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Abstract
After two decades free of Newcastle disease, Belgium encountered a velogenic avian 
orthoavulavirus type 1 epizootic in 2018. In Belgium, 20 cases were diagnosed, of 
which 15 occurred in hobby flocks, 2 in professional poultry flocks and 3 in poultry 
retailers. The disease also disseminated from Belgium towards the Grand Duchy of 
Luxembourg by trade. Independently, the virus was detected once in the Netherlands, 
almost simultaneously to the first Belgian detection. As such Newcastle disease 
emerged in the entire BeNeLux region. Both the polybasic sequence of the fusion 
gene cleavage site and the intracerebral pathotyping assay demonstrated the high 
pathogenicity of the strain. This paper represents the first notification of this specific 
VII.2 subgenotype in the North-West of Europe. Time-calibrated full genome phylo-
genetic analysis indicated the silent or unreported circulation of the virus prior to the 
emergence of three genetic clusters in the BeNeLux region without clear geographi-
cal or other epidemiological correlation. The Dutch strain appeared as an outgroup to 
the Belgian and Luxembourgian strains in the time-correlated genetic analysis and no 
epidemiological link could be identified between the Belgian and Dutch outbreaks. 
In contrast, both genetic and epidemiological outbreak investigation data linked the 
G.D. Luxembourg case to the Belgian outbreak. The genetic links between Belgian 
viruses from retailers and hobby flocks only partially correlated with epidemiologi-
cal data. Two independent introductions into the professional poultry sector were 
identified, although their origin could not be determined. Animal experiments using 
6-week- old specific pathogen-free chickens indicated a systemic infection and ef-
ficient transmission of the virus. The implementation of re-vaccination in the profes-
sional sector, affected hobby and retailers, as well as the restriction on assembly and 
increased biosecurity measures, possibly limited the epizootic and resulted in the 
disappearance of the virus. These findings emphasize the constant need for aware-
ness and monitoring of notifiable viruses in the field.
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1  | INTRODUC TION

The 20 genotypes of formerly classified avian paramyxoviruses 
have now been divided into 3 genera of ortho, meta and para 
avian avulaviruses (ICTV,  2019). The avian orthoavulavirus 1 
(AOAV-1), formerly known as avian avulavirus 1 (AAvV-1) or avian 
paramyxovirus 1 (APMV-1), is member of the Paramyxoviridae fam-
ily of the Avulavirinae subfamily (Adams et  al.,  2017; ICTV,  2019; 
King et  al.,  2018). The AOAV-1 genome is a single-stranded poly-
cistronic RNA of around 15  kb comprising 6 genes, encoding the 
nucleocapsid (N), the phosphoprotein (P), the matrix protein (M), 
the fusion protein (F), the haemagglutinin-neuraminidase protein 
(HN) and the large polymerase (L). Based on the F-protein gene, 
AOAV-1 viruses are phylogenetically divided into classes I and II, 
each containing defined genotypes and subgenotypes. The class II 
AOAV-1 can be further subdivided into 21 genotypes (I-XXI, geno-
type XV consisting solely of recombinant genomes) (Dimitrov, Lee 
et al., 2016;   Dimitrov et al., 2019; Snoeck, et al., 2013). These class 
II AOAV-1 viruses have a large avian host range of over 200 spe-
cies, in both domestic and wild birds, comprising both lentogenic and 
velogenic strains (Dimitrov, Ramey et al., 2016). Velogenic or virulent 
AOAV-1 (vAOAV-1) is the causative agent of Newcastle disease (ND), 
and notifiable to the world organization of animal health (OIE) (OIE & 
May, 2012). ND is a devastating, highly contagious infectious poultry 
disease with important economic impact and global distribution, de-
spite of large-scale vaccine implementation (Dimitrov et al., 2017). 
Virulent strains are defined by an intracerebral pathogenicity index 
above 0.7 in day-old specific pathogen-free (SPF) chicks and a fusion 
precursor protein cleavage site with multiple basic amino acids and a 
phenylalanine amino acid at position 117 (Nagai et al., 1976).

Since 1993, Belgium, like many other European countries, imple-
ments a compulsory ND vaccination programme for all flocks with 
more than 100 poultry heads and for all hobby poultry taking part 
in competitions, assemblies or being sold on markets, regardless of 
numbers (Ministerial Decree 4 May 1992 and 25 January 1993). In 
Belgium, all birds kept and raised in captivity for food production 
or trade are considered poultry. The implementation of vaccination 
and re-vaccination in all other hobby flocks is neither regulated nor 
controlled. In addition, Belgium conducts a clinical surveillance pro-
gramme based on the compulsory notification by veterinarians and 
poultry/bird owners of symptoms suggestive for avian influenza 
(AI) or ND infection, such as reduced feed/water consumption, in-
creased mortality, typical clinical symptoms such as respiratory or 
neurological symptoms and reduced egg production (Belgian Royal 
Decree 3 February 2014 and 28 November 1994). All suspected 
cases are subject to further investigations by the Federal Agency for 
the Safety of the Food Chain (FASFC) and samples are automatically 
sent to the Belgian National Reference Laboratory (NRL), Sciensano, 
for AI and ND exclusion.

In Spring 2018, Belgium, the Netherlands and the Grand Duchy 
(G.D.) of Luxembourg (jointly referred to as the BeNeLux region) en-
countered vAOAV-1 introductions. All of the isolates could be as-
signed to the VII.2 subgenotype, that emerged in 2010 in the Middle 
East and India, demonstrating a fast Westward spread and a large 
host spectrum, and therefore considered as a plausible candidate for 
the next panzootic (Miller et al., 2015). The present study elaborates 
on the diagnosis, the biological and genetic characterization of this 
West-European VII.2 vAOAV-1 2018 virus, as well as the high-reso-
lution genetic phylogeny analyses combined with epidemiologic data 
collected during the outbreak.

2  | MATERIAL AND METHODS

2.1 | Sample collection

The national reference laboratory for AI and ND at Sciensano re-
ceived swab or organ samples from suspected hobby birds, retailers 
and professional poultry flocks, sent in by field veterinarians, from 
different geographical locations within the country following clinical 
manifestations or epidemiological investigation.

In the Netherlands, Wageningen Bioveterinary Research re-
ceived organ samples from suspected pheasants following clinical 
symptoms on a hobby holding located in the centre of the country.

Samples from Luxembourg were submitted to Sciensano for 
confirmation of ND after necropsy at the Laboratory of Veterinary 
Medicine and positive primary molecular diagnostics done at the 
Luxembourg Institute of Health. The hobby chickens originated from 
a town in western Luxembourg and had been purchased at a Belgian 
live bird market near the Belgium-Luxembourg border.

An overview of the positive materials is provided in Table 1.

2.2 | Diagnostic assays

First-line diagnostic testing was performed by generic real-time 
reverse transcriptase polymerase chain reaction (rRT-PCR) detec-
tion of a conserved region of the M-gene allowing the detection of 
both all AOAV-1 (Wise et al., 2004) and avian influenza (Spackman 
et al., 2002) viruses. Viral RNA extraction of field samples was per-
formed by the use of the High Pure viral Nucleic acid (Roche Life 
Science) or the total MagMax (Thermo Fisher Scientific) kit, follow-
ing the manufacturer's instructions. For the rRT-PCR, the one-step 
AgPath kit (Thermo Fisher Scientific) was used, according to the 
manufacturer's instructions. The cycling conditions consist of a 30-
min reverse transcription step at 50°C, followed by a 10-min dena-
turation and 50 cycles of denaturation (95°C for 15 s), hybridization 
(54°C for 34 s) and 30 s of elongation at 72°C. The Cp cut-off value 
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was determined at 38 during validation with a 99% detection limit 
of 103,20 viral RNA copies/ml swabs. The mean viral excretion was 
calculated per group and per time point. Non-excreting birds were 
assigned a value of 10 (=1 log10) viral RNA copies/ml swabs for sta-
tistical analysis, corresponding to a value below the 95% detection 
limit of the experimental method.

AOAV-1 virus was isolated from rRT-PCR-positive samples to 
allow further characterization of the strain. Viral isolation was 
achieved by inoculation into SPF chicken eggs 9–11  days of em-
bryonation, following standard procedures (OIE & May,  2012). 
Subsequently, the collected haemagglutinating allantoic fluid was 
identified by haemagglutination inhibition (HI) testing with a panel 
of poly- and monoclonal antisera (Meulemans et al., 1987), allowing 
differentiation of vaccine and pigeon specific AOAV-1 strains.

Complementary to HI-testing, the pathotype of the AOAV-1 was 
determined by Sanger sequencing of the fusion gene cleavage site 
(Kant et  al.,  1997). The cleavage site sequencing was mostly per-
formed directly on the field sample RNA extract. For allantoic fluid, 
RNA was extracted by the High Pure viral Nucleic Acid kit. The one-
step RT-PCR was performed using the OneStep RT-PCR kit (Qiagen), 
following the manufacturer's instructions. The cycling protocol de-
scribed previously by Kant et al. was performed with slight modifica-
tion (Kant et al., 1997). Briefly, a reverse transcription step of 45 min 
at 45°C, followed by the PCR-step initiated by a 2 min denaturation 
at 94°C, and 40 cycles under following conditions: denaturation for 
2 min at 94°C, hybridization with NDV A and B oligo's for 1 min at 
55°C and elongation for 1  min at 72°C. The cycle concludes with 
a final elongation step of 10 min at 72°C. The 363 base pair PCR 
amplicons were processed on 1% agarose gel for size selection and 
purified from the gel using the High Pure PCR product purification 
kit, following the manufacturer's instructions. Sanger sequencing 
using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo 
Fischer Scientific), purification, and capillary electrophoresis on a 
3,500 Series Genetic Analyzer (Thermo Fisher Scientific) were per-
formed at the Transversal and Applied Genomics unit of Sciensano.

2.3 | Virus

Lung tissue homogenate from the Bassette chicken of the Belgian 
index case 4,096 was injected into 9-day-old embryonated SPF 
chicken eggs, which died within 2  days. Allantoic fluid was har-
vested and inoculated as a 10-fold dilution series into 9-day-old em-
bryonated chicken eggs to determine the viral titre of the AOAV-1/
Bassette_Chicken/Belgium/4096/2018 viral stock, determined at a 
fifty per cent egg infectious dose (EID50) of 109.66 per ml (Reed & 
Muench, 1938).

2.4 | Whole genome sequencing

The 20 Belgian virus isolates and the isolate from G.D. of Luxembourg 
were filtered through a 0.45 µM size-selective disc filter (Millipore) 

and viral nucleic acids were extracted using the Nucleospin RNA 
Virus kit (Macherey-Nagel) according to the manufacturer's instruc-
tions with the following modification: carrier RNA was substituted 
by the use of 5  µl of GenElute-LPA neutral carrier (Sigma-Aldrich) 
per sample. DNA was digested from the extracted nucleic acids 
using Baseline-ZERO DNase (Lucigen) followed by RNA cleanup 
and concentration using the RNA Clean & Concentrator-5 kit (Zymo 
Research) according to the manufacturer's instructions. cDNA was 
synthesized using a final concentration of 2.5 µM random hexamer 
primer and SuperScript IV (Thermo Fisher Scientific) according to 
the manufacturer's instructions, followed by second strand cDNA 
synthesis using the NEBNext® Ultra II Non-Directional RNA Second 
Strand Synthesis Module (New England Biolabs). Double-stranded 
cDNA was purified using the DNA Clean & Concentrator-5 kit 
(Zymo Research), followed by fluorometric quantification using the 
Quantifluor dsDNA system (Promega). Sequencing libraries were 
generated using the Nextera XT kit (Illumina) and standard Nextera 
XT indices, equimolarly pooled after quantification using a KAPA 
library quantification kit (Kapa Biosystems, Roche) and finally se-
quenced using a MiSeq reagent kit version 3 (Illumina) with 2x300-bp 
paired-end sequencing according to the manufacturer's instruc-
tions. Raw sequence datasets were trimmed using Trim Galore! 
(q = 30, l = 50, paired; https://www.bioin​forma​tics.babra​ham.ac.uk/
proje​cts/ trim_galore/). A random paired subset (2 × 50,000 reads) 
was used for de novo assembly using SPAdes v3.9.0 (Bankevich 
et al., 2012) and IVA v1.0.0. (Hunt et al., 2015). Contigs were manu-
ally verified and assembled using BioEdit 7.2.5 (Hall, 1999).

Viral RNA of the Dutch virus isolate was extracted from 10% 
suspensions of organ tissues using the High Pure Viral RNA kit 
(Roche). Sequence libraries were prepared using the ScriptSeq 
v2 kit (Illumina), and the products were purified using SPRI beads 
(Beckman). The double-stranded cDNA was quantified using the 
ClarioStar and Quant-it kit (Thermo Fisher). Fragment lengths were 
analysed using Tapestation 2200 (Agilent). The libraries were se-
quenced using Illumina MiSeq paired-end 150 base pairs sequenc-
ing (Illumina). Quality control-passed sequence reads of high quality 
were iteratively mapped on resulting consensus sequences using 
Bowtie2 starting against the genome sequence of the Belgian index 
case.

All complete virus genome sequences (n  =  22) were submit-
ted to GenBank, and are available under the accession numbers 
MH432252 (‘4096_Milmort’, Belgian index case), MN547973–
MN547991 (Belgium), MN547992 (G.D. of Luxembourg) and 
MN701080 (Netherlands) (Table S1).

2.5 | Phylogenetic sequence analysis

To determine the taxonomic classification according to the new 
Dimitrov et  al.  (2019) nomenclature, the complete F gene coding 
sequences of the Belgian index case, the viral isolates of G.D. of 
Luxembourg and the one from the Netherlands were aligned with 
771 representative complete F sequences of genotype VII (curated 

https://www.bioinformatics.babraham.ac.uk/projects/
https://www.bioinformatics.babraham.ac.uk/projects/
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complete fusion gene dataset distributed by Dimitrov et al., 2019) 
and one root sequence of genotype VI (KC205479.1; 2011/Ethiopia/
ETHMG1C) using Muscle in Mega v7.0.21. The phylogenetic analy-
sis was performed after nucleotide substitution model selection 
(Mega v7.0.21) with neighbour joining (maximum composite likeli-
hood, gamma-distributed rates G = 0.95, pairwise removal of gaps 
and missing data, 1,000 bootstrap replicates) and maximum likeli-
hood (GTR + G + I, 500 bootstrap replicates, identical findings, not 
shown) methods (Mega v7.0.21). For visual simplification, only the 
branch leading to the identified subgenotype was displayed, while 
some branches were compressed.

A high-resolution, time-calibrated full genome sequence phylo-
genetic analysis was undertaken to study the molecular dynamics 
within the outbreak in the BeNeLux region. The full genome virus 
sequences from Belgium (n = 20, i.e., all cases), the single sequences 
of the G.D. of Luxembourg (n = 1) and the Netherlands (n = 1) were 
aligned (Muscle, Mega v7.0.21 5.01), together with the most simi-
lar (NCBI Nucleotide database accessed 2019.06.01) full genome 
sequences (MG871466.1; chicken/Iran/PCR-UT/2017) and an addi-
tional outgroup of sequences from the Middle East (MF437287.1, 
KY967611.1, KX791186.1). TempEst v.1.5.3 (Rambaut et al., 2016) 
was used to evaluate the most optimal use of outgroup sequences 
and root placement (residual mean square optimization) and to eval-
uate the clocklikeness of the corresponding datasets using a max-
imum likelihood tree (Mega v7.0.21; GTR  +  G  +  I; 100 bootstrap 
replicates). The optimal dataset for further phylogenetic analysis 
included two outgroup sequences (MG871466.1 and KX791186.1) 
and showed an excellent correlation between the genetic data and 
the time information (R2 0.9853; correlation coefficient 0.9926). 
Time-resolved phylogenetic trees were estimated using BEAST 
v1.10.4 (http://github.com/beast​-dev/beast​-mcmc). The field sam-
pling dates, expressed as decimal years, were assigned to the tree 
tips for time calibration purposes. The selection of priors (nucleotide 
substitution model, molecular clock, tree prior/population growth) 
was guided by Bayes factor optimization (Kass & Raftery, 1995) of 
model comparisons using Path Sampling/Stepping Stone Sampling 
estimation of marginal likelihoods (Baele et al., 2012). The final anal-
ysis employed the GTR + G substitution model for sequence evolu-
tion along with gamma-distributed rate variation among sites and 
two partitions (codon positions 1 + 2, 3). A strict molecular clock was 
imposed, and exponential population growth (Laplacian) was used 
as a coalescent tree prior. The Markov Chain Monte Carlo (MCMC) 
model was run for 50 million steps sampling trees every 5,000 steps. 
Convergence of the MCMC model was verified using Tracer v1.7.1 
(http://github.com/beast​-dev/trace​r/), indicating a suitable burn-in 
of 10% of the chain. Estimates had an effective sample size (ESS) 
of 3,000 at the minimum and most had ESS greater than 10,000. A 
maximum clade credibility tree displaying median node heights was 
calculated using TreeAnnotator v1.10.4. Phylogenetic trees were vi-
sualized using FigTree v1.4.3 (http://figtr​ee.googl​ecode.com/).

In addition, the clustering in the Bayesian analysis described 
above was confirmed using full genome maximum likelihood analysis 
(GTR  +  G; 500 bootstrap replicates, complete deletion of missing 

data and gaps), following an initial maximum likelihood-based nucle-
otide substitution model selection (optimizing BIC and AIC criteria) 
in Mega v7.0.21.

2.6 | Outbreak description and epidemiological 
investigation

After the first cases detected in captive hobby birds, the virus was 
also detected in two professional poultry flocks in Belgium. Finally, a 
total of 20 Belgian cases was diagnosed, of which 15 in hobby flocks, 
2 in professional farms, both layer-breeders, and 3 in poultry retail-
ers. Purchase of birds by a Luxembourg private bird owner from a 
Belgian live bird market resulted in the dissemination of the virus 
from Belgium to the G.D. of Luxembourg. Almost simultaneously, a 
single introduction occurred in Dutch pheasants, at a hobby holding 
in the centre of the country.

The Belgian epidemiological investigation to trace back the or-
igin of, and links between cases was performed by the FASFC. In 
this context, outbreak sites were visited to map them for wild bird 
contact, recent purchases, contacts including personnel, recent 
vaccine implementations, etc. In parallel, the FASFC enforced re-
striction measures to control the disease spread. Initially, a general 
ban on gathering, exhibiting and trade of professional and hobby 
poultry throughout Belgium was established (Ministerial Decree 
of 24 July 2018). A 500-metre protection zone around the ND 
hobby outbreak sites was implemented. Chickens at the outbreak 
site itself were either stamped out or vaccinated against ND, de-
pending on FASFC risk analysis, and subsequently, sites had to re-
main empty for 21 days or quarantined for 60 days, respectively. 
Within the 500-metre protection zone around these sites, addi-
tional protection measures were imposed on all poultry, hobby 
poultry, and pigeon keepers, all of whom were obliged to draw 
up inventories and re-vaccinate against ND, unless vaccination 
certificates could be presented. Restriction measures were lifted 
21 days after re-vaccination or earlier if a vaccination certificate 
was presented.

Each affected professional poultry holding was declared to the 
OIE World Animal Health Information System and stamped out. 
After culling, the outbreak sites were immediately decontaminated, 
cleaned, and disinfected. For the affected professional holdings, the 
FASFC set up 3-km (protection) and 5-km (surveillance) restriction 
zones. In the protection zone, all poultry had to be confined or pro-
tected to avoid wild bird contact. Both in the protection and surveil-
lance zones, each professional poultry owner was obliged to draw 
up an inventory of all poultry and birds kept. All professional poultry 
operations had to undergo a weekly clinical examination and a head-
count by the operation's veterinarian (Royal Decree 28 November 
1994). A 30-day fallow period was imposed on each professional 
outbreak site after cleaning and disinfection, before lifting the 3-km 
and 10-km restriction zones, after 21 and 30  days, respectively. 
Strict conditions were imposed on poultry traders for purchasing 
poultry and hobby poultry (Ministerial Decree 24 July 2018).

http://github.com/beast-dev/beast-mcmc
http://github.com/beast-dev/tracer/
http://figtree.googlecode.com/
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2.7 | Viral characterization

The viral pathotype of the index case was studied by the intracer-
ebral pathogenicity index (ICPI) in ten one-day-old SPF chicks (OIE 
& May, 2012). Briefly, the ten inoculated birds were scored daily for 
clinical manifestations after intracerebral injection of the tenfold 
diluted viral stock during an 8-day period: score 0 for the absence 
of clinical manifestation, 1 for clinical symptoms and 2 to indicate 
mortality. The average score throughout this observation period de-
termines the ICPI-value. Animals were housed in biosecurity level 
3 (BSL3) isolator units in negative pressure (BSL3+) with water and 
feed ad libitum. Bio-ethical and biosafety regulations were strictly 
implemented and approval from official committees was acquired 
(20170117-01 and NATREFLAB_ICPI_APMV1_Bassette chicken 
4096 2018, respectively).

2.8 | Transmission study

Birds were hatched in house from commercially purchased SPF eggs 
(Lohmann Valo). All birds were blood-sampled the day before infec-
tion to confirm the AOAV-1 free-status. To study the virus in more 
detail six 6-week-old SPF white leghorn layer chicken were inocu-
lated oculonasal with a 106 EID50/chicken dose of the virus isolated 
from the Belgian index case (biosafety and ethical permission refer-
ences 20180222-01 and NRL_vAPMV1). To evaluate the transmis-
sion potential of the strain, the day after infection of the six SPF 
birds, six uninfected SPF sentinel contact layer chickens were added. 
All birds were monitored daily for clinical manifestations or mortal-
ity. At regular time-points, 1, 2, 3, 7 and 9 days post-infection (dpi), 
cloacal and oropharyngeal swabs were taken to evaluate the repli-
cative potential of the virus. Besides, the viral tropism was studied 
by sampling organs (lung/trachea, intestine and brain) and feathers 
at the time of death or at 14 dpi when the surviving bird was killed. 
Swabs and organs were analysed by rRT-PCR as described above. 
Quantification was done using a standard curve of tenfold diluted 
synthetic Matrix RNA. Results were expressed as the number of viral 
RNA copies per millilitre of swabs (log10).

2.9 | Statistical analyses

Statistical analysis of survival, viral tropism, and virus shedding results 
were performed using Graph Pad Prism version 8.00 for Windows. 
Differences were considered significant at p < .05 (*). Neither normal-
ity of distribution of the criterion for each group nor homogeneity of 
the within groups’ variances were confirmed by the Shapiro–Wilk's 
test and the Barlett's test, respectively. Therefore, the organ's viral 
load of infected and sentinel groups were compared for each organ by 
using the non-parametric test Mann–Whitney. The comparison of viral 
excretion was done by the same way at each timing. Friedman paired 
test, followed by the Dunn's multiple comparisons test, were used to 
evaluate the viral tropism of both groups, as well as the kinetic of their 

viral excretion. The survival comparison of infected and sentinel birds 
was done by using a log-rank test (Mantel–Cox).

3  | RESULTS

3.1 | Detection of ND in Belgium

In the framework of the AI/ND clinical surveillance protocol, lung 
and intestine samples from a hobby flock located at the municipal-
ity of Milmort were received mid-April 2018 for AI/ND exclusion 
diagnostics. The samples were analysed by the first line generic M AI 
and ND rRT-PCRs and tested ND positive. Viral inoculation resulted 
in the recovery of a haemagglutinating agent within 48 hr, identified 
by HI test as a non-vaccinal, non-pigeon specific, AOAV-1. Sequence 
analyses of the cleavage site, RRQKRF, in combination with HI and 
virus isolation information, pointed towards a ‘velogenic’ or ‘virulent’ 
AOAV-1 isolate.

From the first positive detection of AOAV-1 in April 2018 until 
the end of July 2018, additional vAOAV-1 outbreaks were diag-
nosed in 14 hobby flocks, three retailers and two professional poul-
try flocks. Hobby flocks demonstrated mortality from 0 up to 89%, 
while in professional holdings the maximum morbidity and mortal-
ity remained limited to about 10% (Table 1). Professional holdings 
are defined by the number of birds on-site (>200 birds). Retailers 
interact with hobby owners, and no cross-trading with the profes-
sional poultry sector is authorized in Belgium. A geographic view of 
the distribution of the Belgian outbreaks is shown in Figure 1. The 
first two retailers were investigated in the framework of the live 
bird market surveillance. Subsequently, early July 2018, an outbreak 
was confirmed at the premises of a third, large, poultry retailer (East 
Flanders), who was considered part of the sector, professional, due to 
its capacity. Two additional outbreaks in professional poultry flocks 
occurred during the two following weeks, both in layer-breeder op-
erations, located in the provinces of East and West Flanders, respec-
tively, which are the most densely populated Belgian poultry areas.

During this epidemic, Belgium implemented a strict policy to 
stop the disease propagation, eradicate the virus and decontaminate 
the professional outbreak sites (EU Directive 92/66/EEC), resulting 
in the slaughter and destruction of about 93,000 birds.

3.2 | Whole genome characterization and 
phylogenetic sequence analysis of the BeNeLux 
genotype VII.2 strains

The complete genome of the sequenced isolates presented a length 
of 15,192 nucleotides in agreement with standard length and the 
rule of six (Czegledi et al., 2006; Huang et al., 2004), encoding an 
HN protein of 571 amino acids, typical for velogenic AOAV-1 viruses 
(Munir, et al., 2012; Wang et al., 2013). The whole genome pairwise 
nucleotide identity of the index cases from Belgium, the Netherlands 
and Luxembourg ranged from 0.997 to 0.998 (BE-NL: 0.998; 
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BE-LUX: 0.997; NL-LUX: 0.998), while this ranged from 0.996 to 1.00 
for samples from Belgian cases. Following the classification criteria 
and nomenclature proposed by Dimitrov et al. (2019), the index case 
‘Bassette Chicken/Belgium/4096/2018’ (‘4096_Milmort’), belongs 
to subgenotype VII.2 with 99.5% complete fusion gene nucleotide 
sequence identity, only 9 single nucleotide polymorphisms, with the 
F gene of the most similar publically available complete genome, 
chicken/Iran/PCR-UT/2017 (MG871466.1) (Figure 2). The publically 
available South-East European VII.2 isolate sequence from Bulgaria 
(2013, MK005972.1) was more distantly related.

The time-resolved Bayesian analysis (Figure 3; Table S2) indicates 
multiple introduction events, clusters, in poultry in the BeNeLux 
region, with a common ancestor dating back to January 4, 2018 
(95% Highest Posterior Density Interval, 95% HPD 8-Nov-2017 to 
17-Feb-2018). The sole strain from the Netherlands appears as an 
outgroup linked with high posterior probability (p) support (p = 1.0) 
to the viruses from Belgium and G.D. Luxembourg. Three main clus-
ters were further identified. The TMRCA node (time to most recent 
common ancestor) for the viral strains within cluster I dates back to 
24 January 2018 (95% HPD 7-Dec-2017 to 3-Mar-2018). However, 
the association of the Belgian index case 4096_Milmort to cluster 
I is only supported by a low node posterior probability (p = .31). In 
cluster I, a second, well supported node (p = 1) was identified dating 

back to March 30, 2018 (95% HPD 15-Mar-2018 to 15-May-2018) 
(6930_Macon, 6057_Erpe-Mere, 5619_Kessel, 6011_Oeselgem) 
(Cluster I). Two additional molecular clusters with high posterior 
probability support (p  =  1) were identified with TMRCA (time to 
most recent common ancestor) estimates around March 30, 2018 
(5% HDP 23-Apr-2018 to 25-Feb-2018). Cluster II (April 8, 2018; 
95% HDP 8-Mar-2018 to 1-May-2018), contains 5630_Verviers, 
6047_Retailer, 5927_Hélécine and 6083_Retailer and a statisti-
cally unsupported (p = .4805) link with a professional poultry hold-
ing, 6604_Professional (Cluster II). Excluding the unsupported link 
with 6604_Professional, Cluster II is supported by a high posterior 
probability (p = 1.0). The third molecular cluster dates back to April 
17, 2018 (p  =  1; 95% HDP 22-Mar-2018 to 7-May-2018) contain-
ing the majority of Belgian cases, included the third identified re-
tailer (6295_Retailer_Professional), the second professional poultry 
flock (6369_Professional), the case from the G.D. of Luxembourg 
and 8 Belgian captive bird cases (Cluster III). Although significantly 
(p = 1) set within cluster III, the exact position of the cases from the 
G.D. of Luxembourg and the professional retailer relative to other 
outbreak viruses in the cluster was less confident due to the low 
posterior probabilities of 0.36 and 0.43, respectively. The whole 
genome maximum likelihood analysis (Figure S1, Table S2) confirms 
the observed clusters and the unclear position of the index cases 

F I G U R E  1   Geographic distribution of the 20 Belgian vAOAV-VII.2 outbreaks [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  2   Neighbour joining phylogenetic analysis to determine the subgenotype of the Belgian index case and the cases from 
the Netherlands and Luxembourg, based on an alignment of 775 full F genotype VII coding sequences. A subtree is shown, depicting 
subgenotype VII.2 (Mega 7.0, maximum composite likelihood model, gamma-distributed rates among sites) ‘▲’ indicates previous 
introductions of VII.2 on the European continent; ‘♦’ indicates viruses sequenced in the present study (complete strain names and GenBank 
accession numbers available in Table S1)
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from Belgium and the Netherlands (4096_Milmort and X18009166_
Netherlands, respectively) and one of two professional poultry hold-
ings, 6604_Professional.

3.3 | Epidemiological field investigation and the 
correlation with phylogenetic sequence analysis

For the Belgian index case (4096_Milmort), the purchase of or-
namental birds at a local exhibition from an unidentified private 
owner could not be further traced back. By retrospective sam-
pling of retailers identified as a potential link with other positive 
hobby cases (Table 1), some were confirmed virus-positive, while 
for others no virus could be detected (Figure 3). The retrospective 
analysis allowed the virus-positive identification of three retail-
ers (6295_Retailer_Professional, 6083_Retailer, 6047_Retailer), 
elucidating the introduction into six hobby flocks (5630_Verviers, 
5927_Hélécine, 6057_Erpe Mere, 6525_Appelterre, 6527_Eeklo, 
6643_Lessines) and the transfer of the virus from one of the re-
tailers to another (6083_Retailer and 6047_Retailer). For three 
other cases (5619_Kessel, 6011_Oeselgem and 5573_Soignies) 
purchased directly from a retailer, the analysis could not con-
firm these purchases as the origin of the introduction as no viral 
presence could be demonstrated in birds present on the retailer 

site. In addition, for five Belgian cases (6930_Macon, 5876_
Villers-La-Ville, 6496_Sint-Genesius-Rode, 6617_Robelmont and 
6372_Morlanwelz) and the case from the G.D. of Luxembourg 
originating from purchases at live bird markets in Belgium, no 
link to a specific retailer could be confirmed during retrospec-
tive analysis. Epidemiological field investigations pointed out the 
purchase of birds at live bird markets or directly from retailers as 
the major transmission pathway for the Belgian hobby cases and 
the Luxembourg-incursion (Figure 3). However, no links with the 
hobby or retailer cases could be identified for the two profes-
sional poultry holdings. Furthermore, epidemiological field inves-
tigation did not allow the identification of a link between the two 
professional cases nor identify the source of infection, for which 
transports, birds or eggs, food, personnel, vaccines and vaccina-
tion teams were evaluated. No link with Belgian live bird markets, 
retailers or affected poultry holdings was identified for the Dutch 
pheasants.

The epidemiological field tracing and genetic data are generally 
in agreement (Figure 3). However, two discrepancies (indicated with 
‡) between genetic and epidemiological field data were identified. 
Two hobby cases, 6057_Erpe Mere and 6930_Macon, were located 
in the molecular Cluster I while the epidemiological field investiga-
tion suggested a common retailer as a point of purchase with cases 
from genetic cluster II.

F I G U R E  3   Left side: Time-resolved Bayesian phylogenetic analysis of the complete genomes of the 22 cases from the AOAV-1 VII.2 
BeNeLux-outbreak, demonstrating 3 clusters. Both the age of the ‘tips’ (= sampling dates) and the predicted age of the nodes (with a purple 
node bare representing a 95% credibility interval from the MCMC model) can be read using the time scale below. Exact values of supporting 
posterior probability and divergence dates + their 95% HDP intervals are available in Table S2. Branches and nodes are colour coded 
according to their posterior probability support as indicated on the vertical scale. Certain taxon names are colour coded (unrelated to the 
posterior probability scale): Blue: cases from retailers; Red: cases from professional poultry holdings; Green: index cases in each affected 
country. Clusters are highlighted, where a lighter shade indicates taxa that are linked to a cluster with low posterior probability: Cluster I: 
yellow; Cluster II: blue; Cluster III: pink. Right side: Line diagram depicting the potential links between outbreaks (and connected retailers) 
identified in the epidemiological tracing investigations. Mismatches between genetic and epidemiologic data are identified with a ‡ symbol 
[Colour figure can be viewed at wileyonlinelibrary.com]
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3.4 | Virological characterization of the Belgian 
genotype AOAV-1 VII.2 strain

The standard pathogenicity index, ICPI, for AOAV-1 viruses was de-
termined for the index case 4096_Milmort strain (Bassette Chicken/
Belgium/4096/2018 isolate). At 1  dpi, 3 out of 10 chicks demon-
strated clinical symptoms in the form of lethargy, resulting in 100% 
mortality at 2 dpi. An ICPI of 1.79, on a maximum scale of 2, was ob-
tained, confirming the velogenic pathotype of the strain (ICPI > 0.7).

An in vivo viral transmission study was performed in 6-week-old 
SPF chicken to characterize the virus into more detail. Birds infected 
with the vAOAV-1 Bassette Chicken/Belgium/4096/2018 demon-
strated early clinical symptoms from 2 dpi (3/6) with ruffled feath-
ers, lethargy and turbid eyes, reducing up to only 1 bird with turbid 
eyes at 3 dpi, increasing again up to 5 out of 6 at 4 dpi, and resulting 
in death for 3 birds at 5 dpi and for two additional at 6 dpi. The last 
infected bird died at 7  dpi after showing neurological symptoms, 
in the form of loss of balance, at 6 dpi (Figure 4a). For the sentinel 
birds, co-housed with the infected birds from 1 dpi, the first clinical 
symptoms, ruffled feathers, were detected at 5 days after contact 
(6 dpi) for half of the birds. The first sentinel bird died at 7 dpi while 
the remaining birds only demonstrated minor clinical symptoms with 
ruffled feathers. On day 7 after contact, corresponding to 8 dpi, 4 
more sentinels died, while the sole survivor demonstrated lethargy, 
apathy, ruffled feathers and loss of balance up to 10 dpi, after which 
this bird recovered (Figure 4a).

Viral excretion (Figure  4b), was detected from the respira-
tory tract of infected birds from 1  dpi (1  dpi: 3.79  ±  0.26; 2  dpi: 
3.55  ±  0.086; 3 dpi: 4.17  ±  0.30 and 7 dpi: 5.18), while excretion 
in the digestive tract could be observed from 3 dpi onwards (3 dpi: 
3.81  ±  0.23 and 7  dpi: 4.54). The sentinel birds started excreting 
comparable amounts of virus by both routes from 7  dpi onwards 
(6  days after contact) (7  dpi: 4.28  ±  0.23 (respiratory tract) _ 
4.18 ± 0.29 (digestive tract) and 9 dpi: 5.18 (respiratory tract) _ 4.63 
(digestive tract)). Once infected and sentinel birds started excreting, 
viral excretion continued until death. Respiratory and digestive viral 
excretion of infected birds increased significantly from 2 to 3 dpi, 

and demonstrated a further increase up to 7 dpi. The amount of virus 
excreted demonstrated a tendency to increase from 7 up to 9 dpi. 
For the surviving sentinel bird, viral excretion was comparable to 
that of the other sentinel birds.

The viral detection in the organs (Figure  4c) demonstrated sys-
temic infection and comparable viral genome copy numbers in the re-
spiratory tract (infected: 6.74 ± 0.81, sentinel: 6.67 ± 0.44), the brain 
(infected: 5.91  ±  0.99, sentinel: 5.73  ±  0.76) and the gastro-intesti-
nal tract (infected: 5.66 ± 1.01, sentinel: 4.77 ± 0.56) of infected and 
sentinel birds at the time of death, corresponding to the end of the 
14 day observation period of the study for the surviving sentinel bird. 
Minimally invasive diagnostic sampling by evaluation of viral presence 
in feather pulp demonstrated viral RNA at 3 dpi for the infected birds 
(5.74  ±  0.69, data not shown) while at this time-point, correspond-
ing to 2 days after contact for the sentinel birds, no virus could be 
detected in the feather pulp. The viral presence in the feather pulp 
was highly increased by the time of death (7.81 ± 0.31) (Figure 4c). At 
the time of death, no significant differences in viral presence in the 
feather pulp between infected and sentinel birds could be observed 
(infected: 7.81 ± 0.31, sentinel: 7.71 ± 0.76) (Figure 4c). The viral titre 
in the feather pulp was significantly higher than in the brain and the 
gastro-intestinal tract in both infected and sentinel birds.

The viral presence demonstrated in the different organs of the 
surviving sentinel was comparable to the average overall value for 
sentinel birds (lung/trachea 6.64 vs. 6.67  ±  0.44; Brain 6.44 vs. 
5.73 ± 0.76; Intestine 5.07 vs. 4.77 ± 0.56 and Feather pulp 7.83 vs. 
7.71 ± 0.76).

4  | DISCUSSION

Newcastle disease continues to spread around the world despite 
massive vaccination efforts (Cardenas-Garcia et al., 2015; Dortmans 
et al., 2012; Miller et al., 2009). Unlike the pigeon specific AOAV-1, 
which is regularly detected in the Belgian racing pigeon population, 
the last detection of velogenic AOAV-1 in Belgium goes back 20 years 
(Meulemans & van den Berg9-10/12/, 1997). The implementation of 

F I G U R E  4   Survival percentages (a), viral excretion (b) and viral tropism (c) after 106 EID50/bird AOAV-1/Bassette_Chicken/
Belgium/4096/2018 inoculation of both infected and sentinel birds. Viral titres are expressed as log10(number of viral RNA copies/ml). 
Statistical significance is indicated with * (p < .05). Swabs (b) were taken at 1, 2, 3, 7 and 9 dpi, while organs (c) (lung/trachea, intestine and 
brain) and feathers were sampled at the time of death or at 14 dpi on the day of killing. The surviving sentinel bird is identified with an open 
triangle (∆) in b and c
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compulsory vaccination in 1993 has resulted in the absence of vAOAV-
1-detection in professional holdings from 1993 onwards, while the last 
vAOAV-1 in hobby birds was detected in 1998.

The close genetic relationship between the Belgian index case 
and the Iranian chicken isolate from 2017 was identified through 
the analysis of the complete fusion gene and confirmed by perform-
ing whole genome sequencing. This Iranian strain, isolated from 
professional broilers, induced high mortality (70%–80%) as well 
as severe nervous and enteric clinical signs (Ghalyanchilangeroudi 
et  al.,  2018). The Iranian isolate was demonstrated genetically 
closely related to Pakistani VII.2 strains (Rehmani et  al.,  2015; 
Wajid et al., 2017). This VII.2 subgenotype emerged around 2010 
in the Middle East and Asia, spreading westward from Indonesia 
and Pakistan, to Israel and Eastern Europe (Fuller et  al.,  2017; 
Miller et  al.,  2015; Munir, et  al.,  2012; Rehmani et  al.,  2015; 
Shabbir et  al.,  2013; Xiao et  al.,  2012). It continued to circulate 
in the Middle East region (Ghalyanchilangeroudi et  al.,  2018; 
Munir et al., 2012; Pandarangga et al., 2016; Wajid et al., 2016). 
VII.2 vAOAV has a wide host range, including Galliformes spe-
cies, such as chickens, pheasants and peafowls, as well as par-
akeets and wild birds, such as ducks, geese and pigeons (Munir, 
et al., 2012; Shabbir et al., 2012). Our analysis indicated that the 
present epizootic in Northwestern Europe represented an inde-
pendent introduction on the European continent distinct from the 
geographically closest VII.2 ND outbreaks in the South-East of 
Europe. The time-resolved phylogenetic analysis demonstrates a 
very recent divergence time (January 2018) of the genomes from 
the BeNeLux outbreak. This suggests a single long-distance in-
troduction of VII.2 into Western Europe, followed by silent cir-
culation in local poultry or wild birds during the winter months 
of 2017–2018 prior to the emergence and detection of 3 related 
genetic clusters in the BeNeLux region in the early spring of 2018. 
Although we cannot exclude the theoretical possibility of several 
separate long-distance introduction events of closely related vi-
ruses from the subgenotype VII.2 reservoir in the Middle East, 
this seems highly unlikely given the recent divergence time of the 
BeNeLux viral genomes and the short timeframe of the outbreak. 
The position of the Dutch index case outside the established 
poultry outbreak clusters (I–III), the low posterior probability only 
loosely connecting the Belgian index case to outbreak cluster I, 
and the temporal precedence of both the Belgian and Dutch index 
case to the other cases in absence of epidemiological links, jointly 
suggest that these viruses may represent separate introductions 
from an unsampled reservoir circulating in Western Europe before 
the establishment of the three outbreak clusters in poultry. Import 
of hobby birds or migration of wild birds, may have resulted in the 
long-distance transmission leading to the 2018 epizootic in the 
BeNeLux region during the autumn or winter season (Nov 2017 
to Feb 2018) as previously suggested for other velogenic AOAV-1 
outbreaks (Cardenas-Garcia et  al.,  2015; Diel et  al.,  2012; Fan 
et al., 2015; Huang et al., 2004; Liu et al., 2008; Ramey et al., 2017; 
Snoeck, et al., 2013; Tolf et al., 2013; Vidanovic et al., 2011; Wan 
et  al.,  2004). Unfortunately, European countries only perform a 

very limited active wild bird surveillance for AOAV-1 circulation, 
even though such data are essential for a better understanding of 
the reservoir and dissemination of ND viruses. The epidemiolog-
ical investigations could not identify the origin of the outbreak, 
nor the source of introduction or transmission to the professional 
poultry flocks. The complete genome phylogenetic analysis also 
indicated low posterior probabilities for the branches connecting 
to the cases in professional holdings, making it difficult to hypoth-
esize on the introduction events in the professional sector.

This episode was markedly different from past Belgian epi-
demics in the professional poultry sector, emphasizing, for the 
first time, the role of live bird markets and retailers in the epide-
miology of NDV in Belgium. All identified infected Belgian hobby 
flocks could be linked to recent purchases. Moreover, the initial 
case detected in the G.D. of Luxembourg was linked to a purchase 
of hobby birds on a Belgian live bird market. For the Dutch case, no 
direct link with Belgian live bird markets nor retailers was found. 
Indeed, live bird markets have been demonstrated before as high-
risk factors for the dissemination of avian pathogens such as 
NDV in Asia, Africa and the United States (Kim et al., 2012; Molia 
et al., 2016; Ogali et al., 2018; Seal et al., 2005; Wang et al., 2016). 
Although, the epidemiological field investigation pointed out that 
purchases and contacts between hobby owners and retailers were 
the main factors in the spread of the disease, the available epide-
miological and genetic data could not identify the origin of intro-
duction nor all outbreak links, suggesting undetected circulation 
at least in the initial stages of the epidemic.

The spread within hobby flocks was mostly linked to the pur-
chase of new birds from retailers. Birds sold by retailers, on-site 
or via live bird markets, are most probably clinically healthy vacci-
nated birds excreting virus. AOAV-1 gentotypes I and II have been 
used as classical ND vaccines in Belgium since the 1960s and have 
not been updated since then. This absence of update might result 
in a poor antigenic match with the VII.2 genotype. Indeed, it is rea-
sonable to consider that poorly antigenic matched vaccines might 
not induce optimal protection against the circulating field strain, 
which may result in masked circulation by clinically healthy birds, 
excreting the virus (Brown & Bevins, 2017), and consequent intro-
duction into existing hobby flocks. In addition, although vaccina-
tion is compulsory for flocks of more than 100 heads, it may not, or 
suboptimally, be implemented in retailers and hobby flocks due to 
the difficult economic-efficient application for small flocks in the 
field, introducing heterogeneity in the flock immunity (van Boven 
et  al.,  2008; Dimitrov et  al.,  2017; Jeon et  al.,  2008). Moreover, 
interference of maternally derived antibodies reduces vaccination 
efficacy in newly hatched chickens (Bertran et  al.,  2018; Rauw 
et  al.,  2009). Therefore, hobby flocks can be considered as sen-
tinels for viruses introduced by subclinically infected new pur-
chases or wild birds.

The detailed biological, epidemiological and time-resolved 
genetic characterization of the 2018 velogenic AOAV-1 out-
break clearly pointed out the continuous risk of introduction of 
viruses with a high economic impact in the professional poultry 
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sector and the importance of active surveillance in wild birds 
and un-, or suboptimal, vaccinated sectors, such as retailers and 
hobbyists.
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