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Abstract: African swine fever (ASF) is a highly contagious and severe viral hemorrhagic disease
in domestic and wild pigs. ASF seriously affects the global swine industry as the mortality rate
can reach 100% with highly virulent strains. In 2007, ASF was introduced into the Caucasus and
spread to Russia and later into other European and Asian countries. This study reported the first
whole-genome sequence (WGS) of the ASF virus (ASFV) that was detected in a Mongolian wild
boar. This sequence was then compared to other WGS samples from Asia and Europe. Results show
that the ASFV Genotype II from Mongolia is similar to the Asian Genotype II WGS. However, there
were three nucleotide differences found between the Asian and European genome sequences, two of
which were non-synonymous. It was also observed that the European Genotype II ASFV WGS was
more diverse than that of the Asian counterparts. The study demonstrates that the ASFV Genotype II
variants found in wild boars and domestic pigs are highly similar, suggesting these animals might
have had direct or indirect contact, potentially through outdoor animal breeding. In conclusion, this
study provides a WGS and mutation spectrum of the ASFV Genotype II WGS in Asia and Europe
and thus provides important insights into the origin and spread of ASFV in Mongolia.

Keywords: African swine fever virus; whole-genome sequence; Europe; Asia

1. Introduction

African swine fever (ASF) is a highly contagious and severe haemorrhagic viral disease
in domestic pigs and wild boars, having serious effects on the global pig industry in more
than 50 countries [1,2]. Virulent strains have a mortality rate of up to 100%, and there
is no current control measure other than the culling of infected pig herds, which leads
to enormous economic losses [3]. Since its first description in Kenya in 1921, the ASFV
has spread from wild African Suidae to European domestic pigs brought to the African
continent [4,5]. ASF was confined to Africa until the virus was diagnosed in Portugal in
1957, probably via a single-source introduction from Angola. This occurrence led to the
ASFV epidemic in Europe, the Caribbean, and Brazil in 1960, caused by ASFVs belonging
to Genotype I. This first incursion was eradicated from the affected European countries,
apart from Sardinia, by the mid-1990s [6,7].
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In 2007, however, ASFV Genotype II was introduced into the Caucasus and spread to
Russia and later to other European countries [8]. Finally, in 2018, ASFV reached China and
was further spread to South and Southwest Asia [5,9].

The first ASFV case in Mongolia was reported in 2019 and led to 105 affected farms
and holdings and the elimination of more than 10% of the total pig population in the
country [10,11]. In the fall of 2020, ASF-related mortality in wild boars was observed by
local nut pickers and hunters in the Minjiin Khangai mountain area, covering the Tuv and
Selenge province areas near the Russian border.

In Russia, cases of infected wild boars and domestic pigs were reported 60 km from
the Mongolian border in the summer of 2020, just before the first carcasses were found
in Mongolia (WOAH WAHIS, visited online 5 September 2020). These incidences led to
passive and active surveillance in the Tuv and Selenge provinces of Mongolia in 2020,
through which carcasses of wild boars were sampled for laboratory analysis.

This study reports the first whole-genome sequence (WGS) of the ASFV that was
detected in a Mongolian wild boar in 2020. The sample was genotyped with phylogenetic
analysis based on P54 and P72 gene segments. In addition, we compared the wild boar
ASFV genome and that of a domestic pig from the index case in 2019 [10] that was generated
in this study. Finally, the phylogenetic relationships with other WGSs of ASFVs from Europe
and Asia was assessed.

2. Materials and Methods
2.1. Sample Collection and Rapid ASFV Detection

The field team, consisting of rangers, hunters, local veterinarians, and experts from
the General Authority of Veterinary Service (GAVS), investigated the cases in Mongolia’s
Tuv and Selenge provinces. They conducted a questionnaire survey with nut pickers
and local hunters to locate grazing fields of wild boars and collected feces and tissue
samples from three wild boar carcasses (Table 1). The first animal was hunted in the
Selenge province while the second and third were found dead. The second animal was
discovered deceased in the forest of Minjiin Khangai, which is approximately 80 km from
the Russian border (49.15271 N, 108.280836 E), whereas the third animal was found dead
near the Eluur river in the Tuv province, located at (48.850119 N, 108.880305 E) (Table 1,
Supplementary Material Figure S1).

Table 1. Tissue samples collected from three wild boars.

No. Provinces Area Hunted/Found
Dead Date Sample Type

1 Selenge Minjiin Khangai Hunted March 2021

Blood, lung, heart,
liver, spleen,
kidney, tonsil,
blood, marrow

2 Selenge Minjiin Khangai Found dead December 2020 Spleen

3 Tuv Eluur river Found dead January 2021 Kidney, spleen,
heart, liver, lung

Blood samples from the first animal and feces collected from the wild boar grazing
fields were tested on-site using the Ingezim® ASF CROM Ag test (Prod Ref: 11.ASF.K42).
Additionally, tissue samples from the kidney, spleen, heart, liver, and lung samples (n = 5)
of the third animal were subjected to the rapid test as per the manufacturer’s instructions.
Upon arrival at Mongolia’s State Central Veterinary Laboratory (SCVL), tissue samples
from the first and second animals were also analyzed using the rapid antigen test.

The domestic pig sample (Mon_Dom) was obtained during the initial outbreaks of
ASFV, as reported by Ankhanbaatar et al., 2021 [10].
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2.2. DNA Extraction, ASFV Detection, and Genotyping

Fifteen tissue samples (n = 15) were taken from three animals, as detailed in Table 1.
At the Mongolian State Central Veterinary Laboratory (SCVL), these tissue samples were
processed for nucleic acid extraction. Each sample was individually homogenized, then
lysed with the addition of RLT plus lysis buffer. Total nucleic acid was extracted using the
Qiagen RNeasy Mini Kit, excluding the on-column DNAse digestion step. The DNA was
then amplified using the protocol described by King et al., 2003 [12] and Gallardo et al.,
2009 [13]. In addition, clinical samples were sent to the Animal Production and Health
Laboratory (APHL) of the Joint FAO/IAEA Center, Seibersdorf, Austria.

2.3. ASFV Whole-Genome Sequence and Assembly

ASFV DNA samples extracted from a domestic pig (archived DNA) and wild boar
tissues were processed for whole-genome sequencing. Approximately 50–100 ng of the
DNA was used to construct barcoded libraries using Ion Xpress™ Plus Fragment Library Kit
and Ion Xpress barcode adapters (Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. Initially, DNA was enzymatically fragmented into 200 bp
lengths using Ion shear Plus reagents, followed by ligation of adapters and barcodes to
the fragmented DNA and size selection using Pippin Prep (Sage Science, Inc, Beverly,
MA, USA). Next, the size-selected libraries were further amplified for eight cycles using
Platinum™ PCR SuperMix high-fidelity and library amplification primer mix provided with
Ion Plus Fragment Library Kit. Finally, the amplified barcoded libraries at a concentration
of 100 pM were pooled in equal volumes to be loaded onto the Ion Chef™ Instrument
(Thermo Fisher Scientific, Waltham, MA, USA) for automated template preparation and
chip loading using Ion 540™ Kit-Chef (Thermo Fisher Scientific, Waltham, MA, USA). Then,
using the Ion Chef™ Instrument, the pooled libraries were clonally amplified on the Ion
spheres (ISPs) by emulsion PCR, followed by automated loading template-enriched ISPs
onto an Ion 540 chip. The sequencing was performed on an Ion S5TM next-generation
sequencing system (Thermo Fisher Scientific, Waltham, MA, USA) with 500 flows to
generate 200 bp reads.

The run was pre-processed using the torrent suite software to remove adapters. Then,
the raw reads were quality-filtered using fastq-mcf v1.04.676 (ea-utils), and their quality was
assessed with FastQC (v. 011.5). A Phred score of 20 was used and reads with read lengths
between 50 bp and 250 bp were selected. Using the Denovo assembly’s contigs, BLAST
searches identified ASFV_China/2018/AnhuiXCGQ (MK128995) as the most relevant
reference for reference-guided assembly. After mapping the cleaned raw reads against
the reference sequence using Bowtie 2 (v.2.3.5.1) [14,15], Mpileup files were generated
using SAMtools (v1.11) [16]. Variant calling using the consensus caller method of BCFtools
(v1.9) [17] was then performed. The consensus sequences were produced with vcfutils.pl
(VCFtools v0.1.16) [18] and seqtk (v1.3.106) using a Phred score 20 and compared to the
de novo assemblies after aligning with Mafft (v7475) [19,20]. The assemblies were also
visualised using IGV.

2.4. Comparative Analysis of ASFV Genomes and Phylogenetic Analysis

Multiple-sequence alignment was performed and visualized using BioEdit (version
7.2) [21] and nucleotide changes were analyzed using RStudio (version 2022.12.0+353) [22].
ASFV genome sequences were aligned using MAFFT software (version 7.475) [19,20].

Partial genome sequence analysis: The p72 tree included 109 sequences retrieved
from GenBank [23]. A neighbor-joining tree of the partial p72 gene and the evolutionary
distances were computed using the Maximum Composite Likelihood method. In addition,
a Minimum Evolution tree was depicted from 80 complete sequences of the P54 gene using
the Kimura 2-parameter method on MegaX [24].

Whole-genome sequence analysis: The total dataset consisted of 33 WGS covering
genotypes II, III, IV, V, VII, IX, and X and the WGSs from a Mongolian wild boar and domes-
tic pig. ASFVs from Genotypes III and VII were collected in South Africa, Genotype X in
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Kenya, Genotype IX in Uganda, Genotype V in Malawi, and Genotype IV in Namibia [6,25].
Out of about 70 ASFV Genotype II WGSs (>160,000 bp) deposited on GenBank, 25 showed
complete metadata sets and were selected for comparison analysis. Other sequences
showed missing information, including on host, country, and year of sample collection,
or had incomplete sequences compared to the reference genome sequence collected in
Georgia in 2007 (NCBI reference: NC 044959). The sequences were visualized, aligned, and
analyzed using BioEdit and MAFFT. Any sequences retrieved from NCBI with unidentified
nucleotides (represented by ‘N’) or incomplete sequences were eliminated. The final dataset
included Genotype II ASFVs from China (6), Poland (6), Russia (3), Ukraine (1), Germany
(1), Georgia (1), Timor-Leste (1), Korea (1), Lithuania (1), Italy (1), Belgium (1), Malawi (1),
and India (1) (Table 2). While selecting Genotype II WGSs, we concentrated on sequences
representative of different geographical regions in Europe and Asia since samples from
Mongolia had been collected within these regions. Sequences from the Asian continent
were derived from 2018–2022, whereas sequences from Europe were from 2007 to 2022.
The two WGSs from Mongolia are included in Table 2 as Mon_Dom and Mon_WB. Sample
Mon_Dom belongs to Genotype II, and Mon_WB was genotyped in this study. WGS data
for Mon_WB and Mon_Dom have been submitted to Genbank. The Sequence Read Archive
(SRA) identifiers for these sequences are SAMN36269616 for Mon_WB and SAMN36269617
for Mon_Dom. The Genbank accession numbers are OR271565 and OR271566 for Mon_WB
and Mon_Dom, respectively.

Table 2. Metadata of whole-genome sequence dataset.

No. NCBI
Reference

Geographical
Region Country Year

Collected
Host
Species Genotype

1 NC044959 Europe Georgia 2007 dm

II

2 MN194591 Europe Ukraine 2016 dm

3 OM966715 Europe Poland 2018 wb

4 MH681419 Europe Poland 2015 dm

5 MK628478 Europe Lithuania 2014 wb

6 OM799941 Europe Poland 2022 wb

7 OM966720 Europe Poland 2018 wb

8 OM966719 Europe Poland 2018 wb

9 MT847623 Europe Poland 2019 wb

10 LR899193 Europe Germany 2020 NA

11 ON108571 Europe Italy 2022 dm

12 LR536725 Europe Belgium 2018 NA

13 KP843857 Asia Russia 2014 wb

14 OM481276 Asia India 2022 NA

15 MW306190 Asia Russia 2019 wb

16 MW306191 Asia China 2019 wb

17 ON263123 Asia China 2022 dm

18 MK128995 Asia China 2018 dm

19 Mon_Dom Asia Mongolia 2019 dm
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Table 2. Cont.

No. NCBI
Reference

Geographical
Region Country Year

Collected
Host
Species Genotype

20 Mon_WB Asia Mongolia 2021 wb II (This
study)

21 MN172368 Asia China 2019 dm

II

22 MW033528 Asia China 2019 wb

23 MK940252 Asia China 2019 wb

24 MW396979 Asia Timor-
Leste 2019 dm

25 MK645909 Asia China 2019 wb

26 MT748042 Asia Korea 2019 dm

27 MW856068 Africa Malawi 2019 dm

28 AY261365 Africa South
Africa 2004 tick III

29 AY261366 Africa Namibia 2004 warthog IV

30 AY261364 Africa Malawi 2004 dm V

31 AY261362 Africa South
Africa 1979 tick VII

32 MH025920 Africa Uganda 2018 dm IX

33 NC_044945 Africa Kenya 2020 tick X

Maximum likelihood (ML) phylogenetic trees were estimated by using IQ-TREE
(version 1.6.12) [26] using the HKY nucleotide substitution model. Bootstrapping was
performed to assess the robustness of tree topologies. The final tree was midpoint-rooted
by iTOL version 6.6 [27]. In addition, to visualize ASFV Genotype II WGS, the software
GrapeTree was applied for further comparative assessment. This open-source software tool
uses a hierarchical clustering algorithm to group closely related strains [28].

3. Results

The rapid ASFV test conducted on-site using blood samples from the hunted wild
boar (animal no. 1, Table 1) and feces collected from the fields yielded negative results.
However, tissue samples obtained from wild boars found dead (animals no. 2 and 3,
Table 1) and analyzed at the SCVL using the rapid ASFV test produced positive results.
Real-time PCR was used to detect the ASFV genome on tissue samples from dead wild
boars (animal 2 and 3, Table 1) using the method of King et al., 2003 [12]. In addition, the
PCR amplification of p54 and p72 gene fragments was conducted following the protocol
described in Gallardo et al. 2009. All six samples were positive (Supplementary Table S1).
The sequencing coverage for the Mongolian wild boar (Mon_WB) WGS was 660 ± 200, and
that for the Mongolian domestic pig was 133 ± 64. From the WGSs, P72 and P54 sequence
segments were chosen and analyzed in a phylogenetic tree (Figures 1 and 2). The analysis
of both segments in the phylogenetic tree revealed that both Mon_WB and Mon_Dom
belong to Genotype II with 99.99% similarity to other Genotype II sequences available in
public databases. In addition, the sample Mon_WB showed high similarity to the index
case Mon_Dom from 2019.
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Figure 1. Phylogenetic tree based on partial P72 gene inferred using neighbor-joining method. The 

Mongolia ASFV samples from wild boars and domestic pigs are highlighted in blue. 

Figure 1. Phylogenetic tree based on partial P72 gene inferred using neighbor-joining method. The
Mongolia ASFV samples from wild boars and domestic pigs are highlighted in blue.

The maximum likelihood phylogenetic tree of ASFV whole genomes showed two
primary clades with 100% bootstrap support (Figure 3). Primary clade I included two
subclades, comprising the previously identified Genotypes III, IV, V, VII, IX, and X, all from
Africa. Primary clade II included Genotype II viruses from Africa, Europe, and Asia.

Groupwise comparison between the Asian and European sequences using Mega
(version 11) revealed a similarity of 99.99% within sequences and 409 mutations, of which
207 were deletions. There were three region-specific nucleotide changes between the ASFV
Genotype II sequences from Asia and Europe (Table 3). The first distinct nucleotide change
was on gene ASFV G ACD 00190 CDS, the second was on the gene MGF 360-10L CDS, and
the third mutation was on a non-translation region between B602L and B385R. The first
two nucleotide changes were non-synonymous (M/F and N/S, respectively).
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Table 3. Genotype II differences in nucleotide.

No. NCBI
Reference Region Nucleotide at Position

(1) 9114 (2) 22996 (3) 99933

1 NC044959 Europe a t gap

2 MN194591 Europe a t gap

3 OM966715 Europe a t gap

4 MH681419 Europe gap t gap

5 MK628478 Europe gap t gap

6 OM799941 Europe a t gap

7 OM966720 Europe a t gap

8 OM966719 Europe a t gap

9 MT847623 Europe a t gap

10 LR899193 Europe a t gap

11 ON108571 Europe a t gap

12 LR536725 Europe a t gap

13 KP843857 Asia gap t gap

14 OM481276 Asia a c gap

15 MW306190 Asia gap c g

16 MW306191 Asia gap c g

17 ON263123 Asia gap c g

18 MK128995 Asia gap c g

19 Mon_Dom Asia gap c g

20 Mon_WB Asia gap c g

21 MN172368 Asia gap c g

22 MW033528 Asia gap c g

23 MK940252 Asia gap c g

24 MW396979 Asia gap c g

25 MK645909 Asia gap c g

26 MT748042 Asia gap c g

27 MW856068 Africa a t gap

Within the Asian and European ASFV Genotype II sequences, there were 74 and
119 nucleotide changes, respectively. Among the fourteen sequences from Asia in Table 3,
thirteen had a gap at position 9114 in the gene ASFV G ACD 00190 CDS, while the sequence
from India in 2022 (OM481276) had an “a” at that position. In contrast, each of two se-
quences from Europe (MH681419, MK628478) had a gap at the same position, representing
outbreaks in Poland in 2015 and Lithuania in 2019. Thirteen out of fourteen Asian sequences
had a “c” at position 22996 within the MGF 360-10L CDS (Table 3), while all European se-
quences had a “t”, including the sequence from Russia (KP843857). All European sequences
and two from Asia (KP843857 and OM481276) had a gap at the third mutation within the
intergenic region between B602L and B385R, whereas 12 out of 14 Asian sequences had a
“g” (Table 3). The unique sequence from Africa followed the same pattern as the European
sequences, with an “a” at the first, a “t” at the second, and a gap at the third nucleotide
position (Table 3).
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Five mutation sites were identified by comparing sequences from Mongolia with the
reference genome of ASFV Genotype II from Georgia in 2007. Among these, two were
minor mutations, and three major changes were located in the MGF 110 region, resulting in
amino acid changes.

In Figure 4, a GrapeTree visualization of 27 WGS shows that the European and Asian
sequences are separated into two distinct clusters, with the European sequences being
more dispersed than the Asian sequences. The tree is based on asymmetric Hamming-like
distances in which the directionality is from more complete to less complete profiles. Within
the GrapeTree visualization, the Asian sequences have the closest connection to sequence
LR536725 from Belgium, which was collected in 2018. The sequence from Malawi, dating
from 2019, is connected to the Georgian sequence from 2007 (NC044959). The GrapeTree
image visualizes data from Table 3 and shows that the European and Asian sequences form
two separate groups. Sample Mon_WB is placed next to the index case Mon_Dom, further
indicating a high similarity between these samples.
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4. Discussion

The World Organisation of Animal Health ranks ASF as the most important cause of
mortality in domestic pigs globally [3].

The comparative analysis of ASFV Genotype II genomes indicates that ASFVs from
Mongolia have genetic similarities to Asian Genotype II ASFVs. Interestingly, three nu-
cleotide changes between Asian and European WGS were identified, including two non-
synonymous within the MGF360 gene and the gene ACD 00190 CDS. MFG 360 gene
products have been reported to be related to the suppression of a type I interferon re-
sponse [11]. In contrast, the gene ACD 00190 CDS is only associated with hypothetical
proteins and its function is currently unknown [29]. The WGSs obtained from GenBank
(NCBI) were produced using a range of sequencing platforms, such as Illumina NovaSeq
and IonTorrent, indicating that the observed mutations are not exclusively caused by errors
inherent to a single technology. Furthermore, recent studies have reported mutations in
genes MFG 360 and ACD 00190 CDS [30].

Due to its large genome size (>190 kb), the ASFV, like many other large DNA viruses,
mutates relatively slowly. Despite the occurrence of 409 nucleotide substitutions between
the Asian and European sequences, these groups still exhibit a homogeneity of over 99.99%.
Thus, the evolutionary trend of the ASFV is generally constant [31]. The number of sub-
stitutions within the European sequences is 119, which is 61% higher than that within the
Asian group, which has 74 changes. The greater diversity within the European group is
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also better visualized in the GrapeTree image, which displays the genetic relationships
calculated from the minimum spanning tree algorithm (MSTree V2) [28]. One possible
explanation for the greater diversity among the European ASFVs could be the longer times-
pan covered by these sequences, which ranges from 2007 to 2022, compared to the Asian
sequences from isolates dated from 2018. The sequence from Korea is placed the closest
to European sequences, indicating a higher similarity between MT748042 and sequences
from Europe. Similar findings have been reported by Kim et al., 2023, showing that the Ko-
rea/YC1/2019 strain shared the highest similarity with the Georgia 2007, Belgium 2018/1,
and ASFV-wbBS01 strains [32]. However, comparison with sequences from domestic pigs
was not investigated.

Interestingly, the sequence of the sample collected in Malawi in 2019 is connected
to the reference sequence from Georgia from 2007 based on asymmetric Hamming-like
distances (Figure 4). The Malawian sequence was compared in a previous study to other
African sequences by Hakizimana et al., 2021 [33]. They concluded that the sequence from
Malawi collected in 2019 resembled sequences from Tanzania in 2017 with 99.7% nucleotide
identity. In addition, the Malawian ASFV strain had more than 99% nucleotide identity
with ASFV Genotype II viruses previously described in Europe and Asia, suggesting a
possible common ancestor [34].

This study analyzed the phylogenetic relationship between ASFVs collected in wild
boars and domestic pigs in Mongolia and other Genotype II ASFVs from Eurasia, including
the ASFV reference strain from Georgia in 2007 (NCBI reference: NC 044959). The results
suggest a likely introduction of the virus through cross-border spread due to close geo-
graphic proximity to Russia and animal movements from North to Southeast Asia [11].
However, there is also a possibility that the virus might have already circulated in Mongolia
and spread to neighboring countries before its detection. The first reported case of the
ASFV in Russia was in 2007, leading to subsequent reported cases over the years until
the virus was detected in China in 2018, followed by its detection in Mongolia, Vietnam,
Cambodia, Korea, and Timor-Leste [11,34]. Limitations in using the WGS of the ASFV for
molecular epidemiology have been highlighted in a study by Forth et al. (2020). The study
compared 29 WGSs of corresponding Genotype II strains from 10 affected countries in
Asia, Europe, and Africa. Forth et al. reported a high genetic similarity among circulating
ASFV strains and the absence of a clear pattern or phenotype change [35]. However, in
our study, we were able to find patterns that distinguished European and Asian ASFV
Genotype II WGSs using our curated dataset with complete metadata and sequences as
compared to the reference genome sequence collected in Georgia in 2007 (NCBI reference:
NC_044959). In addition, the study revealed a high similarity between the ASFV whole-
genome sequences of Genotype II in domestic pigs and wild boars. This suggests that
ASFV strains obtained from infected domestic pigs could have impacted wild boars and
vice versa. This result is consistent with previous research conducted in Europe [5]. Direct
contact between infectious domestic pigs and wild boars and the consumption of infected
raw and frozen pork, blood, offal, and carcasses of dead wild boars and domestic pigs have
been reported as the main transmission routes of the ASFV to domestic pigs and likely
occur between wild boars and domestic pigs [36,37]. In the Caucasus, ASFV spread is
attributed to wild boars’ movements [38]. The infected wild boar population and the low
adherence to on-farm biosecurity in Eastern European and Asian countries may explain
the tremendous spread of this disease, e.g., free-range pig management systems have been
observed in this region [39]. In addition to carrier animals, several other mechanisms can
lead to the long-term circulation of the ASFV in pig or wild boar populations. The most
important are human-induced factors such as the illegal movement of infected pork, swill
feeding, and insects [40].

5. Conclusions

In this study, we showed that the ASFV Genotype II sequences in wild boars and
domestic pigs are similar and that the evolutionary trend of the ASFV is generally constant.
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In conclusion, this study expands our knowledge of the genetic diversity of ASFVs and
supports published data on current epidemiological studies on ASFV circulation in Europe
and Asia.
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