data obtained by harmonized validated methods is 
a key factor to avoid that such incidences compromise the 
innovative and economic potential of manufactured nano-
materials in all domains, and to implement and control the 
new regulations that inform and protect the consumers.

The collaboration of the Services “Electron Microscopy” 
(EM) and “Trace Elements” of CODA-CERVA in the context 
of national and European research projects has resulted 
in an overall recognized expertise concerning the physico- 
chemical characterization of engineered nanomaterials 
(ENM). This characterization is an important first step to 
assess the presence and the potential risks of ENM. In these 
projects, CODA-CERVA was responsible as promoter or task 
leader for defining, identifying and characterizing primary 
and aggregated /agglomerated ENM. In many cases, the 
examined experimental models were directly related to ENM 
important in the food chain/safety. Based on this expertise, 
the EM service of CODA-CERVA was appointed as validated 

supplier for JRC-IRMM (Geel, Belgium) for ‘characterization 
studies’ and for ‘homogeneity and stability studies’ of parti-
cle size analysis by transmission electron microscopy (TEM) 
and by particle tracking analysis (PTA). 

A joint initiative of a multidisciplinary team

At CODA-CERVA, a multidisciplinary team with complemen-
tary expertise has joined forces to characterize nanomate- 
rials with high-level equipment (see also the text box ‘Exper-
tise and equipment’). The expertise that has been acquired 
through collaboration in national and international pro- 
jects is related to the characterization of reference materials 
and resulted in the redaction of several guidelines for TEM  
analysis. It has also allowed participation in a number of active 
networks (see also the text box ‘Expertise and equipment’).   

Case study: TEM analysis of the release of silver 
nanoparticles from pastry decoration

Metallic silver is an EU approved food additive referred to 
as E174. It is authorized to be used to colour the external 
coating of confectionery, for decoration of chocolates and in 
liqueurs [10,11]. Because of its anti-bacterial action, applica-
tion of silver is also allowed in the processing, the conserva-
tion and the consumption of food [12], e.g. as antibacterial 
coating of food preparation equipment, storage containers, 
refrigerators and packaging materials. 

It is generally assumed that silver is only present in bulk 
form in the food chain. Nano-silver may have different  
physico-chemical properties than the bulk form, such as 
distinct solubility and surface-to-volume ratio, which may 
affect the biological activity. Current evidence from peer-re-
viewed literature raises some concerns about the possible 
health effects of continuous exposure to silver nanoparti-
cles, and questions the increased usage, especially in con-
sumer products where nano-silver is not linked to justified 
and tangible benefits [13-17]. 

In the presented study, the particles released from the  
coating of silver-coloured pearls meant for decoration of 
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pastry (Figure 1), are characterized by conventional and 
advanced transmission electron microscopy (TEM) methods. 
The pearls are treated with double distilled water to detach 
the coating from the inner part. Part of this coating is col-
lected on an EM grid. Such treatment mimics exposure to 
this food additive when eaten.

The number based size and shape distributions of the single, 
aggregated and/or agglomerated particles released from the 
pearls are determined by combining conventional bright 
field TEM imaging with semi-automatic particle detection 
and analysis. The representative silver test nanomaterial 
NM-300K is used as a positive control, to determine the 

uncertainty on the measurement of the size and shape of 
the particles [18]. 

The results clearly indicate the presence of an important 
subfraction of nanoparticles in the pearls (Figure 2). Because 
94.70% of the eluted particles have a minimal external size 
smaller than 100 nm, the eluted fraction classifies as a nano-
material according to the EC regulations for novel food [19] 
and the EC recommendation on the definition of a nano-
material [20]. The minimal external size is estimated by the 
Feret min diameter, which is the minimum distance of paral-
lel tangents at opposing particle borders.

O  Fig 1.
Representative TEM micrographs of nano-scale particles from (A and B) the coating of a silver-coloured pearl meant for decoration of pastry after treatment with distilled water, and from (C) the control sample NM-300K.

O  Fig 2.
Comparison of TEM particle size measurement (Feret min) and SP-ICP-MS particle size measurement (volume equivalent spherical diameter) for (A) the particles eluted from the pearls and (B) NM-300K. The mode, 
width and asymmetry of the lognormal function which is iteratively fitted to each dataset are given together with the R2 value.
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This method is validated for silver nanoparticles by estimat-
ing the measurement uncertainties of the quantitative TEM 
analysis of the representative test material NM-300K using 
a top-down approach. The obtained values of the different 
measurement uncertainties are in line with the results of 
earlier estimations of TEM measurement uncertainties [21]: 
the estimated expanded intra-laboratory uncertainty of 1D 
size measurands is in the order of 2%, which allows precise 
determination of the Feret Min.

To formally prove that the analysed subfraction of nanopar-
ticles consists of silver, high angle annular dark field – scan-
ning transmission electron microscopy (HAADF-STEM) is 
combined with energy dispersive X-ray spectroscopy (EDX) 
and mapping. Because the intensity in a HAADF-STEM 
image is proportional to the squared atomic number and 
the specimen thickness, a subfraction of relatively heavy 
nanoparticles, similar to the particles observed in conven-
tional TEM, is easily detected from the background (Figure 
3). The corresponding EDX elemental maps of silver clearly 
show that the silver distribution coincides with the posi-
tion of the particles on the HAADF-STEM images (Figure 
3). No silver signal is found outside the detected particles,  
showing that the spatial resolution of the EDX measurement 
is high enough to measure the composition of the individual 
nanoparticles. The presence of other chemical elements is 
examined by generating EDX spectra of the particles from 
the elemental maps (Figure 3). 

The guidance documents on the testing of manufactured 
nanomaterials [22] and on the risk assessment of the appli-
cation of nanoscience and nanotechnologies in the food and 
feed chain [23] require that the size parameter of a nanoma-
terial is measured by at least two independent methods (one 
being electron microscopy), since the results obtained from 
different measurement techniques may differ because of 
the physical principles applied in the measurement method. 
Therefore, the TEM size measurements are independently 
confirmed using single particle - inductively coupled plasma 
- mass spectrometry (SP-ICP-MS), which determines the 
volume equivalent spherical diameter of the particles (Figure 
2). Due to its limit of quantification for Ag of about 13 nm, 
this method fails to detect a substantial fraction (about 26%) 
of the particles eluted from the pearls, which is detected by 
TEM. In this case, fitting a lognormal function to the incom-
plete distribution results in a mode (13.6 nm) similar to that 
obtained by TEM (10.9 nm). However, because the smallest 
particles are not detected by SP-ICP-MS, the uncertainty 
on the estimation of the left side of the distribution is large. 
Even so, SP-ICP-MS confirms the presence of nano-sized 
silver particles. Hence, it can be applied successfully as a 
method to screen for the presence of a fraction of nano-sized 
particles. 

These results are presented and discussed in detail in the 
peer-reviewed journal PLOS ONE: 
E. Verleysen, E. Van Doren, N. Waegeneers, P.-J. De Tem-
merman, M. A. D. Francisco, J. Mast, TEM analysis of the 
release of silver nanoparticles from decoration of pastry, 
PLOS ONE, submitted December 2014. 

O  Fig 3.
(A) HAADF-STEM image, (B) corresponding EDX elemental map of silver, and (C) EDX spectrum recorded in the region indicated on the HAADF-STEM image of particles eluted from a pearl supported on a Cu grid. The 
EDX spectrum clearly shows the presence of silver. Small amounts of oxygen and carbon (originating from the supporting film and from contamination), and of copper (originating from the supporting grid) are measured 
over the complete background. 
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Abstract
Since the appearance in 1986 of an epidemic of Bovine Spon-
giform Encephalopathy (BSE), a new form of neurological 
disease in cattle which also affected human beings, many 
diagnostic and research activities have been performed to 
develop detection and therapeutic tools. A lot of progress 
was made in better identifying, understanding and con-
trolling the spread of the disease by appropriate monitoring 
and control programmes in European countries. This paper 
reviews the recent knowledge on pathogenesis, transmis-
sion and persistence outside the host of prion, the causative 
agent of Transmissible Spongiform Encephalopathies (TSE) 
in mammals with a particular focus on risk (re)assessment 
and management of biosafety measures to be implemented 
in diagnostic and research laboratories in Belgium. Also, 
in response to the need of an increasing number of Euro-
pean diagnostic laboratories stopping TSE diagnosis due to 
a decreasing number of TSE cases reported in the last years, 
decontamination procedures and a protocol for decommis-
sioning TSE diagnostic laboratories is proposed.

Introduction
Transmissible Spongiform Encephalopathy (TSE) is a family 
of neurodegenerative diseases found in several animal spe-
cies including humans. Among these, the Bovine Spongi-
form Encephalopathy (BSE) first came to the attention of 
the agricultural and scientific community in 1986 with the 
appearance of a new form of neurological disease in cattle 
in the United Kingdom. The origin of the BSE disease was 
a mystery but it propagated rapidly in the UK and later in 
different countries around the world. The rapid spread was 
linked to feeding cattle, sheep and goats with meat and bone 
meat (MBM) contaminated with high risk tissues from BSE 
affected cattle.1,2 Ten years after the beginning of the BSE 
crisis, commonly named “mad cow disease crisis,” a new form 
or variant of Creutzfeldt-Jacob Disease (vCJD) emerged in 
humans which was causally linked to BSE.2-4 In January 
2012, a total of 176 cases of vCJD were reported in the UK 
and, although to a lesser extent, cases were described in 
other countries.

The “mad cow disease crisis” represented an important issue 
for public health as well as for trade involving movements 
of animals. Safety measures and rules to control and pre-
vent the transmission of the disease by feed and food were 
adopted first in the UK and subsequently in the European 
Union. These measures included 3 major action lines: the 
removal of Specified Risk Material (SRM), the ban on fee- 
ding of MBM and processed animal protein, and the esta- 
blishment of monitoring programmes.5,6 An European 
framework of surveillance of TSE in cattle, sheep and goats 
was established which allowed to determine the risk status 
of EU member states on a regular time frame and to follow 
the evolution of TSE prevalence over the years. In parallel, 
an European Creutzfeldt Jacob Disease Surveillance Net-
work (EuroCJD and later on NeuroCJD) which encompasses 
centres in European and non-European countries (Aus-
tralia, Japan, Canada) allows data comparison for all CJDs 
since 1993 with the objective to further develop the sur-
veillance of vCJD and to identify novel forms of CJD. The 
recent surveillance framework highlights that the number 
of BSE cases has decreased in Europe in the last years. Since 
2009, 17 European Member States have even been autho-
rized to review their monitoring programmes, based on their 
favourable epidemiological situation, leading to a decrease of 
roughly 30% of the number of tests performed annually in 
the EU in 2009 compared with 2008 (Chart 1 in Annex III to 
CSWD).7 During the 80th General session in May 2012, the 
OIE decided to put Belgium in the category of countries with 
negligible BSE risk, which resulted together with the EFSA 
publication on the minimal sample size, in the stop of control 
of healthy slaughtered cattle in Belgium since the beginning 
of 2013.8

Since the mad cow disease crisis and the emergence of 
vCJD in humans, considerable research efforts are made in 
an attempt to establish the TSE pathogenesis and develop 
detection and therapeutic tools for humans and animals. 
In Europe, R&D laboratories worked intensively to develop 
rapid, sensitive and specific diagnostic testing of TSEs in live-
stock as well as in humans in order to stop the transmission 
of the disease. In the first years of the crisis, the number of 
facilities handling TSE agents increased as a result of the 
monitoring needs. In several European member states such 
as Belgium these laboratory activities fall under the scope of 
regulations on the protection of workers from risks related 
to exposure to biological agents at work (implementing EU 
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Directive 2000/54/EC) and on the contained use of gene- 
tically modified microorganisms (GMM) and/or pathogenic 
microorganisms (implementing Directive 2009/41/EC).9,10 
The latter foresees that a contained use of GMM and/or 
pathogenic microorganisms is subject to a risk assessment 
to define proper risk management including the adoption 
of adequate containment measures and work practices. The 
aim is to provide a high level of safety for the general pop-
ulation and the environment. The risk assessment is based 
on the identification of potentially harmful properties of 
the TSE causing agents such as pathogenicity, transmission 
mode, persistence and stability of the agent in the environ-
ment and availability of effective prophylaxis or therapy.

Today, in several EU member states the epidemiologic  
situation has evolved to a significant decrease in TSEs cases 
with a concomitant decrease in TSE detection testing. As a 
result TSE diagnostic laboratories see a reduction of their 
main activity and competent authorities decided to limit 
this activity to a lower number of laboratories. What will be 
the future of these laboratories that have performed rapid 
testing on animal samples during years? Should they now 
undertake another type of activity or should they simply 
stop TSE diagnostic activity and close down? In either case, 
the first step they must face will concern the decommissio- 
ning of the facility. In other words, the facility should be pro- 
perly decontaminated using specific and rigorous methods 
adapted to TSE causing agents and then dismantled.

Biological risk assessment

Pathogenesis

TSEs are a group of transmissible neurodegenerative di- 
seases in mammals characterized by spongy degeneration of 
the brain with severe neurological symptoms. 

Host-Species Disease Probable etiology

Human Sporadic Creutzfeldt-Jakob disease (sCJD) Idiopathic

Iatrogenic Creutzfeldt-Jakob disease (iCJD) Acquired (transplants, blood 
transfusions, hormone 
therapy, …)

Variant Creutzfeldt-Jakob disease (vCJD) 
Kuru

Acquired (BSE)

Gerstmann–Sträussler–Scheinker 
syndrome

Acquired (sCJD)

Fatal familial insomnia (FFI) Genetic (prnp mutation)

Prion protein cerebral amyloid angiopathy 
(PrP-CAA)

Genetic (prnp mutation)

Variably protease-sensitive prionopathy 
(VPSPr)

Idiopathic

Sheep and 
goats

Scrapie Acquired

Atypical scrapie Idiopathic

BSE Acquired

Cattle Bovine Transmissible Encephalopathy 
(C-type BSE)

Acquired

H-type and L(or BASE)-type BSE Idiopathic

Mink Transmissible mink encephalopathy (TME) Acquired (BSE)

Deer, elk, 
moose

Chronic wasting disease (CWD) Acquired

Cats Feline spongiform encephalopathy (FSE) Acquired (BSE)

O Table 1.
Human and animal prion diseases, their acronyms and their probable etiology

Until now, the issue of disease is always fatal. Strong evi-
dence indicated that prion is the causative agent of TSE 
and seems to act in the same way in all these diseases. In 
an attempt to explain the molecular basis of TSE-associated 
neurotoxicity, Alper and Griffith proposed in the 1960s the 
implication of an infectious agent made solely of protein.11,12 
In the 1980s Prusiner and his team isolated the infectious 
protein particle he named “prion” for “proteinaceous infec-
tious particle.”13 The prion protein-only hypothesis proposed 
that normal cellular prion protein (PrPc) acts as a template 
for post-translational conversion of PrPc into prion (PrPsc), 
an abnormal misfolded isoform of PrPc causing scrapie in 
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sheep. The new generated PrPsc has different biochemical 
characteristics compared with PrPc, such as its insolubility, 
resistance to denaturation and its partial resistance to pro-
tease degradation. PrPsc was predicted to propagate during 
infection by contacting specific regions on PrPc to recruit this 
protein and convert it in PrPsc. Polymers so formed undergo 
a fragmentation resulting in generation of new templates or 
new “seeds” for prion fibril formation.14

PrPc is normally highly expressed within the nervous system 
with variation among distinct brain regions and differen 
cell types. Various cellular components of the immune 
system, in the bone marrow, blood and peripheral tissues 
also express substantial amounts of PrPc.15 Most mammalian 
PrPc is exported to the cell surface as a glycoprotein with GPI 
anchor domain in phospholipids bilayer and might have a 
pleiotropic role in vivo perhaps by mediating its broad effects 
by affecting cell signalling pathways.16 It has been shown to 
participate in normal cellular functions including cell signal-
ling, metal homeostasis, protection against apoptosis and oxi-
dative stress, neurite growth, neurogenesis and neuropro-
tection.15,17 The pathogenesis of prion diseases is attributed 
to major changes in the metabolism of PrPc with a functional 
role for prion in TSE etiology.16

Recent data suggest a tight and specific interaction between 
Amyloid-β oligomers (Aβ) and PrPc (and not PrPsc) in medi-
ating Alzheimer disease.18,19 However some conflicting 
reports exist where the effects of Aβ in memory properties 
have been shown to be independent of PrPc.20,21 Thus more 
research is needed to establish the link between PrPc and 
Alzheimer disease.

Prion propagation in brain proceeds via 2 distinct phases 
during the disease: a clinically silent exponential phase not 
rate-limited by prion protein concentration, which rapidly 
reaches a maximal prion titre, followed by a switch to a pla-
teau phase. It is suggested that prions themselves are not 
neurotoxic but catalyse the formation of such toxic species 
from PrPc. This production is triggered when prion propaga-
tion saturates and leads to a switch from autocatalytic pro-
duction of infectivity (phase 1) to a toxic pathway (phase 2).22

The particular nature and origin of prion impose researchers 
to rule out the ordinary precepts of an infection and to under-
stand new concepts involving a cellular protein belonging to 
the infected organism itself. Prion protein carries characte- 
ristics of neurodegenerative diseases such as Alzheimer and 
Parkinson Diseases where abnormal misfolding and aggre-
gation of native proteins occur leading to damage in brain 
tissues and disturbances in the normal cellular protein func-
tion.23 Prion also possesses characteristics of an infectious 

microorganism with the capacity to spread to other orga- 
nisms of the same species or to a different species.

Transmission

TSE can occur as a result of an, as yet, uncharacterized 
sporadic event causing PrPc to PrPsc conversion, or by 
dominant mutations in the PRNP gene encoding PrP, pro-
ducing mutant PrPc that is hypothesized to more readily 
undergo spontaneous conversion to PrPsc. The PRNP gene 
is highly variable in humans and in various animal species.  
Numerous mutations and polymorphic sites have been 
described. Data demonstrate the influence of PRNP varia-
tions in conditioning the susceptibility to and the clinical and 
pathological phenotype of prion diseases, their pathogene-
sis as well as the selection and mutation of prion strains.33 
It is suggested that sequence variants exert their effects by 
altering the efficiency of conformational self-replication and 
they do so by targeting different steps in this process.16 In 
humans, the susceptibility to prion disease is considerably 
increased by the valine/methionine polymorphism in posi-
tion 129 of the prion protein.34 The emergence of new strains 
is often related with PRNP variation, which can drive the 
evolution of strains both on interspecies transmission and 
on transmission within species.18,35

TSE is also the unique neurodegenerative disorder that can 
be caused through experimental and natural infection with 
exogenous prions either by feeding as in the case of vCJD 
and Kuru, or by deep body contact with prion infected mate-
rial such as in surgery or invasive treatments.36

In humans, iatrogenic CJD (iCJD) transmission cases were 
found to occur through different ways: by parenteral  
administration of cadaveric-derived growth hormone, by 
blood transfusion, through intracerebral dura mater grafting 
or by the use of neurosurgical instruments and EEG elec-
trodes.37 Transmission through corneal transplantation and 
during endodontic treatment was also described.38 These 
observations correlate with the wide variety of tissues in vari-
ant CJD (vCJD) showing infectivity and presence of PrPsc: the 
central nervous system (CNS), the LRS system (spleen, lymph 
nodes, tonsils, appendix, other gut-associated lymphoid tis-
sues), blood, components of the eye and optic nerve and the 
gastrointestinal tract. This is in contrast with sporadic CJD 
(sCJD) or inherited prion diseases in which the infectious 
material is largely confined to the tissues of the CNS.36

In animals, TSEs (TME, CWD, BSE, FSE and scrapie) are 
thought to occur naturally after consumption of prion-in-
fected foodstuffs. However, experimental transmission has 
been routinely achieved via intraperitoneal and intrave-
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nous injection of prion infected material. Transmission was 
reported to be effective by intralingual, intranerval, conjunti-
val and via nasal cavity inoculations.39 Prion tissue distribu-
tion in cattle remains essentially restricted to the CNS, cattle 
have no evidence of a lymphoid or blood phase of PrPsc. This 
is fundamentally different from TSEs in sheep, cervids or 
mice and vCJD in human. Sheep and cervids appear to have 
extensive lymphoid tissue involvement with PrPsc deposition 
regardless of the TSE agent they are inoculated with.17

Prion infectivity has been detected in some body fluids in 
animals: cerebrospinal fluid, blood, saliva, milk and urine 
raising the possibility of prion shedding in these liquid secre-
tions and excretions. All fluids can act as sources of aerosols 
and may represent a point of origin for airborne transmis-
sion of disease. Recently, exploring the aerosol transmis-
sion potential of prions, a study showed that mouse scrapie 
could efficiently transmit via aerosols to mice.40 In deer some 
observations favour the airborne transmission of Chronic 
Wasting Disease (CWD) as naturally occurring and it has 
been shown to occur experimentally on “cervidized” trans-
genic mice.41 Saliva and droppings were found to harbour 
CWD infectivity. In addition, CWD prion has been found 
in water in the natural environment in an endemic area.39,42 
Infectivity has not yet been demonstrated in milk and blood 
of cattle with natural or experimental BSE.17 In the case of 
CJD, there is no evidence of release of prion into aerosols.

Although the BSE epidemic and the transmission of the 
agent to humans demonstrate that prions can pass the spe-
cies barrier, the cross-species transmission is much less effi-
cient than within the same species and strain characteristics 
may change on transmission to another species.43 The species 
barrier that limits the cross-species transmission of prions 
may be due to differences in the amino acid sequences of PrP 
with the position of certain residues having a strong influ-
ence and is thought to depend on the conformational com-
patibility between the exposed host PrPc and the infecting 
PrPsc.44 The « conformational-selection » model proposes that 
prions may be endowed with a variety of PrPsc conformers, 
the fittest conformation being selected in a particular envi-
ronment or tissue.18,45 The European Food Safety Authority 
(EFSA) and European Centre for Disease Prevention and 
Control (ECDC) published in 2011 a scientific opinion on 
possible epidemiological and molecular association between 
TSEs in animals and humans, making a state-of-the-art on 
current knowledge on risks of interspecies transmission.2 

Based on the results from in vitro experiments and transmis-
sion experiments to human PrP transgenic mice, the report 
states that the human prion protein can be converted to a 
PrPsc-like form by animal PrPsc: there is not an absolute bar-
rier to infection/conversion of humans by mammalian TSEs 

at the molecular level. Based on epidemiologic observations, 
BSE is considered the most promiscuous TSE strain transmit-
ting to humans, cats and zoo animals.44

Recently Béringue and colleagues showed that prion 
cross-species transmission efficacy could exhibit marked 
tissue dependence.46 They observed a higher permissiveness 
of the spleen over the brain tissue to foreign prions and PrPsc 
amplified in spleen was able to re-infect the donor species 
efficiently. These data could explain discrepancy observed 
between numbers of clinical vCJD cases and estimates of 
population prevalence of infection in LRS tissues: BSE expo-
sure led to LRS colonization but progress to neuroinvasive 
disease is rather low.43

Persistence in the environment

BSE and vCJD are two epidemics that seem to have been sus-
tained by prion contamination in feed and food chains and 
no horizontal transmission has been described. Conversely, 
animal-to-animal transmission through the environment 
contributes to maintain epizootics of scrapie in sheep and 
CWD in deer and elk populations. Prions may be deposited 
in the environment through the remains of dead animals 
and via urine, saliva, and other body fluids. They are then 
maintained in soil by binding to mineral particles and other 
soil components. These associations have been shown to 
enhance the persistence and surprisingly the transmissibi- 
lity of the infectious agent.47-49 Studies have shown that in 
sewage and seawater the survival of PrPsc is limited to 2 to 
4 mo. In sewage, the stability of PrPsc associated to BSE is 
significantly lower than that reported for PrPsc associated to 
sheep and mouse scrapie.50
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Risk management of contained 
use activities involving TSE causing 
agents

Inactivation of TSE causing agents

In a laboratory handling TSE causing agents protection of 
public health and environment requires a special attention 
to decontamination procedures and waste management. 
Indeed, resistance of prions to classic treatments is well 
known and therefore resistant misfolded prion is noted 
PrPres in most of inactivation studies. Lots of research efforts 
have been dedicated to develop efficient decontamination  
methods as an absolute decontamination is necessary 
because of the low infectious dose of TSE causing agents. As 
a matter of fact incineration remains the safest elimination 
method of prion-contaminated material and biological waste. 
Alternatively and particularly for big animal carcasses, alka-
line hydrolysis in high temperature and pressure conditions 
(tissue digester) may be proposed as a proven effective inac-
tivation method.63,64

PrPres is a hydrophobic protein that tends to self-aggregate 
giving high stability to the protein. The misfolded prion form 
has a significantly higher ratio of β-sheets and lower ratio 
of α-helical structures than the cellular form. The confor-
mational change from helices to β-sheets confers particu-
lar physico-chemical properties to the prion protein which 
becomes insoluble and resistant to classic treatments (with 
protease, heat or radiation) although they reduce prion 
infectivity.65 Furthermore TSE agents have been shown 
experimentally and clinically to gain resistance to deconta- 
mination treatments and to efficiently transfer infectivity to a 
suitable host when adsorbed on metal or soil components.66,67

The clinically silent infection with vCJD prions in popula-
tions exposed to BSE prions as well as wide tissue distribu-
tion of infectivity in vCJD make the risk of infection through 
contact with medical instruments a major concern. That is 
the reason for the large number of research and develop-
ment studies being focused on medical instrument decon-
tamination. Contained use activities handling prions benefit 
from these data as they also require decontamination me- 
thods to apply to any material that must be re-used, surfaces 
that must be decontaminated and to waste inactivation. In 
2000, the WHO published infection control guidelines for 
known and suspected TSE cases.68 These guidelines propose 
safety measures to be applied in case of human TSE agent 
manipulation including criteria for identification of risk 
groups, special consideration of surgical procedures asso-
ciated with high-risk tissues and specialized cleaning and 

decontamination practices. The decontamination method 
recommended by WHO for prion consists on a sequential 
treatment of immersion for one hour in high concentration 
of sodium hypochlorite (NaOCl) solution or sodium hydro-
xide (NaOH) solution followed by autoclaving at a tempera-
ture of 121°C for 30 min.68 Because of the corrosive effect of 
these concentrations of NaOH and NaOCl on metal instru-
ments as well as their harmful consequences on worker 
health and the incompatibility of autoclaving with delicate 
surgery instruments, research has been focused on finding 
alternatives for surgical instruments.

Taylor and more recently Rutala and Weber have reviewed 
physical and chemical methods of prion decontamination 
described in the literature and the resulting infectivity 
status 65,69. They describe relevant factors affecting prion 
protein inactivation including prion strain (different ther-
mostability or resistance to proteases), the nature of the 
surface concerned (plastic or stainless steel) and the method 
of sample preparation (undiluted tissue, tissue homogenate, 
tissue macerate). The fixation and hydration states of the 
agent and the size and nature of the inoculum, in particular 
the lipid content, have been shown to influence efficiency of 
prion inactivation by heat and reactive oxygen species.70,71

Studies have shown the effectiveness of specific formula-
tions of alkaline and enzymatic detergents to eliminate the 
infectivity of prions with the advantage of being applicable 
to delicate surgical instruments and medical devices and far 
less hazardous to operators.69,72 Detergent enhances action 
of sodium hydroxide by liberating lipid membrane-protected 
PrPres and thus improves access to NaOH which can then 
inactivate PrPres by altering its structure.73 Also the use of 
specific formulations of alkaline or enzymatic detergents 
in combination with standard sterilization processes have 
already led to the development of validated methods for the 
sterilization of prion-contaminated medical devices.69 Using 
Standard Steel-Binding Assay (SSBA), a highly sensitive 
detection method, commercially available decontamination 
reagents have been compared.36 The most effective reagents 
obtain a residual infectivity below the limit of detection (a 
reduction of prion infectivity of 8 logs).

Relevant papers on prion inactivation using hydrogen pe- 
roxide (H

2
O

2
) vapour or Reactive Oxygen Species (ROS) gene- 

rated by various systems suggest that ROS can be a main 
actor in prion inactivation. Sterilization methods using oxi-
dizing agents include ozone (TSO

3
), a mix of hydrogen per-

oxide and peracetic acid and hydrogen peroxide with copper, 
the hydrogen peroxide gas plasma system in particular con-
ditions of humidity, temperature, pH and contact time.67,71,74,75 
Several studies have confirmed that new low-temperature 
sterilization technologies (i.e., gas plasma and vaporized 
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hydrogen peroxide) can eliminate infectivity of prions on 
stainless steel wires and may be useful for reducing or pre-
venting risk associated with prion-contaminated devices. 
These technologies, combined with use of prionicidal deter-
gents, should sterilize prion-contaminated heat-sensitive 
devices, but use of these technologies should wait for cor-
roborative studies to be published.66,69,76

Decommissioning of a TSE diagnostic laboratory

As a consequence of a decreasing number of detected cases 
of TSE infection in cattle in the recent years, the European 
Commission authorized some member states to reduce their 
diagnostic activities in the framework of the European 
surveillance program for TSEs. This is the case of Belgium. 
Consequently the Belgian competent authority, the Federal 
Agency for the Safety of the Food Chain (FAFSC), decided 
to decrease the number of national laboratories perfor- 
ming rapid detection of TSEs in animal tissues from Bovi-
dae, Ovidae, and Caprinae. However the question was raised 
about the best procedure to apply for decommissioning of 
these laboratories.

A step-by-step risk assessment performed before lab disman-
tlement could lead to a procedure specific for the concerned 
laboratory.77 This assessment would take into account the 
present and future activities to be performed in the labora-
tory. When a high number of positive specimens as well as 
high concentrations of infectious material have been hand- 
led in the lab during the time of prion detection activity, the 
probability of room exposure to prion might be high. The 
number and type of spills or other incident that occurred in 
the laboratory are additional factors increasing the proba-
bility of room or equipment contamination. In that case a 
complete destruction of all material, equipment and furni-
ture might be considered. On the other hand for a diagnostic 
laboratory in which a low number of positive samples have 
been handled, with no incident registered during the time of 
prion detection activity and with a rigorous quality system 
or (and) a biorisk management system in place, decommis-
sioning could be limited to decontamination of surfaces and 
disposal of devices that have been directly in contact with 
potentially infectious material. Laboratories which did not 
have any positive case have to be aware of the fact that they 
participated in the yearly national ringtrials organized by 
the National Reference Laboratory in which positive mate-
rial of actual cases was always included.

The future activity planned for the laboratory may also 
influence the decommissioning procedure. In cases where 
the laboratory will be used for administrative work for 
example, complete destruction would also be advised. In 
case the future activity will require a containment level 3, 
the work environment and particularly the work practices 
will remain stringent and will reduce the possibility of expo-
sure to remaining contaminating prions. However standard 
decontamination methods usually applied in containment 
level 3 laboratories for conventional microorganisms do not 
ensure effective decontamination of prions and may even 
reinforce the resistance of prions to disinfectants.

Nevertheless in most of the cases, the precautionary prin-
ciple will lead to a procedure prescribing complete destruc-
tion of all material, equipment and furniture. Aside from the 
fatal issue of prion exposure (particularly BSE) and remai- 
ning questions about the biology of TSE causing agents, 
there are practical considerations that favour this decision. 
The probability of exposure to prion protein is high as it can 
remain infectious in the lab environment for a long time 
when attached to soil, metals and other components.67,78 It 
is known that transmission of disease is achieved with tiny 
amounts of infected tissue so complete decontamination is 
required. The standard methods for decontamination are 
not efficient against the prion protein. Absence of sampling 
and detection methods specific and sensitive enough to 
detect traces of the prion protein in the work environment 
and providing a proof of decontamination complicates the 
decommissioning task. Progress has been recently achieved 
in this field. A research team provided a method with a high 
dynamic range and sensitivity beyond that of conventional 
rodent bioassay36. Finally, a recent study supports the pro-
posal of complete destruction. It has compared different pen 
treatments in a farm with high incidence of natural scrapie: 
pressure washing alone, pressure washing combined with 
sodium hypochlorite treatment, the same plus replacement 
of all removable metalwork, re-galvanising of remaining 
metalwork and a complete repaint of whole pen including 
the walls and floor. None of these treatments were efficient 
enough for environmental decontamination.79

The FAFSC, the Belgian National Reference Laboratory 
for TSE and the Biotechnology and Biosafety Unit (SBB) of 
the Scientific Institute of Public Health cooperated to esta- 
blish a procedure for dismantlement based on the present  
knowledge on TSE. 
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O  Fig 1.
Procedure for decontamination and decommissioning of laboratories performing rapid detection of Transmissible Spongiform Encephalopathy. 
Decommissioning starts with equipment and furniture in the room and finishes with decontamination of the emptied room. Small equipment is disposed of in a biohazard container without prior decontamination and 
transported to the incinerator. Large equipment, walls, floor and fixed furniture are cleaned with a detergent and then vaporized (humidified) with NaOH 2N or NaOCl 20000 ppm for one hour. Surfaces are then rinsed 
with water. Large equipment is packed in 2 layers of resistant plastic film, placed in cardboard packaging and transported to the incinerator. The room is made airtight and fumigated with hydrogen peroxide. In case of 
“small” incinerator oven entrance (see Belgium), two solutions are proposed: large equipment is cut in the laboratory into pieces small enough to enter the oven, or large equipment is crushed just before entering the 
oven at the incineration site. Small and large equipment are incinerated in a specialized incinerator for hazardous waste.
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A technical document proposes a dismantlement procedure 
of laboratories performing rapid diagnosis of TSE and the 
safety measures to adopt during the process.80 The procedure 
of dismantlement includes the following steps (in this order):

(1)  A cleaning step to eliminate any residual organic matter 
that can interfere with the disinfectant action;

(2)  Decontamination of prions using high concentrations of 
disinfectant solutions such as sodium hydroxide (NaOH) 
and sodium hypochlorite (NaOCl);

(3)  Packing of decontaminated equipment and furniture 
in compliance with international transport regulations 
prior to incineration by a waste processing company 
which disposes of an incinerator for hazardous waste;

(4)  Room fumigation with hydrogen peroxide.
Particular attention is paid on safety measures to apply 
during the decommissioning of the laboratory. The proce-
dure should be adapted later on taking into account the evo-
lution of scientific knowledge on the subject.

References
The list of references can be obtained with the author or in 
the original publication (*)

(*) Based on Laboratory activities involving Transmissible Spongiform Encephalopathy causing agents: 
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O    new insights in humAn mycotoxin exPosure oBtAined By meAsuring 
BiomArkers in urine 
A. CALLEBAUT & B. HUYBRECHTS

Introduction
Many mycotoxins are known to cause subacute and chronic 
health problems in humans and animals. The real exposure 
of humans and animals to mycotoxins is difficult to measure 
by an indirect approach based on mycotoxin occurrence 
data in food/feed, combined with food/feed consumption 
data. The heterogeneous distribution of mycotoxins, the 
effect of food/feed processing on the final toxin concentra-
tion, under- and overestimation of food consumption data, 
the presence of modified mycotoxins and individual diffe- 
rences in absorption, distribution, metabolism and excretion 
(ADME) all influence the individual exposure. 

An alternative to indirect approaches is the quantification of 
specific biomarkers of exposure in body fluids. Thus, several 
laboratories have already developed a biomarker approach to 
measure mycotoxin exposure. Urine is the body fluid that is 
most often used for measuring mycotoxin exposure, but also 
blood (plasma, serum) has been used. Measuring mycotoxins 
and their metabolites in urine requires sensitive methods, as 
biomarkers usually are present at very low levels.

Biomarkers, used as indicators of exposure, are in general 
the mycotoxin itself, a metabolite or a specific interactive 
product in a body fluid or compartment, which can be cor-
related with present and past exposure.   

Established biomarkers 
Aflatoxins were discovered some 55 years ago as causative 
agents of ‘‘Turkey X’’ disease involving deaths of nume- 
rous turkey poults, ducklings, and chicks fed diets contain-
ing peanut meal originating from South America. The toxi- 
city was associated with the presence of Aspergillus flavus, 
and later it was shown that fungal extracts of A niger could 
induce the Turkey X syndrome. Hence the name ‘‘aflatoxin’’ 
was given to the toxins. 

Aflatoxins were classified as human carcinogens by the 
International Agency for Research on Cancer in 1994.  
Aflatoxins induce acute liver disease in ducklings and liver 
cancer in rats. Epidemiologic studies connected aflatoxin 
ingestion with the incidence of hepatocellular carcinoma 
(HCC) in humans. In some regions of Africa and Asia, even 
human death is reported. Aflatoxin exposure has also been 
associated with impaired child growth, low birth growth, 
hepatomegaly, and immune suppression.

Today we have numerous performant analytical methods 
and extensive international collaborations among govern-
mental, industrial, and academic research groups which 
have resulted in an adequate monitoring of the food/feed 
supply by agencies and food/feed producers, at least in 
Europe, America and parts of Asia. 

As a result of the aflatoxin toxicity, biomarkers of aflatoxin 
exposure have been validated in numerous studies in animals 
and in humans. The promutagenic aflatoxin-N7-guanine in 
urine is a widely monitored biomarker, as it is formed after 
epoxidation of aflatoxins by cytochrome P450 (CYP) mono- 
oxygenases followed by interaction with DNA. Another oxi-
dation metabolite, AFM1 is also measured as a biomarker in 
urine, as well as an aflatoxin-albumin adduct. 

All the other mycotoxins are less toxic, compared to  
aflatoxins. 

Deoxynivalenol (DON) is one of the major mycotoxins in 
diets in Western Europe. The focus with DON is on the  
balance between the toxicity of the parent compound and 
any detoxification metabolites. Glucuronic acid (GlcA)-conju-
gates are the main phase II metabolites of DON, while de-epo- 
xydeoxynivalenol (DOM- 1) is considered as an intestinal 
microbial metabolite. 

During the last ten years a limited number of laboratories 
published a strong correlation between the sum of urinary 
DON and its glucuronidated metabolites, and the cereal 
intake of the study population. Whereas the quantification 
of the DON-glucuronides was done indirectly after hydroly-
sis followed by DON quantification, it became recently pos-
sible to quantify DON-3-GlcA and DON-15-GlcA together 
with DON using a LC-MS/MS method. 

OTA is another frequently occurring mycotoxin in the 
Western diet, found mainly in cereals, coffee, wine and beer. 
Biomarkers of exposure for ochratoxin A (OTA) in blood or 
urine have been described in many papers. Besides OTA 
itself, metabolites were measured (OT-α). Although OTA and 
OT-α can be glucuronidated, the GlcA-metabolites are not 
reported as biomarkers.  

Zearalenone (ZEN), a common mycotoxin in cereals and 
derived products, is mainly reduced during metabolization. 
Glucuronidation of ZEN and its metabolites in humans has 
been reported sporadically. Today there is no clear and esta- 
blished biomarker for exposure in urine.  
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The last common class of mycotoxins in the Western diet, 
fumonisins, have a low oral bioavailability in humans and 
only the parent molecule fumonisin B1 (FB1) is important as 
a biomarker. The exposure to FB1 has to be very high to be 
detectable in urine and is mainly restricted to some regions 
in Africa and Asia.

Sporadically a number of other mycotoxins as citrinin (CIT) 
were reported in human urine, but they were not considered 
as biomarkers. 

Results of the BIOMYCO project
Together with 2 groups from Ghent University, we started a 
project for the assessment of mycotoxin exposure in the Bel-
gian population using biomarkers. The laboratories of prof 
De Saeger (Faculty of Pharmacy, UGent) and Toxins (CODA-
CERVA) each developed a LC-MS/MS method to measure the 
biomarkers. The laboratories of prof De Saeger and prof De 
Henauw (Faculty of Medicine, UGent) developed a question-
naire to measure food intake and to link the presence of the 
biomarkers with the diet. The aim, design and methods of 
the BIOMYCO study can be found in Heyndrickx et al. (2014)

At CODA-CERVA, we developed a direct LC–MS/MS method 
using electrospray negative ionization for glucuronides of 
DON, DOM-1, ZEN and electrospray-positive ionization for 
glucuronides of 3- or 15-acetyl-DON (AcDON), α- and β-ZEL 
and OTA. The parent mycotoxins were also measured. In 
total, 32 biomarkers were monitored. Unlike most other 
methods described in literature no sample clean-up was 
used to prepare the samples. In brief, after thawing the sam-
ples at room temperature they were centrifuged and filtered 
through a 0.2µm syringe filter. The optimized method was 
used to analyze 32 samples obtained from 29 volunteers 
working at our institute (CODA-CERVA). A detailed descrip-
tion of the methodology used can be found in Huybrechts et 
al (2014).

In total, seven biomarkers were detected in urine samples of 
Belgian volunteers: DON-3-GlcA, DON-15-GlcA, DON, CIT, 
HO-CIT (a metabolite of citrinin), OTA and DOM-GlcA (table 
1). In our survey, each urine sample contained at least one 
biomarker. 

DON-15-GlcA was present in all samples (in ng/ml, figure 
1) and was also the major DON biomarker. Even in sam-
ples where no DON aglycone could be detected, DON-15-
GlcA (and sometimes also DON-3-GlcA) was present. Our 
results confirm that DON-glucuronides are more impor- 

tant as urinary biomarkers than DON itself. Almost 90 % of 
the DON-equivalents (the amount of DON present in DON, 
DON-3- GlcA and DON-15-GlcA) in human urine are present 
as DON-15-GlcA. In about 25% of the urines, glucuronides 
of DOM-1 were detected, suggesting that detoxification of 
DON in humans can proceed via the formation of DOM-1 by 
intestinal gut microbiota followed by glucuronidation. There 
is no correlation between the concentration of DOM-GlcA 
and the concentration of DON or DON-glucuronides, fur-
ther suggesting that microbial conversion is responsible for 
glucuronidation of DOM-1. Our data suggest that glucuro- 
nides are the main metabolites for DOM-1 as well as for DON.

OTA was detected in nearly 70 % of the samples at very low 
levels (pg/mL). This toxin has previously been detected at 
similar concentrations in urine samples, and positive sam-
ples were found as often as in our study. OTA-glucuronide 
was not detected in any of the samples. The OTA biotrans-
formation product OTα could not be detected by our direct 
method.

Interestingly, 59 % of the samples contained CIT while 66% 
of the samples contained HO-CIT, a citrinin metabolite. 
This metabolite was recently characterized as a detoxifica-
tion product of CIT. In fact, based on both CIT and HO-CIT 
analysis, 90 % of the analyzed human urine samples showed 
evidence for CIT exposure. The results of this study indicate 
that humans are much more exposed to CIT than previously 
known. 

No ZEN or any of its metabolites could be detected in our 
urine samples. Also no fumonisins were detected above our 
LOQ, which can be explained by the lower intake of fumo- 
nisins by the Belgian volunteers.

In the Biomyco study the urine samples of 239 adults and 
155 children were analysed by UGent and CODA-CERVA. 
Hereby, attempts were made to have a representative dis-
tribution for gender, age and region. People with severe 
problems with liver, bile or kidney could not participate. Par-
ticipants were surveyed for their medical history, smoking 
behaviour, recent medication, socio-demographical data and 
their dietary behaviour through a questionnaire, prior to 
urine sampling. 

The data of this study are currently being analysed and a 
paper is in progress (Heyndrickx et al, 2015). We can already 
conclude that the results are very similar to those of the 
experiment with 29 CODA-CERVA volunteers. Whether 
these results can be related to dietary habits is currently 
under investigation (Heyndrickx et al, 2015).
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Conclusions
We developed a direct LC–MS/MS method that fulfilled the 
criteria to detect and quantify 32 mycotoxin biomarkers of 
exposure in human urine samples. All Belgian urine samples 
contained DON-15-GlcA. The latter appears to be the princi-
pal DON metabolite. Another DON metabolite, DOM-GlcA 
was detected in 25 % of our samples. This emphasizes the 
importance of glucuronidation for detoxification of DON 
in humans. Exposure to OTA appears also to be relatively 
common, as it was detected in 70 % of our samples. The 
data also show that about 90 % of the volunteers have been 
exposed to CIT. 

This should stimulate further research as OTA and CIT are 
both nephrotoxic mycotoxins and synergistic effects are 
generally not taken into account during risk assessment. 
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O  Fig 1.
Urine sample naturally containing DON-3-GlcA and DON-15-GlcA.



184

O    towArds the develoPment of innovAtive multi-mycotoxin reference 
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Introduction
The routine analyses of mycotoxins in foods, dietary sup-
plements and feeds continue to be essential in controlling 
and maintaining safety compliance towards regulatory 
limits. Certified reference materials (CRM) enable traceabi- 
lity of results to appropriate measurement standards and are 
important tools for laboratories (Krska et al. 2007) during 
the development of analytical methods, chart control buil- 
ding, uncertainty measurements and interlaboratory com-
parisons such as proficiency test (PT). So far, existing and 
commercially available matrix reference material (RM) are 
dedicated to the “traditional” or classical mycotoxins such 
as aflatoxins, ochratoxin A, fumonisins, patulin, deoxyni-
valenol (DON), HT2/T2 toxins and zearalenone (ZEN) (Van 
Egmond et al. 2007). Besides these important EU regulated 
mycotoxins, less known or emerging mycotoxins are gai- 
ning interest. In the case of the toxins produced by Fusarium 
species, widespread in cereal cultivation in the temperate 
regions of Europe, America and Asia, they may include niva-
lenol (NIV), fusaproliferin, fusarenon X, fusarin C, enniatins 
(ENNs) or beauvericin (BEA). These toxins are often co-pro-
duced in the same matrix. As a consequence in most cases 
animals or humans are exposed to a cocktail of mycotoxins. 

Therefore, the developments of elaborate LC-MS/MS 
multi-mycotoxin methods become increasingly important 
nowadays. Thereto, the needs for multi-mycotoxin matrix 
reference materials (mmCRM) are clear and may play a key 
role for internal and external validation processes (Köppen et 
al. 2013). So far, the existing reference materials were mainly 
focused on a single analyte (Van Egmond et al. 2007) or in 
a mini-cocktail of two or 3 mycotoxins as developed by tar-
geting only DON an NIV in the European RM, ERM-BC717 
(Versilovskis et al 2013) or NIV, DON and ZEN by Köppen 
et al. (2013). However, suitable reference materials are still 
lacking for a number of relevant mycotoxin-matrix combi-
nations. Preparation of RM containing an extended panel of 
mycotoxins is of paramount importance for multi-mycotoxin 
determination purposes. Coping with this shortage, the pres-
ent study has focused in some fusariotoxins by combining 
some regulated toxins (DON, ZEN, HT2, T2) with non-re- 
gulated toxins (ENNs A, A1, B, B1 and BEA). ENNs and BEA, 
all cyclodepsipeptides, are even more widespread in cereal 
grains (Jestoi et al., 2009; Santini 2012; Serrano et al., 2012), 

but there is no EU legislation yet, as few toxicity data are 
available for this class of mycotoxins. 
In addition to the homogeneity and certification of the mass 
fraction trials, the present study also reports on the stabi- 
lity of the fusariotoxins and their shelf-life in the reference 
material since the matrix might suffer from degradation or 
changes due to temperature, time, exposure to air, humidity 
or light which are likely to be encountered in practice (Hey-
dorn 1998, Emons, 2006). Because of the high consumption 
rate of cereal-based food products, a wheat flour material 
was chosen.

Material preparation
In collaboration with the Mycothèque of the “Université 
catholique de Louvain-la-Neuve (UCL)”, CODA-CERVA 
selected F. graminearum, F. sporotrichioides, F. poae and 
F. avenaceum) producing the targeted mycotoxins when 
grown on a solid substrate (wheat, maize or rice grains). 

After producing individual lots of contaminated materials 
(4 batches) with respectively DON and ZEN, HT2 and T2, 
ENN’s and BEA, the concentration of the mycotoxins was 
determined by LC-MS/MS analysis. These nearly natural 
contaminated materials were mixed with blank wheat flour, 
a filling material. Wheat grains intended for human con-
sumption were obtained from local market, milled and sieved 
(Ø<850 µm). Homogenization was carefully carried out with 
EasyMIX 150 (Bellegroup, Sheen, UK) for 72 hours in several 
steps via the cross-riffling procedure. The final material was 
constituted of ca. 91.4% wheat, 3.4% maize and 5.2% rice. A 
batch of 2 kg was produced and divided by quartering into 
forty equal portions (of 50.0 ± 0.5 g) which were individually 
packed. These packs were used for homogeneity, interlabo-
ratory comparison and stability studies.
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Homogeneity testing
The homogeneity study assesses the distribution of the com-
ponents to be certified in all the packs. It means that heteroge-
neity (between packs) has to be quantified in terms of contents 
of mycotoxins. As recommended by the IUPAC International 
Harmonized Protocol (Fearn and Thompson 2001, Thompson 
et al. 2006, ISO Guide 35), 12 packs were randomly chosen 
from the set of 40 packs. From each pack, two subsamples 
(20 g) were extracted and analysed by LC-MS/MS leading to 
a series of 24 extracts ranged in two different randomized 
injection sequences. ENNs and BEA were analysed separately 
from the other toxins, also with two successive randomized 
injection sequences. For each toxin, the 12 pairs of averaged 
results were tested for sufficient homogeneity.

Stability study
In accordance with ISO Guide 35, the stability of the candi-
date material, based on the long-term instability under sto- 
rage was evaluated. Therefore, selected packs of the candi-
date material were submitted to ageing experiments via sto- 
rage at -80°C, -20°C, 4°C and 24°C up to 24 months (Table 1). 

Ageing
(months)

Storage temperature (°C) Remark

-80 -20 +4 +24

Start X X X X Initial study

3 X X X X

6 X X X X

12 X X X X Interlaboratory trial

24 X X X X

O Table 1.
Ageing of samples exposed at 4 temperatures to perform stability study

All units (3 packs randomly selected from each storage trial) 
were measured in duplicate. Mycotoxin loads in the samples 
preserved at -80°C were used as benchmark values for com-
parison of all toxin contents in other samples. In addition, 
moisture contents were also monitored up to 24 months 
(Table 1) whilst the ergosterol contents were assessed at the 
start and at the end of the experiment.

Determination of moisture contents 

Moisture is also an indicator of grain (and flour) storability. 
Dry matter determination was carried out with an air oven 
set at 60°C according to CEN-TC (2003) procedure. Drying 
was performed during 40-48 hours.

Ergosterol determination

Ergosterol analysis (as an indicator of fungal biomass) was 
carried out by an adapted method previously described by 
Bakan et al. (2001) and Pietri et al. (2004) using high liquid 
chromatography technique (HPLC-DAD). 

Interlaboratory comparison study 
For the candidate material, the assignment of the certified 
mycotoxin mass fractions was based upon a Proficiency Test 
(PT) on the determination of DON, HT-2, T-2, ZEN, BEA and 
ENN A, A1, B and B1 conducted in 2011 with 6 Belgian labo- 
ratories and 13 other European laboratories. Each parti- 
cipant received one pack of the candidate material for ana- 
lysis and was invited to use its routine analytical procedure. 
For measurement control purposes, two vials containing the 
mycotoxins were dispatched for direct analysis. Instructions 
were given on how to report the data. All results returned to 
CODA-CERVA were scrutinised for consistency. 

Data handling and Statistical 
Analyses
For the homogeneity appraisal, the results are the average 
of the two injections and these results in µg/kg were used 
for setting the fitness-for-purpose based standard (σ

p
) using 

the Horwitz-Thompson equation. The assigned values were 
derived from the results of the participants, following the 
IUPAC 2006 recommendations. Individual laboratory per-
formance is expressed in terms of z-score and ζ-score. For 
each analyte, the kernel density plots were displayed for 
checking a central tendency and the Horwitz ratio (HorRat) 
was used to assign the reference values.

For each molecule and each temperature group in the stability 
trial, the extended measurement uncertainty on the average 
of the 3 bags was calculated as MU

(k=2)
 = 2 x RSD

(3 averages)
 / √3. 

The difference relative to the -80°C samples was considered 
statistically significant when it exceeded the combined MU : 
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Results

Homogeneity assessment

The detailed homogeneity results are presented in Table 2. 
Note that in the final calculations presented here, the myco-
toxin loads were replaced by the ratio of the assigned value 
obtained from the PT (after outlier’s exclusion for DON, T-2, 
HT-2, ZEN and ENN A and without outliers’ exclusion for 
ENN A1, ENN B, ENN B1 and BEA). 

For all molecules except for ZEN and ENN A, even the “raw” 
between-bags differences (i.e. RSD

averages (a-b)
, without subtrac-

tion of the contribution from analytical variability) were 
lower than 0.3xσ

p
 and thus passed the test with comfortable 

margins. 

ZEN and ENN A passed the “critical value test” which means 
that, when the analytical variability component is subtracted, 

the test does detect unacceptable heterogeneity. However for 
these two analytes the analytical variability was larger than 
recommended in the IUPAC protocol (0.5xσ

p
), which means 

that we may have a non-significant result when testing for 
heterogeneity, not because it was not present, but because 
the test had insufficient power to detect it.

Interlaboratory comparison study

For DON, T-2, HT-2 and Enn A, the kernel density plots 
showed a central tendency and the HorRat was satisfactory 
(MAD

ref
 / σ

p
 < 1.2 = Maximum recommended value) for deri- 

ving a consensus value. Therefore, the MED
ref

 and MAD
ref

 
were used to assign the reference values for DON, HT2, T2 
and ENN A. 

The reference values and the associated uncertainties (MU, 
k=2) were 707 ± 103 µg DON/kg, 577 ± 60 µg HT-2/kg, 274 ± 
30 µg T-2/kg and 39 ± 5 µg ENN A/kg. 

O Table 2.
Characteristics of homogeneity test for fusariotoxins in the candidate material
c = critical value; San

2 = analytical variance, S2
sam = sampling variance, σp = fitness-for-purpose based standard deviation, σ2

all = allowed sampling variance. Homogeneity test: c = critical value = F1*σ2
all + F2* S2

an (if 
S2

sam < c), the test for homogeneity has been passed (F1 =1.79 and F2 = 0.86)
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Based on these values, individual laboratory performances 
are expressed in terms of z-scores and ζ-scores. The num-
bers of satisfactory, questionable and unsatisfactory z-scores 
( | z | <2, 2< | z | <3 and  | z | >3, respectively) and ζ-scores ( | ζ  | <2, 
2< |  ζ  | <3 and  |  ζ  | >3, respectively) are displayed in Figure 1.

No value was assigned for ZEN, ENN A1, ENN B, ENN B1 & 
BEA (high variation among participants’ values).

 
 

O  Fig 1.
Repartition of laboratories according to the z-scores and ζ-scores for DON, HT2, T2 and ENN A

It was found that reference solutions were the main cause for 
a few strongly deviating results. Apart from these extreme 
cases, differences in the reference solutions explain a part of 
the spreading of the flour results for the BEA-ENNs group 
not for the other analytes. No correlation was found between 
the methods used by the participants and the results.

Stability tests

Changes in mycotoxin loads during storage at 
different temperature

Significant decreases in T2 loads up to 0.161% were observed 
at +24°C throughout the experiment (Figure 2). In all other 
cases the decreases are smaller than 0.05% per day, showing 
that instability is not considered as a relevant issue for the 
use of the material when storage is performed at -20°C or 
+4°C.

Based on the degradation rates of T2-toxin, an isochronous 
study was performed by fitting Arrhenius-model for shelf-
life estimation (Table 3, Figure 3). Effective reaction (degra-
dation) rate for T2-toxin depending on the inverse tempera-
ture was derived and revealed a self-life of 6 years when 
the material was preserved at -20°C. Otherwise, it should be 
used before 7 months when it was stored at +4°C.

 
 

O  Fig 2.
Differences between the reference value (-80°C) and the concentration obtained at -20°C, +4°C and 
+24°C

°C T 1000/T k LNk Days Months Years

-20 253,15 3,9502 0,000017 -10,982 2218 72,9 6,1

4 277,15 3,6082 0,00017 -8,680 222 7,3 0,6

24 297,15 3,3653 0,000192 -8,558 196 6,5 0,5

O Table 3.
Fitting and prediction of shelf life
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O  Fig 3.
Fitted linear regression (6.302-4.314x) model with two-sided 95% confidence interval for T2-toxin 
degradation during storage

Changes in dry matter and ergosterol contents 
during storage at different temperature

Determining moisture content is also an essential step for 
controlling wheat or flour quality. Changes in dry matter 
during the storage experiment are depicted in Figure 4. In 
all cases, dry matter contents were above 90%, showing that 
moisture content below 10% did not occur. Note that wheat 
or wheat flour with high moisture content (>14.5%) attracts 
mould, bacteria and insects, all of which cause deterioration 
during storage. 

 
 

O  Fig 4.
Dry matter contents (%) in samples stored at 4 temperatures up to 24 months.

Mean ergosterol in the samples for the filling and reference 
materials are summarized in Table 4 as measured at the start 
and at the end of the experiment. Changes in dry matter 
during the storage experiment are presented in Figure 5. 
In all cases, changes in ergosterol contents (measurements 
of fungal biomass) were below ±10%, showing that mould 
activity did not significantly occur during the storage. 

 
 

O  Fig 5.
Changes in ergosterol contents (start versus end of the experiment)

Ergosterol contents (µg/g)

Period of the survey Filling material 
(wheat flour)

Reference material

Start 3.6 ± 0.3 35.7 ± 2.5

End 3.7 ± 0.3 36.3 ± 2.6

O Table 4.
Ergosterol contents in the filling and reference materials 

Instability of analyte is not considered as a major matter of 
concern for the use of the material when stored at -20°C; 
its shelf-life can reach 6 years. At +4°C, material should 
be stored for maximum of 7 months and we recommend  
avoiding its storage at ambient temperature (+24°C). 

CODA-CERVA is skilled in designing and developing new 
reference materials for the multi-mycotoxins in order to 
improve the availability of Certified Reference Materials for 
mycotoxin analyses. This may increase the analytical tool for 
quality assurance in controlling EU regulated and non-regu-
lated emerging mycotoxins. Moreover, contaminated materi-
als for carrying out animal, cell culture experiments and for 
food processing behaviour can be produced. Other cereals 
(rye, oat, maize, barley, rice, sorghum, malt) can be assayed 
as well as other additional mycotoxins (such as ochratoxin A, 
aflatoxins, fumonisins, nivalenol, citrinin). Apart from cere-
als other matrices such as apple juices (with patulin), wine, 
beer, spices and cocoa should be tested. For all these materi-
als, the stability of analytes should be investigated. 
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O    orgAnisAtion And results of Proficiency tests on multi-mycotoxin 
AnAlyticAl methods.  
PHILIPPE DEBONGNIE, EMMANUEL K. TANGNI, BART HUYBRECHTS, ALFONS CALLEBAUT

Introduction 
In the fields of health and of food safety, reliable analytical 
results are essential not only for research, but also for imple-
menting legislation, for securing the quality and safety of 
food and feed, for obtaining reliable monitoring data bases 
(e.g. for risk assessment), and for making world-wide trade 
transactions possible.

Each analytical laboratory must therefore validate its ana-
lytical methods and demonstrate the reliability of the ana-
lytical results it provides. The best demonstration, necessary 
for accreditation, is successful participation in “proficiency 
tests” (PT). A PT is an exercise in which a certain number of 
laboratories receive sample(s) from the same material(s), of 
unknown analyte(s) concentration(s), which they measure 
and report. The PT provider then compiles the results and 
calculates for each result a “z-score”, which is a measure for 
the difference between the obtained result and the “true” 
concentration. 

The laboratory must also be able to provide and demonstrate 
a realistic estimate of the uncertainty of these results. There-
fore, some PT providers, notably the European Reference 
Laboratories (EU-RLs), also calculate the “ζ-score”, which is a 
measure of the reliability of the complete statement from the 
laboratory, including the estimate of the “Extended Measure-
ment Uncertainty” (MU

(k=2)
), i.e. the 95% confidence interval 

around the result. For example, if the true concentration is 
99 µg/kg, then “120 ± 24 µg/kg” is correct and obtains a sa- 
tisfactory ζ-score, whereas “115 ± 5 µg/kg” is misleading and 
obtains an unsatisfactory ζ-score, even though the result 
itself is closer to the true concentration.

In the European Union, for each field of food safety control, 
e.g. mycotoxins or trace elements, it is part of the task of 
the National Reference Laboratories (NRLs) to provide PTs 
in which the Official Control Laboratories (OCLs) must par-
ticipate, and part of the task of the corresponding EU-RL to 
provide PTs in which the NRLs must participate. 

The Toxins and Natural Compounds Service of CODA-
CERVA is the Belgian NRL for mycotoxins, and therefore 
provides PTs for the OCLs. A fruitful synergy has been deve- 
loped between this and two other specialized activities of 
the Unit, i.e. the development of multi-mycotoxin LC-MS/MS  
analytical methods and the production, in collaboration 
with the Mycotheque of the Université catholique de Lou-
vain (UcL), of “naturally” contaminated materials to be used 
as reference materials or for animal experiments. This com-
bined expertise has enabled CODA-CERVA to provide PTs, 

which are very useful for the steadily increasing number 
of research or food control laboratories adopting LC-MS/
MS multi-mycotoxin methods. Besides the ca. 10 laborato-
ries approved as OCLs by the FAVV-AFSCA and whose par-
ticipation is therefore mandatory, the number of voluntary 
participants has grown to reach in 2013 and 2014 ca. 40 la- 
boratories from 5 continents.

The various calculations and criteria applied to the results 
of the PTs are based on IUPAC’s “International harmonized 
protocol for the proficiency testing of analytical chemistry 
laboratories” (Pure Appl. Chem., Vol. 78, No. 1, pp. 145–196, 
2006).

The present article describes in more detail how the PTs are 
organized and their results reported, and the type of infor-
mation they provide, for the individual participant as well 
as for the observation of general trends in analytical perfor-
mances. 

PT material
Grain samples are first incubated with specially selected 
strains of fungi at the UcL Mycotheque, and afterwards 
sterilized, ground and homogenized. Several different such 
materials, each rich in a different group of toxins produced 
by a different fungus, are blended together with a blank 
cereal flour. The final material, packaged as 55 grams sam-
ples, contains the 11 mycotoxins for which the EU has set 
Maximum Allowed Values (MALs) or Guidance Values, plus 
a number of mycotoxins for which no EU regulations exist.

Assigned values
The “conventionally true concentration” or “assigned value” 
(V

ass
) is the robust mean of the “reference set” of the results 

reported by the participants, i.e. the set remaining after 
exclusion of the “outliers”. The “standard uncertainty” 
around this value (uV

ass
) is the robust standard deviation 

of this reference set of results, divided by the square root 
of their number. The 95% confidence interval or “extended 
uncertainty” is equal to the standard uncertainty uVass mul-
tiplied by the “coverage factor” k = 2.
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z-scores
The z-score is calculated for each result (X

lab
) by comparing 

its deviation from Vass with the “target standard deviation 
for the proficiency test” (σp) :

These z-scores are considered as :
– “Satisfactory” if between -2 and 2
– “Questionable” if between -3 and -2 or between 2 and 3
– “Unsatisfactory” if lower than -3 or higher than 3

Under the “normal” or “Gaussian” distribution hypothesis, 
the percentages of questionable or unsatisfactory results 
should be ca. 5% and 0.25%, respectively. In other words, 
the average-performing laboratory may expect to obtain ca. 
5% “questionable” z-scores, but only 0.25% “unsatisfactory” 
z-scores. An unsatisfactory z-score should be followed by a 
search for its causes and by corrective actions.

Target standard deviations (σp)
The values of the z-scores are critically dependent on the 
target standard deviation, σp. This σp is often calculated 
from V

ass
, using the empirical Horwitz-Thompson equation 

(fig. 1). Horwitz, after compiling the results of a very large 
number of PTs, found that the main factor influencing the 
between-laboratories standard deviations was analyte con-
centration, and proposed an empirical function to fit the 
observed data:

Thompson later modified the equation by setting a maxi-
mum RSD of 22% for low concentrations (≤ 120 µg/kg). The 
reason for this is that, if the RSD were much larger than 22%, 
then the 95% confidence interval around the results (± MU 
= ± 2 RSD) would be so large that these results would have 
little use, and therefore in practice additional efforts, invest-
ments and costs are usually accepted in order to keep this 
confidence interval within useful limits. 

 
 

O  Fig 1.

Zeta-scores (ζ)
Many among the general public, the customers and even the 
analytical chemists themselves, find it hard to accept that 
±44% confidence intervals are normal at low analyte con-
centrations. The consequence is a strong tendency of the 
laboratories to underestimate their measurement uncer-
tainties, especially when they are competing with others for 
market shares or for reputation. 

This is one of the reasons for calculating the “ζ-score”, in 
which the deviation from the assigned value, instead of 
being compared to σp, is compared to the standard uncer-
tainty (u

lab
 = MU

lab
 / 2) claimed by the laboratory (combined 

with the standard uncertainty on the assigned value itself) :

The ζ-scores are considered “satisfactory”, “questionable” or 
“unsatisfactory” using the same criteria as for z-scores.
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Detailed example :  
aflatoxin B1 in the 2014 PT
The participants were asked to perform the results of the 
analyses of 2 subsamples. In total, 47 sets of duplicate results 
were received. Two of these sets were “right-censored”, i.e. 
above these participant’s normal reporting limits. 

The median of all results, MED
tot

, was 22.32 µg/kg, slightly 
above the EU Maximum Allowed Level (MAL) for animal 
feed (20 µg/kg). The five results outside the ±50% range 
around MED

tot
 were removed as outliers. The median of the 

remaining “reference” set was 22.34 µg/kg.

 “Kernel density plots” (fig. 2) were used to visually check the 
distribution of the non-censored results, before and after 
removal of the outliers (red and blue lines respectively).

 
 

O  Fig 2.

The robust standard deviation σ
rob

 (median of the absolute 
values of the deviations of the reference set) was 5.77 µg/
kg (25.8%). The ratio of this standard deviation to the one 
expected from the Horwitz-Thompson equation (“HorRat” = 
σ

rob
 / σ

p
) was 1.17, below the maximum (1.2) recommended by 

IUPAC.

All criteria were therefore met to give MED
ref

 the status of 
assigned value, and to assign z- and ζ-scores to the partici-
pants’ results.

Figure 3 gives the results in µg/kg, sorted from lowest to 
highest. The sigmoid shape is typical. The horizontal lines 
indicate V

ass
 and the following intervals around it: ± uV

ass
,  

± 2 σ
p
 and ± 2 σ

p
. The 39 results between the two green 

lines are satisfactory, the 3 results between green and red 
lines are questionable and the 3 results outside the red lines 
are unsatisfactory. The 2 right-censored results are also 

included in this plot: the participants had been asked, in 
case their results were their usual reporting range, to spe- 
cify their reporting limit (red cross) but to also report their 
actual measurement results (short red line). In the present 
case these actual measurement results would have obtained 
satisfactory z-scores (-1.8 and 0.2). 

 
 

O  Fig 3.

Figure 4 shows the corresponding z-scores and ζ-scores. For 
the z-scores, the change from figure 3 is equivalent to a simple 
change in y-axis. But the ζ-scores give a different image: 
most are higher (in absolute value) than the corresponding 
z-scores, and 7 are unsatisfactory. This is a common observa-
tion in PTs, and shows the widespread tendency of the labo- 
ratories to underestimate their measurement uncertainty.

 
 

O  Fig 4.
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Method- or instrument-related 
trends
The participants are also asked to provide some details about 
the analytical methods and instruments they used. The 
objective is to look for possible method- or instrument-re-
lated trends in the distribution of results. 

For example, in the 2014 PT, a difference was observed 
for AfG2 (fig. 5, in which the dots represent the indivi- 
dual results and the “box-and-whiskers” symbols represent 
the percentiles 0-25-50-75-100 of the distribution of each 
group). The concentration was very low (< 2 µg/kg) and 
below the reporting limits of many participants. Among the 
non-censored results, those obtained with an immuno-affi- 
nity clean-up (IAC) step of the extract before the instrumen-
tal analysis were lower than those obtained with another 
type of clean-up or without any clean-up. Two hypotheses 
may be proposed: low bias of the “IAC” results due to partial 
saturation of the IAC columns, or high bias of the “non-IAC” 
results due to chromatographic interferences from unre-
moved compounds.

 
 

O  Fig 5.

General trends
The overall percentages of satisfactory z-scores and ζ-scores 
do not reach the 95% expected for a Gaussian distribution 
(fig. 6 and 7). For the z-scores, this is mainly due to the  
presence of outlier results (only the reference data sets have 
approximately Gaussian distributions). For the ζ-scores, an 
additional cause is the number of participants who underes-
timate their measurement uncertainty. 

Nevertheless, the situation is improving over the years: 
decreasing number of outlier results, and progressively 
more realistic estimates of the measurement uncertainties.

 

 
 

O  Fig 6.

 

 
 

O  Fig 7.
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O    in vitro endocrine Activity of mycotoxins And their mixtures.
HEIDI DEMAEGDT, ANNICK EVRARD, LUC PUSSEMIER, ALFONS CALLEBAUT, KARINE VANDERMEIREN.

Introduction
A lot of substances in food and feed can interfere with the 
hormonal system of humans and animals by influencing 
the synthesis, metabolism or transport of hormones; or by 
interacting directly with the hormone receptor (as an ago-
nist or antagonist). Over the past decades there has been a 
growing concern about the exposure of animals and humans 
to these endocrine disrupting chemicals (EDCs). EDCs can 
be chemicals of synthetic (pesticides, industrial chemicals, 
bisphenols,...) or natural origin (mycotoxins, fytoestrogens,…) 
(Diamanti-Kandarakis et al., 2009).

Mycotoxins are natural components that can cause adverse 
health effects in an organism. They include a group of che- 
mically different compounds coming from the secondary 
metabolism of moulds and are produced mainly by 5 genera 
of  fungi: Aspergillus, Penicillium, Fusarium, Alternaria and 
Claviceps (Steyn, 1995). A substantial part of the crops that 
are grown in the EU for food and feed contain a detectable 
amount of mycotoxins (D’Mello et al., 1999). Therefore it is 
very important to examine the impact of mycotoxins and 
their metabolites and evaluate the risks related to animal 
and human exposure. The adverse effects include carcino-
genic, nephrotoxic, neurotoxic, hepatotoxic, immunosup-
pressive and gastrointestinal toxicity (Fung and Clark, 2004). 
Results also indicate that certain mycotoxins and their 
metabolites can act as potential endocrine disrupters on 
the level of nuclear receptor signalling and cause a change 
in the hormone production. In this context, zearalenone 
(ZEN) (a Fusarium mycotoxin) and its metabolites α-zeara-
lenol (α-ZEL) and β-zearalenol (β-ZEL) are oestrogens. α-ZEL 
exhibits the strongest oestrogenic potency (comparable to 
17β-oestradiol). Moreover, these mycotoxins increase the 
production of progesterone, oestradiol, testosterone and 
cortisol hormones in the H295R steroidogenesis assay (Friz-
zell et al., 2011). In vivo, ZEN and its metabolites, α-ZEL and 
β-ZEL, exhibit endocrine activity in pigs, bovine and sheep 
causing infertility problems (Fink-Gremmels, 1999; Tiemann 
and Danicke, 2007). The toxicity of trichothecenes such 
as deoxynivalenol (DON), nivalenol (NIV) and fusarenon 
x (FUSx) (Fusarium mycotoxins) involve inhibition of pro-
tein and DNA synthesis and general cytotoxicity (Fung and 
Clark, 2004). DON is considered to be responsible for nausea 
and decreased feed intake in pigs and is an immunosuppres-
sant (Fink-Gremmels, 1999). In vitro, there is no evidence 
that DON can interact directly with steroid hormone recep-
tors to cause endocrine activity, but effects on steroidoge- 
nesis and alterations in gene expression indicate its potential 
as an endocrine disrupter (Ndossi et al., 2012). Alternariol 
(ALT) is produced by several Alternaria species and produces 
toxic effects in animals, including fetotoxic and teratogenic 

effects. ALT is mutagenic and clastogenic in various in vitro 
systems (Marin et al., 2013). ALT also exhibits a weak oestro-
genic response and results in a significant increase in oes-
tradiol and progesterone production (in H295R cells) (Frizzell 
et al., 2013; Lehmann et al., 2006). Fumonisins (Fusarium 
toxins) are a group of mycotoxins with a strong similarity to 
sphinganine, the backbone precursor of sphingolipids. They 
inhibit ceramide synthase, a critical enzyme for the synthe-
sis of sphingolipids. Fumonisins are involved in acute and 
chronic toxicity in several animal species, including carcino-
genicity (Marin et al., 2013). The IARC has classified fumo- 
nisin B1 (FB1) as possibly carcinogenic to humans (Group 2B). 
Ochratoxine A (OTA) can be produced by several species of 
Aspergillus and Penicillium. OTA inhibits protein, DNA and 
RNA synthesis. OTA has been shown to induce many toxic 
effects in animals, the most prominent being nephrotoxicity; 
and it is also classified as possibly carcinogenic to humans 
(Group 2B) (Marin et al., 2013). In vitro, OTA also shows some 
endocrine activities, it may be a mild antagonist for the oes-
trogen, androgen, progestagen and glucocorticoid receptor 
and increases the production of oestradiol in H295R cells 
(Frizzell et al, 2013). Citrinin (CIT) is also produced by several 
species of Aspergillus and Penicillium, but is less stable then 
OTA, it appears to be destroyed by food processing and thus 
can be more a problem for life stocks than for humans, it 
mostly acts as a nephrotoxin (Fung and Clark, 2004).

Both in vivo and in vitro additive, synergistic or antagonis-
tic effects are detected for mixtures of mycotoxins (Alas-
sane-Kpembi et al., 2013; Tatay et al., 2014; Tammer et al., 
2007). The impact of all these different components in food 
and feed is impossible to predict. The potential health risks of 
mycotoxins require legal limits of maximal permissible con-
centrations in food and feed, based on toxicological and/or 
epidemiological data. For a significant number of mycotoxins 
and a limited number of combinations (like for the fumoni- 
sins) the maximal levels have already been determined (in EU, 
maximal limits are defined in regulation (EC) n°1881/2006 for 
food and in Directive 2002/32/EC, for feed), but these include 
far from all, or not even the most common combinations of 
mycotoxins (i.e. DON + ZEN) (D’Mello et al., 1999).

The aim of the study is to investigate, whether mycotoxins 
may exhibit other endocrine activities (through receptor 
interaction) besides those that have already been identified 
such as the oestrogenic activity of ZEN and its metabolites. 
For this purpose, the single components were first tested 
for their agonistic or antagonistic activity on the oestrogen 
receptor (ER), androgen receptor (AR), thyroid receptor β 
(TRβ) and peroxisome proliferator-activated receptor type 
2 (PPARy2) using luciferase reporter cell lines. In addition, 
attention was paid to the response of combinations of myco-
toxins including DON + ZEN, ZEN + metabolites α-ZEL and 
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β-ZEL, DON + acetyl-DONs etc. Subsequently we verified 
whether the activities of different combinations were an 
indication for additive effects. We did this by comparing 
them to the predicted effect using the theory of concentra-
tion addition (Loewe and Muischnek, 1926).

Material & Methods

Mycotoxins

The mycotoxins DON, ZEN, OTA, NIV, FUSx and fumonisin 
B1/B2 (FB1/FB2) (were purchased from Romer Labs Biopure 
(Food Risk Management, the Netherlands). 3-acetyl-DON, 
15-acetyl-DON and CIT were from Cfm Oskar (Germany); 
and α-ZEL, β-ZEL and ALT were acquired from Sigma-Al-
drich (Germany). All mycotoxins were dissolved in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich) and the final concentration 
of DMSO in the culture medium was 1%. Control medium 
was prepared with 1% DMSO without mycotoxins and 
showed typically no deviation from untreated controls.

Cell lines

Four different receptors were studied using different cell 
lines. The CALUX® system (Chemically Actived LUciferase 
eXpression) of Bio Detection systems (BDS, Amsterdam, the 
Netherlands) uses U-2 OS cells (human osteoblast) that are 
stably transfected with human TRβ or human PPARγ2 (BDS, 
Amsterdam) and a luciferase reporter construct under the 
control of a receptor specific response element. To determine 
the oestrogen and androgen activity we used two human 
breast cancer cell lines MCF-7 (with endogenous ER isoforms 
1 and 2) and T47-D (transfected with human AR), again with 
a luciferase reporter construct developed by (Willemsen et 
al., 2004). We refer to these cell lines by using the name of 
the human receptor of interest that they express.

Cell culture and luciferase assay

The cell lines were maintained in T75 culture flasks (Nunc, 
VWR, Leuven, Belgium) in growth medium DMEM/F12 
(Fisher Scientific, Doornik, Belgium) supplemented with 1% 
Non Essential Amino Acids Solution (NEAA, Fisher Scien-
tific, Doornik, Belgium), 7.5% heat inactivated foetal calf 
serum (FCS, Fisher Scientific), 10 U/mL penicillin and 10 
µg/mL streptomycin (Fisher Scientific). In case of the breast 
cancer cell lines, 1 µg/mL insulin was also added to the 
growth medium. The cells were grown in a 5% CO

2
 atmos- 

phere at 37°C until confluence. 

For the experiments, the cells were seeded in 96-well plates 
(150.000 cells/ml for ER, 200.000 cells/ml for AR, 80.000 
cells/ml for TRβ and 50.000 cells/ml for PPARγ2) with 
assay medium: phenol red-free DMEM/F12 medium supple-
mented with 1% NEAA, 10 U/mL penicillin, 10 µg/mL strep-
tomycin and 5% dextran-coated charcoal-stripped FCS (DCC-
FCS, BioDetection Systems, The Netherlands) and incubated 
overnight to allow the cells to attach. Next, the medium 
was removed and the following 24 hours (48h for the AR 
cell line), cells were incubated in the presence of a concen-
tration range of the relevant compounds diluted in assay 
medium. For the assays of anti-hormonal activity, the inhi- 
bitory effect of the chemicals was examined in the presence 
of the reference agonist at EC

50
 concentration: 17β-oestradiol 

(2.10-11 M, anti-estrogenic activity), dihydrotestosteron (DHT, 
10-9 M, anti-androgen activity), triiodothyronine (T3, 5.10-

10 M anti-TRβ activity) and rosiglitazone (ROS, 10-7M, anti-
PPARγ activity) (all obtained from Sigma-Aldrich, Germany). 
The reference antagonists were: ICI 18.780 (ER), flutamide 
(AR), dibutyl phthalate (DBP, TRβ) and GW9662 (PPARγ2) (all 
obtained from Sigma-Aldrich, Germany). Then the medium 
was removed and the cells were incubated with 10% of 400 
µM resazurin (Sigma-Aldrich, Germany) in PBS for 2h fol-
lowed by measuring fluorescence (parallel cytotoxicity mea-
surement) (O’Brien et al., 2000). The PBS and resazurin were 
discarded with a vacuum pump and the cells were lysed by 
adding 50 µl of lysis buffer. The luciferase activity was mea-
sured as relative light units (RLU’s), using a luminometer 
(Berthold Tristar), after adding glowmix (BDS, Amsterdam).  
 

Data Analysis 

Data were represented as mean values ± SEM from three 
independent experiments with triplicate wells for each dose. 
Dose–response curves were fitted to a non-linear regression 
(four parameter curve fit) using GraphPad Prism (version 
6.00 for Windows, GraphPad Software, San Diego, CA, USA). 
For the single mycotoxins, the four parameters are deter-
mined using GraphPad Prism and used below. 

Mixture design and calculation of predicted 
mixture effects

Six mixtures were prepared according to table 1. 
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Mix 1a 
(1:1:1)

Mix 1b 
(EC50 ratio)

Mix 2 
(1:1:1)

Mix 3 
(1:1:1:1:1)

Mix 4 
(1:1)

Mix 5 
(1:1:1:1:1:1)

ZEN 33,33% 5,24% - - - 16,66%

α-ZEL 33,33% 0,21% - - - 16,66%

β-ZEL 33,33% 94,5% - - - 16,66%

DON - - 33,33% 20% - 16,66%

3-acetyl-DON - - 33,33% 20% - 16,66%

15-acetyl-DON - - 33,33% 20% - 16,66%

NIV - - - 20% - -

FUSx - - - 20% - -

ALT - - - - - -

FB1 - - - - - -

FB2 - - - - - -

OTA - - - - 50% -

CIT - - - - 50%
-
O Table 1.
List of mycotoxins and test mixtures (in relative proportions (molar))

The joint effects of a mixture with known composition were 
calculated on the basis of the non-linear regression curve for 
each compound in the mixture by using the concept of con-
centration addition (CA). Concentration addition, also called 
dose addition, was introduced by Loewe and Muischneck 
(1926). This model is based on a dilution principle, and was 
designed for chemicals with a similar mechanism of action, 
and has proven effective in several settings. The correspon- 
ding effect concentration (EC

mixture
) is given as:

where EC
i
 is the concentration of the compound i alone, 

causing the effect E and pi is the fraction of i present in the 
mixture, EC

mixture
 causing the same effect E. This calculated 

effect was compared with the actual effects observed for the 
mixtures. This method requires knowledge of the mixture 
composition including mixture ratios of the compounds and 
concentration-response data for each of the individual com-
pounds. For this reason, these equations cannot be used for 
predicting mixture effects that exceed the maximal effect of 
the least efficacious component, because those effect concen-
trations cannot be defined. To overcome this limitation, we 
used the pragmatic solution of Evans and co-workers (Evans 
et al., 2012), where a minimal (no) and maximal (100%) con-
tribution is defined, and thus the CA is a range defined by 
those two worst case calculations. Differences between pre-
dicted and observed effects were deemed statistically signi- 

ficant when 95% confidence belts of the prediction did not 
overlap with those of the experimentally observed mixture 
effects.

Results

Endocrine activity of single mycotoxins

In table 2 (agonism) and 3 (antagonism), the results of the 
single mycotoxins tested on the four different cell lines (ER, 
AR, TRβ en PPARγ) were shown. Cytotoxicity was always 
measured before lysis of the cells by using resazurin. Most 
mycotoxins were not toxic at the highest concentration 
tested (1e-5M). For FUSx cytotoxicity only started at 10-5M. 
For DON and 15-acetylDON cytotoxicity started at 3.10-6M. 
Cytotoxic concentrations were excluded from the experi-
ments. 

As expected oestrogenic agonist activity was found for ZEN 
and his metabolites α-ZEL, β-ZEL and ALT. The EC

50
 and fold 

induction (FI, = ratio of the measured activity to the control 
activity (1% DMSO)) are shown in table 2. They seem to be 
full agonists since the response expressed as fold induction 
was in the same order as the one for 17β-oestradiol and 
since in the antagonism test (in the presence of the EC

50
 con-

centration of the reference compound which is expressed 
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as 100%) they produced an additive effect close to 200%. 
α-ZEL exhibited the strongest oestrogenic potency. DON had 
no agonistic effect and was an antagonist with low potency. 
3-acetylDON and 15-acetylDON were both partial agonists 
with an equal potency but the response expressed as FI of 
15-acetylDON was quite low (Figure 1). This is partially due 
to cytotoxicity at the highest concentrations. In contrast to 
3-acetylDON, 15-acetylDON did not cause an additive effect 
in the antagonism test. The potency order for the agonists 
was: α-ZEL > ZEN >> β-ZEL > 3-acetylDON ~ 15-acetylDON > 
ALT. We observed that FUSx and OTA acted as inverse ago-
nists, OTA with a very low potency at the highest concentra-
tion tested. NIV, FB1, FB2 and CIT had no observable effects 
on the ER cell line.

 

 
 

O  Fig 1.
Oestrogenic response of 17β-oestradiol (●), 3-acetylDON (■) and 15-acetylDON (p) with the 
oestrogenic responsive cell line. Data are the mean ± SEM of at least three independent experiments 
in triplicate.

None of the mycotoxins showed any androgenic agonist 
activity. FB1, FB2 and CIT exhibited no observable antago-
nistic effect, while all the other mycotoxins demonstrated an 
antagonistic activity on the AR cell line. The potency order 
of the anti-androgenic activity was: 15-acetyl-DON > 3-ace-
tyl-DON ~ α-ZEL ~ DON ~ FUSx ~ ZEN ~ ALT ~ OTA > β-ZEL 
> NIV. 

Also, no TRβ agonist activity was found for any of the 
mycotoxins. OTA was found to be an inverse agonist. NIV, 
15-acetylDON, FUSx, ALT, FB1/FB2 and CIT showed no 
effects on TRβ antagonism. The other mycotoxins acted 
as antagonists. Most of those were only weak partial anta- 
gonists with low potency, except for DON and OTA. The 
potency order for TRβ antagonism is: DON > OTA > α-ZEL > 
3-acetyl-DON > ZEN ~ β-ZEL.

On the PPARγ2 receptor ALT acted as an agonist with a very 
low potency and both DON and OTA acted as inverse ago-
nists. β-ZEL and FB1 were the only compounds that showed 
no activity. Only ALT had an additive effect (agonist) in the 
antagonist test on PPARγ2. All the other tested substances 
worked as full (DON, OTA and 3-acetylDON) or partial 
antagonists (ZEN, α-ZEL, NIV, FB2…). The potency order 
for antagonism was: 15-acetylDON ~ DON > OTA ~ NIV > 
3-acetylDON ~ FUS x ~ CIT > FB2 ~ ZEN ~ α-ZEL.



CODA-CERVA  Scientific RepoRt 2013/2014  O  safeTy of THe fooD cHain

197

Cyto-
toxicity

ER agonism AR agonism TRβ agonism PPARγ2 agonism

Compounds 
tested

Starting from 
(M)

EC50

(M)
FI EC50

(M)
FI EC50

(M)
FI EC50

(M)
FI

Reference / 17β-oestradiol 
1,4 10-11  
(± 0,1)

5,1  
(± 0,5)

DHT 1,4 10-9 
(± 0,6)

13,2  
(± 2,1)

T3 3,7 10-10  
(± 0,4)

7,9  
(± 1,0)

Ros 6,7 10-8  
(± 1,1)

26,0  
(± 4,4)

ZEN / 8,7 10-10  
(± 0,8)

4,8  
(± 1,0)

NE NE NE

α-ZEL / 3,1 10-11  
(± 0,5)

5,6  
(± 0,9)

NE NE NE

β-ZEL / 1,3 10-8  
(± 0,3)

5,0  
(± 0,9)

NE NE NE

DON 3.10-6 NE NE NE 4,1 10-7  
(± 0,2)

0,1  
(±0,02)

3-acetyl-DON / 3,8 10-7  
(± 1,1)

3,3  
(± 0,7)

NE NE NE

15-acetyl-DON 3.10-6 6,8 10-7  
(± 0,5)

1,5  
(± 0,2)

NE NE NE

NIV / NE NE NE NE

FUSx > 10-5 4,3 10-7  
(± 0,5)

0,7  
(±0,05)

NE NE NE

ALT / 4,7 10-6  
(± 1,6)

6,3  
(± 1,4)

NE NE > 10-5 2,3  
(± 0,4)

FB1 / NE NE NE NE

FB2 / NE NE NE NE

OTA / NE NE 1,6 10-6 
(±0,09)

0,6  
(±0,07)

1,4 10-6  
(± 0,3)

0,2  
(±0,03)

CIT / NE NE NE NE

O Table 2.
Agonistic activity of single mycotoxins. 
Results are expressed as EC50 and fold induction (FI i.e. normalization to the control (1% DMSO)). Data are represented as mean values ± SEM from three independent experiments with triplicate wells for each dose. 
NE: no effect measured at highest concentration (10-5 M or last not cytotoxic concentration).
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Cyto-
toxicity

ER agonism AR agonism TRβ agonism PPARγ2 agonism

Compounds 
tested

Starting from 
(M)

IC50 
(M)

% of half 
maximal 
activity

IC50 
(M)

% of half 
maximal 
activity

IC50 
(M)

% of half 
maximal 
activity

IC50 
(M)

% of half 
maximal 
activity

Reference / ICI
2,5 10-9 
(±0,04)

30,6
(± 4,2)

FLU
7,3 10-7  
(± 0,9)

19,5
(± 8,0)

DBP
1,5 10-4  
(± 1,0)

21,8
(± 4,0)

GW9662
  7,6 10-10  
(± 1,0)

4,5
(± 1,1)

ZEN / 1,2 10-9 
(± 0,6)

170,6 (± 5,6) 3,2 10-6 
(± 1,3)

42,4 
(± 5,4)

> 10-5 72,5 
(± 8,1)

9,3 10-6 
(± 5,7)

57,3 
(± 2,3)

α-ZEL / 1,8 10-10 
(± 1,2)

206,8 
(± 25,5)

1,6 10-6 
(± 0,7)

42,2 
(± 20,4)

6,3 10-6 
(± 2,4)

64,5 
(± 3,7)

1,9 10-5 
(± 1,2)

38,5 
(± 2,4)

β-ZEL / 1,5 10-7 
(± 0,9)

186,4 
(± 17,5)

6,1 10-6 
(± 0,3)

21,4 
(± 6,9)

> 10-5 76,4 
(± 8,0)

NE

DON 3.10-6 4,3 10-6  
(± 1,2)

37,9 (± 3,3) 1,3 10-6 
(± 0,8)

29,2 
(± 11,8)

3,3 10-7 
(± 2,0)

16,3 
(± 2,4)

3,5 10-7 
(± 0,3)

2,8 
(± 0,2)

3-acetyl-DON / 2,2 10-6 
(± 0,4)

139,0 
(± 28,4)

1,3 10-6 
(± 0,2)

28,7 
(± 9,9)

2,8 10-5 
(± 1,7)

41,4 
(± 4,4)

3,1 10-6 
(± 0,2)

7,4 
(± 1,4)

15-acetyl-DON 3.10-6 NE 4,4 10-7 
(± 1,0)

28,6 
(± 11,8)

NE 3,4 10-7 
(± 0,3)

23,3  
(± 3,3)

NIV / NE > 10-5 68,1 
(± 10,8)

NE 1,6 10-6 
(± 0,5)

51,3 
(± 4,0)

FUSx > 10-5 3,4 10-6 
(± 2,5)

61,5 (± 9,7) 2,5 10-6 
(± 0,5)

22,0 (± 5,9) NE 3,2 10-6 
(±0,06)

12,4 
(± 1,8)

ALT / 5,2 10-6 
(± 1,4)

216,2 
(± 26,7)

3,8 10-6 
(± 0,4)

27,1 (± 4,9) NE > 10-5 157,5 
(± 35,5)

FB1 / NE NE NE NE

FB2 / NE NE NE 8,3 10-6 
(± 2,1)

45,9 
(± 3,9)

OTA / > 10-5 33,7 (± 5,0) 4,7 10-6 
(± 0,9)

40,4  
(± 3,7)

1,6 10-6 
(±0,06)

19,3  
(± 4,6)

1,2 10-6 
(± 0,2)

2,4 
(± 0,6)

CIT / NE NE NE 4,7 10-6 
(± 1,3)

38,4 
(± 1,7)

O Table 3.
Antagonistic activity of single mycotoxins. 
Results are expressed as IC50 and % of half maximal activity (100% is the control (=1%DMSO in the presence of EC50 concentration of reference agonist)). Data are represented as mean values ± SEM from three 
independent experiments with triplicate wells for each dose. NE: no effect measured at highest concentration (1 10-5 M or last not cytotoxic concentration).
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Endocrine activity of mycotoxin mixtures

The composition of the mixtures is given in table 1. Only 
for ZEN and its metabolites an EC

50
 ratio was used on the 

ER receptor. In the other cases, only an equimolar ratio was 
used because one or more compounds in these mixtures had 
no or hardly any effect on the receptors (EC

50
 could not be 

determined). For all mixtures, cytotoxicity was measured as 
described above. Mixtures 1a, 1b and 4 showed no cytoto- 
xicity at the highest total concentration (10-5 M). For mixture 
2 and 3, and mixture 5, cytotoxicity started at 3.10-6 M and 
10-5 M respectively. Cytotoxic concentrations were excluded 
from the calculations. 

With the oestrogenic responsive cell line, we tested mix-
ture 1 (ZEN, α-ZEL and β-ZEL) in an equimolar ratio and an 
EC

50
 ratio. In both cases, testing revealed a good agreement 

with CA, as shown by the experimental data overlapping 
the predicted CA range (within the 95% confidence band for 
the concentration-response curve for the observed values,  
Figures 2A and 2B). Figure 2 includes an extrapolation 
to extend the predictive range of the CA model. Without 

O  Fig 2.
Predicted and observed agonistic effects of mixtures on the oestrogenic responsive cell line. A) Mixture 1a containing ZEN and its metabolites (ZEN, α-ZEL, β-ZEL) in an equimolar ratio. B) Mixture 
1b containing ZEN and its metabolites in an EC50 ratio. C) Mixture 2 containing DON and its metabolites (DON, 3-acetylDON, 15-acetylDON) in an equimolar ratio. D) Mixture 3, a 5 component mixture, containing DON, 
3-acetylDON, 15-acetylDON, NIV, FUSx in an equimolar ratio. E) Mixture 5, a 6-component mixture, containing ZEN, α-ZEL, β-ZEL, DON, 3-acetylDON, 15-acetylDON in an equimolar ratio. Each graph shows experimental 
data (dots) with best fit regression curves (solid black) and their 95% confidence belts (dotted black lines). All data are normalized to the control (1% DMSO) and are the mean ± SEM of three independent experiments in 
triplicate. Prediction curves according to concentration addition are shown as dark grey solid line. The use of extrapolation to extend the range of CA is shown by light grey lines (worst case upper and lower assumptions).

extrapolation, the CA model equations limit the predicted 
effect to the lowest maximal effect of any of the tested com-
pounds, which can be as low as 25% of the maximal observed 
effect of the mixture (ex. Figure 2E). Mixtures 2 and 3 also 
revealed a good agreement with CA, as shown by Figures 2C 
and 2D. Mixture 4 was not tested on the ER cell line because 
both OTA and CIT showed no agonistic activity. For mix-
ture 5, the CA overestimated the potency compared to the 
observed values (CA was situated to the left of the real curve, 
Figure 2E). 

Since most single mycotoxins showed some androgenic 
antagonism, we tested the CA theory on antagonism with 
the androgenic responsive cell line. Mixture 1 (Figure 3A) 
seemed to be less potent than predicted by the CA curve, it 
did not fall in the 95% confidence band and it was shifted to 
the left. For mixtures 2 and 5 additive effects were found, 
the predicted CA corresponded well to the tested mixture  
(Figures 3B and 3E). Mixtures 3 and 4 both deviated a little 
from the CA curve, the predicted curve shifted to the right of 
the observed one (Figures 3C and 3D). 
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On the TRβ responsive cell line, mix-
ture 1 was not tested because both 
ZEN and β-ZEL showed almost no 
antagonistic activity, thus it was not 
possible to determine the parameters 
needed for the CA calculation. Mix-
tures 2 and 3 both deviated a little 
from the CA curve, the predicted 
curve was situated to the right of the 
observed one (Figures 4A and 4B). For 
mixtures 4 and 5 additive effects were 
found, the predicted CA corresponded 
well to the tested mixtures (Figures 4C 
and 4D). 

O  Fig 3.
Predicted and observed antagonistic effects of mixtures on the androgenic responsive cell line. A) Mixture 1a containing ZEN and its metabolites (ZEN, α-ZEL, β-ZEL) in an equimolar ratio. B) 
Mixture 2 containing DON and its metabolites (DON, 3-acetylDON, 15-acetylDON) in an equimolar ratio. C) Mixture 3, a 5 component mixture, containing DON, 3-acetylDON, 15-acetylDON, NIV, FUSx in an equimolar 
ratio. D) Mixture 4 containing OTA and CIT in an equimolar ratio E) Mixture 5, a 6 component mixture, containing ZEN, α-ZEL, β-ZEL, DON, 3-acetylDON, 15-acetylDON in an equimolar ratio. Each graph shows 
experimental data (dots) with best fit regression curves (solid black) and their 95% confidence belts (dotted black lines). All data are normalized to the control (=100%; 1% DMSO in the presence of 10-9 M DHT) and 
are the mean ± SEM of three independent experiments in triplicate. Prediction curves according to concentration addition are shown as dark grey solid line. The use of extrapolation to extend the range of CA is shown 
by light grey lines (worst case upper and lower assumptions).

O  Fig 4.
Predicted and observed antagonistic effects of mixtures on the thyroid β responsive cell line. A) Mixture 2 containing 
DON and its metabolites (DON, 3-acetylDON, 15-acetylDON) in an equimolar ratio. B) Mixture 3, a 5 component mixture, containing DON, 
3-acetylDON, 15-acetylDON, NIV, FUSx in an equimolar ratio. C) Mixture 4 containing OTA and CIT in an equimolar ratio D) Mixture 5, a 6 
component mixture, containing ZEN, α-ZEL, β-ZEL, DON, 3-acetylDON, 15-acetylDON in an equimolar ratio. Each graph shows experimental data 
(dots) with best fit regression curves (solid black) and their 95% confidence belts (dotted black lines). All data are normalized to the control 
(=100%; 1% DMSO in the presence of 5*10-10 M T3) and are the mean ± SEM of three independent experiments in triplicate. Prediction curves 
according to concentration addition are shown as dark grey solid line. 
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On the PPARγ2 responsive cell line, 
mixture 1 was not tested because both 
ZEN and its metabolites showed very 
low antagonistic activity. For mixture 
2, 4 and 5 additive effects were found, 
the predicted CA corresponded well to 
the tested mixture (Figures 4A, 4C and 
4D). Mixture 3 deviated a little from 
the CA curve, the predicted curve was 
situated to the right of the observed 
one (Figure 4B).

O  Fig 5.
Predicted and observed antagonistic effects of mixtures on the PPARγ2 responsive cell line. A) Mixture 2 containing 
DON and its metabolites (DON, 3-acetylDON, 15-acetylDON) in an equimolar ratio. B) Mixture 3, a 5 component mixture, containing DON, 
3-acetylDON, 15-acetylDON, NIV, FUSx in an equimolar ratio. C) Mixture 4 containing OTA and CIT in an equimolar ratio D) Mixture 5, a 6 
component mixture, containing ZEN, α-ZEL, β-ZEL, DON, 3-acetyl-DON, 15-acetyl-DON in an equimolar ratio. Each graph shows experimental 
data (dots) with best fit regression curves (solid black) and their 95% confidence belts (dotted black lines). All data are normalized to the control 
(=100%; 1% DMSO in the presence of 10-7 M Ros) and are the mean ± SEM of three independent experiments in triplicate. Prediction curves 
according to concentration addition are shown as dark grey solid line. The use of extrapolation to extend the range of CA is shown by light grey 
lines (worst case upper and lower assumptions).

Discussion
In the present study, 13 mycotoxins were tested for their 
potential endocrine activity through interaction with nuclear 
oestrogen, androgen, thyroid β or PPARγ2 receptors. All 
single tested compounds showed interactions with multiple 
receptors, except for FB1 and FB2 for which no effects were 
found and CIT which is only a weak PPARγ2 antagonist. As 
expected, ZEN and its metabolites α-ZEL and β-ZEL showed 
strong estrogenic activity, α-ZEL being the most potent one. 
ALT was also a full ER agonist but with low potency. These 
activities and their EC

50
 values were in good agreement with 

the results of Frizzell and co-workers (2011; 2013) This was 
expected since these authors use the same oestrogen respon-
sive (MMV-Luc) cell line. Not DON, but both 3-acetylDON 
and 15-acetylDON show partial agonism on the oestrogen 
receptor. Their potency is modest (about 25 times less potent 
than β-ZEL and 25000 times less potent than 17β-oestradiol, 
Figure 1) but not negligible, so it could contribute to endo-
crine activity in mixtures, especially since DON is usually 
found in food at 10-100 times higher concentrations than 
ZEN (Marin et al., 2013). Moreover, it is in the same order of 

magnitude as that of bisphenol A (a well known endocrine 
disrupter used in polycarbonate and epoxyresins) for which 
a range of adverse effects in animals is detected and major 
concerns have been raised about its impact on reproductive 
systems (Molina-Molina et al., 2013; Richter et al., 2007). To 
our knowledge, the results of the acetylDONs on the oestro-
gen receptor are new. 

Of all mycotoxins tested on the androgen receptor, 
15-acetylDON, 3-acetylDON and α-ZEL have the highest 
potency as antagonists on AR, around the same order as the 
reference compound flutamide, a non-steroidal antiandro-
gen drug primarily used to treat prostate cancer.

Our results for OTA and DON were in accordance with those 
in literature. No agonistic effect was observed at any con-
centration of OTA and DON on the ER and AR. On the other 
hand, an antagonistic effect on the ER and AR was seen by 
us and by another research group (Ndossi et al., 2012; Friz-
zell et al., 2013). This group did not consider this to be a true 
antagonistic effect because, despite no significant or small 
effects in the cytotoxicity test for OTA and DON respec-
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tively (in correspondence with this study), this response was 
observed in all their transactivation cell lines and suggests 
a parallel change in cell morphology. It may be that toxi- 
city is occurring earlier at some level but further investiga-
tion would be required. In another publication (Frizzell et 
al., 2013) , these authors explained the antagonistic effect of 
ALT on the AR (and two other cell lines) in the same way, 
however in our study antagonism for this compound only 
occurred on the AR and very different effects were seen on 
the other cell lines. Hence, our results suggest that in this 
case there is a true antagonistic effect.

Studying the interactions with the thyroid β and PPARγ2 
receptor of these mycotoxins is new to our knowledge. Ago-
nism was only seen on the PPARγ2 receptor for ALT, but with 
very low potency. The most interesting antagonist for TRβ 
was DON, it was 500 times more potent than the reference 
compound DBP (Shi et al., 2011). However, this reference 
antagonist is a very weak antagonist and was used only due 
to the lack of commercially available potent antagonists for 
the TRβ receptor. For PPARγ2, DON and 15-acetylDON were 
the most potent antagonists, they were about 500 times less 
potent then the reference antagonist, GW9662 (Leesnitzer 
et al., 2002).

Before we can interpret the results of the mixtures, we have 
to make sure the CA model is applicable. The model relies 
on the assumption that the mixture components share a 
common mechanism of action (Loewe and Muischnek, 1926). 
Since we only look into one effect at a time (i.e. ER agonism, 
AR antagonism etc.) and all cell lines are designed to study 
the interaction with one specific receptor, we assume this is 
the case. 

The mixture studies reported in this paper showed that the 
CA model provided good predictions of multicomponent 
mixture effects in the responsive cell lines used. The dose-res- 
ponse curves of the predicted CA are close to the observed 
ones. For most of them, the CA is within the 95% confidence 
interval. However, some small deviations were detected. 
In the oestrogenic responsive cell lines, the mixtures were 
tested on their potential agonistic activity. For mixture 5 
(ZEN, α-ZEL, β-ZEL, DON, 3-acetylDON, 15-acetylDON), the 
CA overestimated the potency compared to the observed 
values (CA is situated to the left of the real curve, Figure 2E). 
A possible explanation could be the presence of DON in this 
mixture, which is a weak antagonist and could counteract 
some of the agonist activity. We would expect the same for 
mixtures 2 and 3, however these mixtures reacted with a 
much lower potency than mixture 5 and thus the effect of 
DON is probably not visible in this case. For mixture 5 (Figure 
2E), the extrapolation of the CA showed a big difference 

in maximum level compared to the curve of the observed 
values. This might be due to the presence of partial agonists 
with lower individual maximum responses in this mixture 
(i.e. 3-acetyl- and 15-acetylDON). After all, one of the prin-
ciples behind the CA concept is the requirement that com-
ponents can replace each other to generate the same level of 
effect. Partial agonists only partially fulfil this requirement. 
The difficulty of predicting maximum effect levels of mix-
tures containing partial agonists is also discussed by others 
(Loewe and Muischnek, 1926; Houtman et al., 2006; Payne 
et al., 2000). 

For the androgenic, thyroid β and PPARγ2 responsive cell 
lines, the mixtures were tested on their antagonistic activity. 
Two kinds of deviations from the CA model arose (CA did 
not fall in the 95% confidence band of the observed curve). 
The first kind was where CA overestimated the observed 
effect, it was situated to the left of the observed curve (i.e. 
this is the case for mixture 1 on the AR, Figure 3A). An inter-
action between two or  three substances could be a possible 
explanation (as in Ermler et al., 2011). This kind of interac-
tion should be further investigated (i.e. affecting each other’s 
solubility or metabolisation,…). The second kind was when 
CA underestimated the observed effect, it was situated to the 
right of the observed curve (i.e. this is the case for mixture 3 
and 4 on the AR, Figure 3C and 3D; mixtures 2 and 3 on the 
TRβ, Figure 4A and 5; and mixture 3 on the PPARγ2, Figure 
5B). In these cases, there were one or more components 
 present (for example NIV in mixture 3 on the AR) in the mix-
ture that show none or hardly any anti-activity individually 
at the concentrations tested (but possibly at higher concen-
trations). For these compounds, it was not possible to deter-
mine the parameters needed for the CA calculation (thus no 
contribution) which could be the reason why the CA under-
estimated the effect slightly. These kind of deviations were 
also seen in previous studies (Kjaerstad et al., 2010).

For a number of mycotoxins and a limited number of com-
binations (like for the fumonisins) the limits for regulatory 
control (cf. European and National legislation) have already 
been determined, but these include far from all, or not even 
the most common combinations of mycotoxins (i.e. DON + 

ZEN). For example for ZEN and DON (separately!) a TDI of 
0,25 µg/kg and 1 µg/kg body weight respectively was deter-
mined (EFSA, 2011; EFSA, 2013). These do not account for the 
possible presence of other mycotoxins. For some metabolites, 
a TDI is missing due to the lack of toxicological data. This 
is the first time that mycotoxin mixtures are tested on their 
endocrine activity in receptor luciferase reporter cell lines. 
Particularly, the additive effects on ER agonism are impor- 
tant. To illustrate, the maximum agonistic effect of mixture 
1 (ZEN, α-ZEL, β-ZEL) was achieved at 10-9 M, this is 10 times 
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lower than in the case of ZEN alone. As, in general, animals 
and humans are exposed to several mycotoxins at the same 
time, the results are important and should be investigated 
in depth both in vitro and in vivo. In vivo, ZEN and its  
metabolites already exhibit endocrine activity in pigs, bovine 
and sheep causing infertility problems (Fink-Gremmels, 
1999; Tiemann and Danicke, 2007). It should be investigated 
if other active mycotoxins (like 3-acetylDON) can contribute 
to these problems. Moreover, most of the mycotoxins and 
their mixtures show anti-androgenic effects which could 
add up to the reproductive disruptions. 

In conclusion, in this study we showed that mycotoxins not 
only interact with the oestrogen receptor, but also with 
other nuclear receptors. We found that 3-acetylDON is also 
an oestrogenic agonist. Furthermore, most of the mycoto- 
xins and their mixtures show anti-androgenic effects, which 
could increase the reproductive effects in livestock even fur-
ther. Also, especially DON and 15-acetylDON act as antago-
nists for the PPARγ2 receptor. Combined toxicity of myco-
toxins is difficult to predict in vivo. However in this study, 
in vitro we showed that most of the mixtures of mycotoxins 
and their metabolites react as predicted by the concentra-
tion addition theory (in the cases where they did not, CA is 
even an underestimation). This may have repercussions in 
vivo and for the legislation of the mycotoxins in food and 
feed, especially for ZEN. Current procedures that deter-
mine regulation should move toward accounting for mix-
ture effects based on concentration addition. In addition, it 
would be important to confirm the here obtained results in 
vivo (especially combinations of ZEN and its metabolites and 
other mycotoxins on reproductive effects). 
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Salmonella spp.
The Salmonella genus belongs to the family Enterobacteria- 
ceae within the gamma-proteobacteria class and includes 
two species termed S. enterica and S. bongori. S. enterica, the 
most common in humans and animals of the primary sector, 
is divided into 6 subspecies, namely S. enterica subsp. ente- 
rica, S. enterica subsp. salamae, S. enterica subsp. arizonae, S. 
enterica subsp. diarizonae, S. enterica subsp. houtenae and 
S. enterica subsp. indica. Salmonella identification (at species 
and subspecies level) is routinely performed by biochemical 
testing. S. enterica subspecies are further categorised in sero-
vars: more than 2,600 serovars do exist to which a unique 
"antigenic formula" is associated according to the so-called 
Kauffmann-White-Le Minor reference scheme, which is re- 
gularly updated on the Website of the Pasteur Institute. An 
antigenic formula consists of a list of somatic O (lipopolysac-
charidic) and H (flagellar) antigens matching a unique sero-
var name. These antigens are traditionally identified by slide 
agglutination using specific antisera. The combination of the 
species / subspecies / serovar terms makes the full name of 
a particular Salmonella rather long (e.g. Salmonella enterica 
subsp. enterica serovar Typhimurium) and short names such 
as Salmonella Typhimurium or S. Typhimurium are therefore 
accepted.

S. Typhimurium
Although most Salmonella serovars can be pathogenic for 
humans, two serovars – namely S. Enteritidis and S. Typhi- 
murium – are more systematically associated with a disease 
in humans. Table 1 lists the somatic and flagellar antigens of 
Salmonella Typhimurium and of other Salmonella serovars 
sharing the somatic O:4 and the flagellar H:i antigens.

Serovar Somatic (O) Antigen Flagellar (H) Antigen

Phase 1 Phase 2 Other

Typhimurium 1,4,[5],12 i 1,2 -

Lagos 1,4,[5],12 i 1,5 -

Agama 4,12 i 1,6 -

Farsta 4,12 i e,n,x -

Tsevie 1,4,12 i e,n,z15 -

Gloucester 1,4,12,27 i l,w -

Tumodi 1,4,12 i z6

O Table 1.
List of Salmonella serovars expressing the O:4 and H:i antigens (Kauffmann-White-LeMinor scheme)

Some antigens are only expressed if associated to a particular 
bacteriophage. These are conventionally underlined in the 
Kauffmann-White-Le Minor scheme, e.g. O:1 in Salmonella 
Typhimurium. Other antigens may or may not be expressed 
without being systematically associated to a particular bac-
teriophage: these are conventionally mentioned in square 
brackets, e.g. O:[5] in S. Typhimurium. Facultative antigens, 
such as those underlined or in square brackets do NOT there-
fore, define a particular serovar and are only epidemiologi-
cally useful as they allow, for instance, the discrimination 
of field strains belonging to the same serovar. Finally, some 
antigens are systematically linked to other antigens, e.g. O:12 
is always found if O:4 is present, H:1 is always linked to H:2, 
H:5 and H:6. To further illustrate these rules, the following 
antigenic formulae all match the S. Typhimurium serovar:

- 1,4,5,12:i:1,2
- 1,4,12:i:1,2 
- 4,5,12:i:1,2 
- 4,12:i:1,2
- 4,5:i:2
- 4:i:2

Somatic O:1, O:12 and flagellar H:1 antigens are thus not 
indicative of a particular serovar and are therefore not sys-
tematically detected in the laboratory. Somatic O:4 and fla-
gellar H:i and H:2 are sufficient to undoubtedly identify a 
S.Typhimurium strain. For epidemiological reasons, the O:5 
antigen is always screened at CODA-CERVA and the result is 
mentioned on the assay reports (S. Typhimurium var. Classic 
/ O:5+ and S. Typhimurium var. Copenhagen / O:5-).

S. Typhimurium variants
As mentioned above, serovar Typhimurium matches a 
number of different O and H antigen combinations. Beside 
these different combinations, so-called S. Typhimurium 
“monophasic variants” do exist and are characterised by a 
lack of antigen expression affecting either the first or the 
second flagellar phase. Such variants are reported with the 
full antigenic formulae 1,4,[5],12:-:1,2 and 1,4,[5],12:i:- respec-
tively. Aphasic (non-motile) S. Typhimurium variants can 
be found as well. These variants do not express any of the 
two flagellar phases and are reported with the full formula 
1,4,[5],12:-:-. All the above variants are sometimes referred to 
as Salmonella “Typhimurium-like”. The biphasic, monopha-
sic or aphasic character of a given strain is a phenotypic trait 
caused by genetic alterations, for instance lack of an integral 
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fljB coding sequence (encoding the FljB flagellin = second 
phase H antigen). Monophasic S. Typhimurium variants 
lacking fljB must be combated in the same way that S. Typhi- 
murium are combated since both display the same virulence 
and antibiotic resistance profiles (EFSA Scientific Opinion, 
2010). Recently, the Salmonella National Reference Labora-
tory at CODA-CERVA demonstrated that genetic mutations 
mapped out of the fljB coding sequence – more precisely in 
the invertible region including the fljB promoter region – are 
frequently associated with a monophasic phenotype in Bel-
gian Salmonella isolates (C. Boland et al., submitted).  

It should be noticed that, based on the antigenic formula 
only,S. Typhimurium monophasic variants cannot be dif-
ferentiated from Lagos, Agama, Farsta, Tsevie, Gloucester or 
Tumodi monophasic variants (Table 1). Molecular tests are 
therefore needed to identify the parent serotype from which 
a given variant derives.

In each of the EU documents cited below, which refer to an 
EFSA opinion published in 2010, S. Typhimurium monopha-
sic variants are considered a public health concern based 
on their relatedness with S. Typhimurium (i.e. similar mole- 
cular types, phage types and antibiotic resistance profiles). 
Unfortunately, only the antigenic formula 1,4,[5],12:i:- is 

used to refer to S. Typhimurium monophasic variants in 
these official documents. Knowing that S. Typhimurium 
variants can be reported with different formulae – because 
of the facultative character of the O:1 and O:5 antigens – the 
regulation is incomplete, which can have public health con-
sequences. Moreover, the official European Directive does 
not explicitly consider molecular testing as a possible option 
to identify monophasic variants or to confirm relatedness 
with the parent S. Typhimurium serovar. Table 2 lists how 
results are interpreted based on serotyping only (1), based on 
serotyping and PCR targeting the fljB coding sequence and a  
S. Typhimurium-specific marker (2), based on serotyping and 
PCR targeting fljB coding sequence and promoter region as 
well as a S. Typhimurium-specific marker (3).               

During the annual meeting of the EU-RL Salmonella in 
Zaandam (NL) on 26 and 27 May 2014, a Scientific Officer of 
the EU Commission recognized a bug in the EU regulation 
related to S. Typhimurium monophasic variant definition 
and confirmed that ALL S. Typhimurium variants (inclu- 
ding those not expressing the facultative O:1 and O:5 anti-
gens or expressing a combination thereof) have to be com-
bated with the same priority as compared to S. Typhimurium 
(19th EURL-Salmonella Workshop report).

1. According to EU Directive 

Test: Serotyping based on O- and H-antigens

Result: 1,4,[5],12:i:- 4,[5],12:i:-

Conclusion: S. Typhimurium monophasic variant, listed as serovar to combat. NOT listed as serovar to combat.

2. According to EFSA opinion

Test: Serotyping based on O- et H-antigens + PCR targeting fljB coding sequence and S. Typhimurium-specific Marker (STM)

Serotyping result: 1,4,[5],12:i:- or 4,[5],12:i:-

PCR results and conclusion: a. fljB - ; STM + Monophasic S. Typhimurium

b. fljB + ; STM + S. Typhimurium

c. fljB +/- ; STM - Neither S. Typhimurium nor a variant thereof

3. According to Salmonella NRL at CODA-CERVA

Test: Serotyping based on O- et H-antigens + PCR targeting fljB coding sequence and S. Typhimurium-specific Marker (STM)  
+ PCRs CODA-CERVA targeting fljB promoter region

Serotyping result: 1,4,[5],12:i:- or 4,[5],12:i:- 

PCR results and conclusion: a. fljB - ; STM + Monophasic S. Typhimurium

b. fljB + ; STM +; PCRs CODA-CERVA - Monophasic S. Typhimurium

c. fljB + ; STM +; PCR CODA-CERVA + Monophasic S. Typhimurium (monophasic character genetically not 
confirmed).

d. fljB +/- ; STM - Neither S. Typhimurium nor a variant thereof

O Table 2.
Identification of S. Typhimurium monophasic variants according to different recommendations
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