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1  | INTRODUC TION

African swine fever (ASF) is a highly contagious, fulminant, usually 
deadly haemorrhagic disease of pigs and wild boars. It has the po‐
tential for rapid spread, serious socio‐economic consequence and is 
of major importance in the international trade of animals and animal 
products (EFSA Panel on Animal Health & Welfare, 2014). Its caus‐
ative agent is African swine fever virus (ASFV; family Asfarviridae, 
genus Asfivirus), a large, enveloped, double‐stranded DNA virus that 
is highly adapted for both tick‐dependent sylvatic and tick‐indepen‐
dent domestic transmission cycles (Alonso et al., 2018). By sequenc‐
ing the C‐terminal region of only one of its genes (B646L), more than 
20 ASFV genotypes have been identified (Bastos et al., 2003).

After the first report of ASF in 1921 in Kenya, the disease was 
confined in sub‐Saharan Africa. In 1957, it was introduced into 
Portugal and then spread to other European countries, Cuba, Brazil, 
Dominican Republic and Haiti (Sanchez‐Vizcaino, Mur, & Martinez‐
Lopez, 2012). ASF has been eradicated in these countries apart 

from Italy‐Sardinia, where it remains endemic (Iglesias, Rodriguez, 
Feliziani, Rolesu, & Torre, 2017). In June 2007 however, ASF was 
confirmed for the first time in Georgia in the Caucasus region, then 
spread rapidly into vast areas of western and southern Russia, where 
it circulated out of control in domestic and wild pig populations. The 
virus then spread to Eastern and Central Europe with outbreaks re‐
ported in Ukraine (2012), Belarus (2013), Lithuania, Estonia, Latvia 
and Poland (2014), Romania and the Czech Republic (2017) and 
Hungary (2018). In August 2018, a new outbreak of ASF was re‐
ported in Liaoning province of China (Ge et al., 2018; Zhou et al., 
2018).

2  | THE CONTE X T

At the beginning of September 2018, the virus was detected in a wild 
boar population in southern Belgium, more than 1,000 km west of the 
nearest foci in the Czech Republic (Linden et al., 2019). At the time of 
writing (on June 20, 2019), 823 wild boar carcasses had proved ASFV‐
positive. Although no domestic pig farms have been involved so far, 
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the costs incurred by public authorities to contain the spatial expansion 
of the virus and the losses of the private sector active in tourism, the 
timber industry and the livestock sector are already exorbitant. In this 
context, the search for a culprit is ongoing. In this regard, the judicial 

investigations launched shortly after the identification of the index case 
in September 2018 have recently led to the detention of several per‐
sons allegedly responsible for the outbreak. To prevent such events from 
happening elsewhere and to contribute to the objective establishment 

TA B L E  1   Census of African swine fever virus complete genomic sequences publicly available

Name GenBank no. Origin Year p72 genotype Length (bp) Host

Kenya 1950 AY261360 Kenya 1950 XX/I 193,886 Pig

Portugal L60 KM262844 Portugal 1960 I 182,362 Pig

Malawi Tengani 62 AY261364 Malawi 1962 V/I 185,689 Pig

Portugal NHV 1968 KM262845 Portugal 1968 I 172,051 Pig

Spain/BA71 KP055815 Spain 1971 I 180,365 Pig

Spain E75 FN557520 Spain 1975 II 181,187 Pig

South Africa/Mkuzi/1979 AY261362 South Africa 1979 I/VII 192,714 Tick

Namibia:Warthog AY261366 Namibia 1980 IV 186,528 Warthog

Malawi/Tick/Lil−20−1/1983 AY261361 Malawi 1983 VIII 187,612 Tick

South Africa/Tick:Warmbaths AY261365 South Africa 1987 III/I 190,773 Tick

Portugal/OURT 88/3 AM712240 Portugal 1988 I 171,719 Tick

South Africa/Pretorisuskop/96/4 AY261363 South Africa 1996 XX/I 190,324 Tick

Benin 97/1 AM712239 Benin 1997 I 182,284 Pig

Ken05 Tk1 KM111294 kenya 2005 X 191,058 Tick

Ken06.Bus KM111295 Kenya 2006 IX 184,368 Pig

Georgia 2007/1 FR682468 Georgia 2007 II 189,344 Pig

Italy/47/Ss/2008 KX354450 Italy 2008 I 184,638 Pig

Georgia 2008/1 MH910495 Georgia 2008 II 189,465 NF

Georgia 2008/2 MH910496 Georgia 2008 II 189,315 NF

Italy 26544/OG10 KM102979 Italy 2010 I 182,906 Pig

Russia/Kashino:04/13 KJ747406 Russia 2013 II 189,387 Wild 
boar

Estonia 2014 LS478113 Estonia 2014 II 182,446 Wild 
boar

Russia/Odintsovo/02/14 KP843857 Russia 2014 II 189,333 Wild 
boar

Uganda R35 2015 MH025920 Uganda 2015 IX 188,629 Pig

Uganda R7 2015 MH025917 Uganda 2015 IX 188,628 Pig

Uganda R25 2015 MH025918 Uganda 2015 IX 188,630 Pig

Uganda R8 2015 MH025916 Uganda 2015 IX 188,627 Pig

Uganda N10 2015 MH025919 Uganda 2015 IX 188,611 Pig

POL 2015/Podlaskie MH681419 Poland 2015 II 189,394 Pig

Pol16 20186‐07 MG939583 Poland 2016 II 189,401 Pig

Pol16 20538‐09 MG939584 Poland 2016 II 189,399 Pig

Pol16 29413‐023 MG939586 Poland 2016 II 189,393 Pig

Pol16 20540‐010 MG939585 Poland 2016 II 189,585 Pig

Pol17 04461‐C210 MG939588 Poland 2017 II 189,401 Pig

Pol17 03029‐C201 MG939587 Poland 2017 II 189,405 Pig

Pol17 05838‐C220 MG939589 Poland 2017 II 189,393 Pig

China/AnhuiXCGZ/2018 MH766894 China 2018 II 189,354 Pig

ASFV/Belgium/Etalle/wb/2018 NA Belgium 2018 II 195,276 Wild 
boar

Abbreviations: NA, not applicable yet; NF, not found.
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of possible liabilities, it is crucial to understand how the virus was able 
to cross these 1,000 km (at least). Many hypotheses flourish. Infected, 
still asymptomatic wild boars could have been imported and released 
illegally with the aim of artificially increasing game density, thus the at‐
tractiveness of the hunt. Someone may have disposed of contaminated 
meat products from a region known to be infected. The virus could also 
have reached Belgium indirectly. For example, equipments (boots, shoes, 
vehicles, etc.) used in a region deemed infected could have not been 
properly disinfected before being reused in the forest concerned. This 
is plausible since round trips between the infected zone in Belgium and 
infected regions in Eastern Europe are objectively identified, either in 
the context of bilateral military exercises (Ministry of Defence & Armed 
Forces of the Czech Republic, 2018) or because groups of Belgian hunt‐
ers regularly participate to hunting parties in infected regions of Eastern 
Europe. Finally, the fact remains that the hypothesis of a malicious act 
perpetrated intentionally cannot be dismissed ex officio. In this context, 
having the complete genomic sequence of the viral strain would provide 
a first tool to study these questions. In addition, this resource is an es‐
sential prerequisite for providing the means to detect future potentially 
attenuated variants. Accordingly, the complete genomic sequence of the 
virus present in the spleen of the index case was reconstructed de novo. 
The ASFV double‐stranded DNA genome varies in length from about 
170 to 193 kbp, depending on the isolate, and contains between 150 and 
190 ORFs. It has a conserved central region (CCR) of about 125 kb, while 
the ends are variable in size. The genome termini are covalently closed 
by imperfectly base‐paired hairpin loops that are present in two forms 
that are complementary and inverted with respect to each other (Dixon, 
Chapman, Netherton, & Upton, 2013). The first complete genome se‐
quence was determined in 1995 from a cell culture adapted strain (Yanez 
et al., 1995). A total of 151 genes were annotated. The left variable region 
(LVR) and the right variable region (RVR) contain different number of five 
multigene family (MGF) genes, MGF 100, 110, 300, 360 and 505/530, 
named after the average number of encoded amino acids. The CCR con‐
tains genes involving virus replication, assembly and host cell function 
modulation. Since then on, 37 genomic sequences from different origin 
and virulence have been deposited in GenBank (Table 1). In this paper, 
we reveal the complete genomic sequence of the most recently emerged 
strain, ASFV/Belgium/Etalle/wb/2018 (Linden et al., 2019).

3  | THE STUDY

On September 10–12, forest officers found 4 dead and 1 dying wild 
boars located close to each other in the Bois de Buzenol, the index 
location of the Belgian outbreak. On September 13th, spleen or long 
bone samples of these animals proved positive for the genome of 
the African swine fever virus by qPCR (Linden et al., 2019). A first 
genetic characterization was performed by using standard genotyp‐
ing procedure on viral DNA directly extracted from the homogenized 
kidney (found‐dead adult sow) or spleen (dying piglet). First, the seg‐
ment of the B646L gene encoding the C‐terminal end of the p72 pro‐
tein was obtained by PCR as recommended (World Organisation for 
Animal Health, 2013). The DNA sequences retrieved were identical 

in both animals (GenBank accession no MH998358). Alignments 
were performed using ClustalW implemented in Geneious v10.0.9 
(Biomatters, Auckland, New Zealand), and a first phylogenetic anal‐
ysis was performed (Garigliany et al., 2019). The Belgian strain of 
African swine fever clearly belonged to genotype II. To further define 
its genome, a PCR targeting a ~350‐bp fragment in the variable inter‐
genic region between the I73R and I329L genes was performed ac‐
cording to Gallardo et al. (Gallardo et al., 2014). Again, identical DNA 
sequences were retrieved from both animals (Genbank accession no. 
MH998359). Sequence alignments revealed that the isolate ASFV/
Belgium/Etalle/wb/2018 shares a 10‐nucleotide (TATATAGGAA) in‐
sertion at position 106. It is therefore a so‐called intergenic region 
(IGR) II variant according to the nomenclature of Gallardo et al. (2014).

3.1 | Sequencing

Because unaffected by a significant post‐mortem decay and because 
of its high concentration in viral DNA (Ct = 23.3 ± 1), the piglet spleen 
was used as a source of viral DNA for sequencing and de novo recon‐
struction of the ASFV genome. Briefly, 500 mg of spleen tissue was 
homogenized and submitted to a viral enrichment step and total DNA 
extraction as described in Garigliany et al. (2019, 2017). The sequenc‐
ing library was prepared using Illumina's Nextera XT DNA library Prep 
kit, and the MiSeq reagent kit v3 (ref. # MS‐102–3003, read length up 
to 300 bp) was used for sequencing on the MiSeq instrument.

3.2 | Genome assembly

Raw read trimming was performed using Geneious v10.0.9 with a 
Phred quality score (Q) of 30 or higher. Retrieved library was then 
blasted in a hit/no_hit check against all ASFV genomes referenced in 
NCBI database, using an E value of 1e‐10, a scoring match–mismatch of 
2–3, a K‐mer of 15 and a 5–2 open extended gap cost. Finally, assem‐
bling of the complete genomic sequence of Belgium/Etalle/wb/2018 
was achieved from a collection of 1,168,132 reads (9.9% of 11,818,334 
total reads) using the Geneious de novo algorithm under the ‘Highest 
Sensitivity/Slow’ condition. The genome was sequenced to 748 × av‐
erage depth and 100% breadth of coverage of the reference genome, 
at a minimum depth of 32 reads. Search for low coverage (<75 aver‐
age depth) regions highlighted two sites, from nt 14731 to nt 14781 
(average depth = 73) and from nt 19074 to nt 19096 (=67). Both sites 
displayed a highly repeated nucleotide, a poly‐C tract (N = 20) and a 
poly‐G tract (N = 13), respectively. The complete genomic sequence is 
190202 nt long and was deposited in GenBank (#MK543947).

3.3 | Open reading frame prediction and 
genome annotation

Open reading frames (ORFs) were first automatically detected 
employing the rapid annotation tool built in Geneious software. 
Further, protein homology searches of nucleotide sequences and 
manual annotation of putative translated ORF products were car‐
ried out using blastx against NCBI nonredundant protein sequence 

info:ddbj-embl-genbank/MH998358
info:ddbj-embl-genbank/MH998359
info:ddbj-embl-genbank/#MK543947
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database (E value cut‐off  <10−4) to compare the homologies with 
known protein sequences. By doing so, 186 ORFs showing 100% 
identity with proteins encoded by other ASFV genomes among 
those publicly available were predicted and annotated on ASFV 
Belgium/Etalle/wb/2018 genome (Table 2). In the left (5’) variable 
region, 13 members of MGF_360 were identified. MGF_110 (10 mem‐
bers), MGF_505 (9 members), MGF_300 (3 members) and MGF_100 
(1 member) were also observed. In the right (3’) variable region, 
MGF_360 (4 members), MGF_100 (2 members) and MGF_505 (1 mem‐
ber) were found. Besides, four additional ORFs were 95.0%–99.9% 
identical, MGF_110‐4L, MGF_110‐13L, ASFV_G_ACD_00290 and 
ASFV_G_ACD_00350.

To further control our annotations and determine whether other 
ORFs may be present, a second ORF search was carried out using 
Glimmer software, again followed by a systematic manual compari‐
son against duly annotated ASFV genomes and a blastx against NCBI 
nonredundant protein sequence database (E value cut‐off  <10−4). 
This latter analysis confirmed the 186 aforedescribed ORFs and 
revealed 11 new candidate ORFs. Among the latter, one encodes a 
pKP93L‐like protein (90.5% similarity), a second encodes a pA118R‐
like protein (87.9%), three are referred to as hypothetical proteins 
and 6 are not referenced at all (no significant similarity found). These 
additional ORFs thus encode 35 to 124 amino acids long proteins 
lacking convincing similarity (<91%) and were therefore not consid‐
ered for the ORF annotation presented in Table 2.

3.4 | Genome comparison

Comparison with the ASFV Georgia 2007/1 (FR682468), ASFV 
Russia/Odintsovo/02/14 (FR682468), ASFV Poland/2015/Podlaskie 
(FR682468) and ASFV China/2018/AnhuiXCGQ (FR682468) nucleo‐
tidic sequences revealed 73, 92, 38 and 19 differences, respectively 
(Table 3). Some (11) of the indels detected in ASFV Belgium/Etalle/
wb/2018 were confirmed by sequencing of PCR products to rule out 
artefacts. Further, the said indels were also observed in DNA ex‐
tracted from the spleen material collected from two ASFV‐positive 
wild boars retrieved weeks after the two index cases. Of note, com‐
pared with ASFV Georgia/2007/1 genome, a SNP leads to a prema‐
ture stop codon in the ORF MGF_110‐1L, and insertion of a stretch 
of 4Cs within the ORF MGF_110_13L results in the gain of a glycine 
codon and a frameshift. Furthermore, three non‐synonymous muta‐
tions were observed at nt 43599 in the gene MGF_505_9R (Lys to 
Glu), at nt 133521 in the gene NP419L (Asn to Ser) and at nt 169862 
in the gene I267L (Ile to Phe). Twenty‐one other indels were situated 
in coding regions where a frameshift is expected (Table 3). The effect 
on protein functions resulting from all these changes is unknown. 
The remaining differences were 1‐nt indels within intergenic regions. 
Finally, the gene EP402R, coding the CD2‐like protein is identical 
to that in ASFV Georgia/2007/1, thus suggesting that a functional 
CD2‐like protein is duly present on the surface of Belgium/Etalle/
wb/2018 extracellular virions where it is expected to mediate hae‐
madsorption to infected cells (Borca et al., 1994; Rodríguez, Yáñez, 
Almazán, Viñuela, & Rodriguez, 1993).Be
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3.5 | Phylogenetic analysis

We then performed a nucleotide alignment of the central conserved 
region (from the start of ORF A224L to the end of ORF I196L) of 
Belgium/Etalle/wb/2018 genome to the 37 ASFV genomes cur‐
rently available in Genbank, using Clustal Omega 1.2.1 (Sievers et al., 
2011). A phylogenetic analysis was subsequently performed using 
the maximum likelihood inference method implemented in MEGA7 
(http://www.megas​oftwa​re.net). The tree was reconstructed using 
the GTR + G substitution model, as determined by a model prediction 
analysis in MEGA7. The phylogenetic analysis revealed that all the 38 
ASFV were grouped in two clades (Figure 1). Clade 1 includes 8 East 
African strains, with a subclade of 6 strains belonging to genotype IX 
and a second subclade of 2 belonging to genotype X. Clade 2 com‐
prises a singleton (Malawi 1983) and a subclade 2.2 containing the 
other 29 strains. The latter is divided into 3 clusters with unanimous 

bootstrap support, with clade 2.2.1.1. gathering all 16 genotype II 
post‐2007 euroasiatic strains, clade 2.2.1.2. grouping African and 
South European strains and clade 2.2.2. comprising southern African 
strains. Of note, within clade 2.2.1.1., the phylogenetic tree propos‐
ing a lineage by descent of the 16 post‐2007 Euro‐Asian strains dis‐
plays knots the reliability of which remains low (bootstrap value less 
than 0.7), probably because the central genomic region considered 
has had little diversification since Georgia/2007. The phylogenetic 
analysis observed using the Bayesian MCMC sampling method was 
consistent with that inferred using the maximum likelihood method 
(data not shown).

In a new example of pathogens hopscotching the globe, African 
swine fever virus hit north‐western Europe's wildlife in summer 
2018, marking a further spread of a disease that had invaded Central 
and Eastern Europe recently. The complete genomic sequence of 
ASFV Belgium/Etalle/wb/2018 is reported, with the hope it provides 

F I G U R E  1   Evolutionary relationships of all currently available strains of African swine fever virus based on the phylogeny of the central 
conserved region of the genome. The phylogenetic analysis was performed using MEGA7 (http://www.megas​oftwa​re.net) and the GTR + G 
substitution model, as determined by a model selection analysis. Bootstrap values (>70%, based on 500 replicates) for each node are given. 
GenBank accession numbers, country and year of collection are indicated for each strain. Scale bar indicates nucleotide substitutions per 
site

http://www.megasoftware.net
http://www.megasoftware.net
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a valuable tool for tracing geographical spread and biologic evolution 
of the virus.
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