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Abstract: For over 100 years after the description of the first case of African swine fever (ASF) in
Kenya, ASF virus (ASFV) cross-border spread in eastern and southern Africa has not been fully
investigated. In this manuscript, we reviewed systematically the available literature on molecular
epidemiology of ASF in Tanzania and its eight neighboring countries in order to establish the trans-
mission dynamics of ASFV between these countries. Data were retrieved from World Animal Health
Information System (WAHIS), Google Scholar, PubMed, Scopus, and CrossRef databases, using
the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines and reviewed to document ASF outbreaks and ASFV genotypes distribution.
Using phylogeographic approach applied to ASFV p72 sequence dataset, the evolutionary history
and the dispersal pattern of the ASFV strains were assessed. From 2005 to 2019, a total of 1588 ASF
outbreaks affecting 341,742 cases that led to 302,739 domestic pig deaths were reported. The case
fatality rates (CFR) varied from 15.41% to 98.95% with an overall CFR of 88.58%. Fifteen different
p72 ASFV genotypes were reported and the time to the most recent common ancestor (TMRCA) for
ASFV strains dated back to 1652.233 (1626.473, 1667.735) with an evolutionary rate of 4.805 × 10−5

(2.5857 × 10−5, 9.7789 × 10−5). Phylogeographic dispersal analysis revealed several transboundary
spread events of ASFV strains between these countries. These results suggest persistent circulation
of ASFV in these countries and advocate for more research to improve our understanding of the
transmission dynamics of the virus and for a regional approach to mitigate the spread of ASFV.

Keywords: African swine fever virus; phylogeography; ancestral character reconstruction;
Eastern Africa

1. Introduction

African swine fever (ASF) threatens global domestic pig industry and wild boars
due to its high mortality rate, trade restriction [1] and hinders poverty alleviation, an
important component of Sustainable Development Goals of the United Nations in affected
countries. African swine fever was first described in Kenya in 1921 [2] and since then it
has become endemic in many countries of Africa, South of the Sahara where it threatens
food security and livelihoods of poor and marginalized communities keeping domestic
pigs for subsistence [3–5]. The first wave of ASF outside Africa started in Portugal in 1957
and in 1960 with subsequent spread to Iberian Peninsula, other countries of the European
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Union, the Caribbean and Brazil before its eradication in these countries in 1990 with the
exception of Sardinia, Italy where it remains endemic since 1978 [6–8]. The second wave of
ASF in Europe started with an introduction of the virus in Georgia in 2007 and from there,
ASF expanded its geographical distribution to Caucasus region, European Union countries,
and later on in August 2018 to Asian countries including China [1,9–11]. The expanding
geographical distribution of ASF poses a threat to ASF-free countries worldwide and the
maintenance of ASF in countries where domestic pigs are kept for subsistence including
eastern and southern African countries is believed to fuel the global spread and risk of
ASF [1,12]. For instance, the first spread of ASF virus (ASFV) genotype I to Portugal in
1957 was suspected to come from Angola while Madagascar is speculated to be the origin
of the ASFV genotype II introduction into Georgia in 2007 [8,13].

African swine fever is caused by the ASF virus (ASFV), a linear double-stranded
DNA arbovirus with an icosahedral morphology that was once included in the family
of Iridoviridae, but is now assigned to the genus Asfivirus, family Asfarviridae [14], being
the only member of this family and the only known DNA arbovirus. Depending on the
viral isolate, the ASFV genomes vary in length from about 170 to 193 kilobase pairs and
encode between 151 and 167 open reading frames with a conserved central region of about
125 kbp and variable termini [15]. These variable ends encode five multigene families
(MGF) that contribute to the variability of the virus genome. Molecular characterization
of distinct genome regions of ASFV has proved to be very useful in elucidating the origin
and transmission pathways of ASF during outbreaks [16,17]. Different genomic regions
have been targeted to detect ASFV phylogenetic relationships with different levels of
precision [16]. The current approach for investigating the molecular epidemiology of ASF
is through sequencing of the C-terminal end of p72 (B646L) gene encoding the p72 major
capsid protein in order to determine the viral genotype [18]. So far, 24 ASFV p72 genotypes
(I–XXIV) have been identified [19,20]. Further discrimination into subgroups of closely
related viruses is usually conducted by sequence analysis of the tandem repeat sequences
(TRS) located in the central variable region (CVR) within the B602L gene [21–23] and the
intergenic region between the I73R and I329L genes [24,25]. Several other genomic regions
such as the E183L encoding the p54 protein, the CP204L encoding the p30 protein, and
the EP402R gene encoding the CD2v protein, have proved to be useful tools for molecular
epidemiological and virus spread investigations [13,21,26].

Four transmission cycles have been described for ASFV: (1) a sylvatic cycle where
the virus asymptomatically circulates between wild suids (mainly warthogs, Phacochoerus
africanus) and soft ticks of the Ornithodoros moubata complex inhabiting warthog burrows,
(2) a tick to domestic pig cycle characterized by the transmission of the virus to domestic
pigs by ticks dropped to domestic pig shelters by warthogs, (3) a domestic cycle accounting
for most of ASF outbreaks globally where the virus is transmitted by direct contact between
infected and susceptible domestic pigs or from infected domestic pig products to domestic
pigs, and (4) a wild boar-habitat cycle specific to Eurasian countries [5,8,27]. The sylvatic
ASFV cycle specific to eastern and southern Africa is believed to play an important role in
the genetic variation of the ASFV and in hindering ASF control [20]. African swine fever
outbreaks in domestic pigs are mandated to be reported to the World Organization for
Animal Health (OIE) and despite the perceived increase of the reported ASF outbreaks [10],
our understanding of the process of ASFV maintenance and spread in eastern and southern
Africa is quite limited. The aim of this manuscript was to review systematically the available
literature on molecular epidemiology of ASF in Tanzania and neighboring countries in order
to establish the transmission dynamics of ASFV between these countries. This information
will inform the effective application of ASF control measures and will highlight research
gaps warranted for further investigation.
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2. Materials and Methods
2.1. Search Strategy

The African swine fever outbreaks records were retrieved from OIE, World Animal
Health Information System (WAHIS). Using the recommendations of the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [28], a literature
search was carried out at Google Scholar, PubMed, Scopus, and CrossRef databases to
find relevant information related to molecular epidemiology of ASF in Tanzania and its
neighboring countries. The following search string was used: “African swine fever” OR
“African swine fever virus” OR “ASF” OR “ASFV” AND (“Tanzania” OR “Burundi” OR
“Democratic Republic of the Congo” OR “Kenya” OR “Malawi” OR “Mozambique” OR
“Rwanda” OR “Uganda” OR “Zambia”). The search did not include any limit regarding
publication date and articles in English were included in the review. Rayyan QCRI [29] was
used for preliminary screening of studies. Articles from PubMed were imported directly
to Rayyan QCRI, while the Publish or Perish Software [30] was used to import articles
from other databases. A first screening of titles and abstracts was performed, then full text
of articles identified as possibly relevant were reviewed. The bibliographies of included
articles were assessed for further eligible publications.

2.2. Inclusion and Exclusion Criteria

Two independent reviewers (JNH and CY) electronically searched for studies and
screened them according to eligibility criteria, the last search was done on 14th October 2020.
The focus was on the articles published in English that describe molecular epidemiology of
ASFV in Burundi, Democratic Republic of the Congo (DRC), Kenya, Malawi, Mozambique,
Rwanda, Tanzania, Uganda, and Zambia without limit regarding publication date. Ab-
stracts without available full text, articles in language other than English, review articles,
duplicated information, and studies describing only ASF diagnosis without sequencing
and phylogenetic analysis in order to identify the ASFV genotype were excluded.

2.3. Data Extraction and Analysis

Relevant data from all articles included in the review were extracted and entered in
a Microsoft Excel database for further handling. The following data were summarized:
authors’ name, year of publication, host species, nature of sample (blood, tissue, etc.),
genes sequenced, sequences accession numbers, country of the study setting, town or the
district of the study (where available), and summary of the findings. Primary authors were
contacted in case some data were missing or unclear. The results were described using
figures and tables to depict the trend of ASF occurrence over time and space.

2.4. Phylogeographic Analysis

In total, 126 ASFV p72 nucleotide sequences were downloaded from the NCBI Gen-
Bank database comprising ASFV strains from Burundi (n = 3), DRC (n = 22), Kenya (n = 17),
Malawi (n = 17), Mozambique (n = 14), Tanzania (n = 15), Uganda (n = 11), and Zambia
(n = 27). No sequences were found from Rwanda. The included sequences were collected
from 1954 to 2019 and they were aligned by CrustalW using MEGA X [31] and subsequently
edited using SeaView version 4 [32]. The resulting alignment consisted of 126 sequences
(409 nucleotides long). The Smart Model Selection in PhyML (SMS) version 1.8.4 was
used to evaluate the best fitting nucleotide substitution model using Akaike information
criterion (AIC) as a model selection criterion [33]. The best fitting model for sequences used
in this study was the GTR + G (general time reversible model with gamma distributed
among-site rate heterogeneity). Therefore, a maximum likelihood phylogenetic tree was
reconstructed under the GTR + G model with a bootstrap frequency of 1000 replicates as
implemented by MEGA X [31]. TempEst version 1.5.3 [34] was used for temporal signal
investigation in the dated-tip tree for further phylogenetic molecular clock analysis. The
sequence data were annotated with year of the collection as stated in the corresponding
original paper and the country where samples were collected. The least square dating (LSD)
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was used for ancestral events dating and rooting the phylogenetic tree based on dates [35]
using strict molecular clock. The phylogeography of ASFV was reconstructed from the
time-scaled tree generated by LSD and location annotations using PastML with maximum
likelihood marginal posterior probabilities approximation (MPPA) and Felsenstein 1981
(F81) model options [36]. The PastML generated tree was visualized and edited using
iTOL [37].

3. Results
3.1. Article Selection

In total, 648 articles were collected during the initial search and 472 were included
after elimination of duplicates. After titles and abstracts screening against the eligibility
criteria, 299 articles were excluded. The majority of excluded publications reported data
from countries not concerned by this review and review papers. Therefore, 173 full-text
manuscripts were assessed in detail and 34 articles were retained for qualitative synthesis
and 29 papers for further molecular assessment (Figure 1). The earliest study meeting the
eligibility criteria was Lubisi et al. published in 2005, and therefore the current review
considers literature over a 15 years period from 2005 to 2020.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow chart
of the literature search, screening, assessing eligibility, and article selection.

3.2. ASF Disease Pattern

The total of ASF outbreaks reported to OIE by Tanzania and its eight neighboring
countries from 2005 to 2019 were 1588 affecting 341,742 cases that led to 302,739 domestic
pig deaths during this period. The case fatality rates (CFR) varied from 15.41% to 98.95%
with an overall CFR of 88.58%. The number of reported ASF outbreaks, number of cases,
number of deaths, and the case fatality rate reported by Tanzania and its eight neighboring
countries increased over time from 2005–2009 to 2010–2014 periods (Table 1).
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3.3. ASFV Genotypes

The included studies reported 15 different p72 ASFV genotypes in Tanzania and its
eight neighboring countries. The following genotypes were reported: I, II, V, VI, VIII, IX,
X, XI, XII, XIII, XIV, XV, XVI, XX, and XXIV (Tables 2 and 3). Genotypes V and X were
found in domestic pigs, warthogs and ticks; genotype I in domestic pig, ticks and bush
pig; genotype IX in domestic pigs and warthogs; genotypes II, VIII, XII, XV, and XIV in
both domestic pigs and ticks; while genotypes VI, and XVI were exclusively described in
domestic pigs, and genotypes XI, XIII, and XXIV exclusively in soft ticks (Figure 2). Zambia
recorded a wider variety of ASFV p72 genotypes with seven genotypes being reported to
circulate in the country, namely genotypes I, II, VIII, XI, XII, XIII, and XIV.

Table 1. African swine fever outbreaks, cases, deaths, and case fatality rate reported to the World Organization for Animal
Health (OIE) by Tanzania and its eight neighboring countries from 2005 to 2019.

Time Period Country Number of Outbreaks Number of Cases Number of Deaths Case Fatality Rate (%)

2005–2009

Tanzania 5 956 738 77.19
Rwanda 134 7057 5863 83.08
Burundi - - - -
Malawi 86 16,973 10,785 63.54

DRC 81 1413 1329 94.05
Mozambique 78 6715 5194 77.35

Zambia 43 1570 1271 80.95
Kenya 9 924 549 59.41

Uganda 3 401 181 45.13
Subtotal 439 36,009 25,910 71.95

2010–2014

Tanzania 41 4957 4275 86.24
Rwanda 200 3553 1068 30.06
Burundi 1 159 26 16.35
Malawi 139 80,437 77,896 96.84

DRC 191 153,692 140,493 91.41
Mozambique 42 3136 2391 76.24

Zambia 44 3835 2381 62.08
Kenya 6 203 167 82.26

Uganda 10 622 473 76.04
Subtotal 674 250,594 229,170 91.45

2015–2019

Tanzania 43 4981 3067 61.57
Rwanda 47 593 532 89.71
Burundi 28 3633 560 15.41
Malawi 19 1813 1666 91.89

DRC 237 35,407 35,038 98.95
Mozambique 38 1239 936 75.54

Zambia 42 5966 5025 84.23
Kenya 3 231 223 96.53

Uganda 18 1276 612 47.96
Subtotal 475 55,139 47,659 86.43

Grand total 1588 341,742 302,739 88.58

Table 2. Summary of the ASFV p72 genotypes distribution in Tanzania and neighboring countries. The black highlight
indicates that the corresponding genotype is present.

ASFV p72 Genotype

Country I II V VI VIII IX X XI XII XIII XIV XV XVI XX XXIV Total Genotypes
Burundi 1

DRC 5
Kenya 3

Malawi 4
Mozambique 5

Rwanda 0
Tanzania 5
Uganda 2
Zambia 7

Total countries 3 4 2 1 3 4 5 1 2 1 2 1 1 1 1
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Table 3. African swine fever virus p72 genotypes circulating between Tanzania and its eight neighboring countries by
October 2020.

Reference Targeted Genomic Region Reported ASFV p72 Genotype Host Species Country (Number of Papers)

[38] p72 I Tick

Zambia (7)

[39] Whole genome sequencing I Tick

[40] p72, p54, p30, CVR II Domestic pig

[41] p72, p54 I Domestic pig

[22] p72 I, II, VIII, XI, XII, XIII, XIV Domestic pig and tick

[23] p72, CVR I, VIII Tick and domestic pig

[17] p72, p54, CVR I, II, XIV Domestic pig

[42] WGS IX Domestic pig

Uganda (10)

[43] p72, p54, CVR IX Domestic pig

[44] p72, p54, CVR IX Domestic pig

[45] p72, p54, CVR IX Domestic pig

[46] WGS IX Domestic pig

[47] p72, p54, CVR IX Domestic pig

[21] p72, p54, CVR IX, X Domestic pig

[22] p72 IX Domestic pig

[23] p72, CVR IX, X Domestic pig

[48] p72, p54, CVR, TK IX Domestic pig

[49] p72, CVR II, V, VI, VIII Domestic pig

Mozambique (5)

[21] p72, p54, CVR V Domestic pig

[22] p72 II, VIII Domestic pig

[23] p72, CVR VI Domestic pig

[20] p72, CVR, p30, p54 II, V, XXIV Tick

[50] p72, p54 IX Domestic pig

DRC (6)

[51] p72, p54, CVR, CD2v, I73R-I329L X Domestic pig

[52] Whole genome sequencing XX Domestic pig

[22] p72 I Not known

[53] p72, p54, CVR I, IX, XIV Domestic pig

[23] p72, CVR I Domestic pig

[54] WGS IX, X Domestic pig

Kenya (8)

[15] WGS X Domestic pig

[16] p72, p54, p30, CVR IX, X Domestic pig, tick and warthog

[21] p72, p54, CVR IX Domestic pig

[48] p72, p54, CVR, TK IX Domestic pig

[55] p72, p54 IX Domestic pig

[22] p72 I, X Warthog, domestic pig and bush pig

[23] p72, CVR X Warthog

[56] p72, p54, CVR, I73R-I329L II, IX Domestic pig

Tanzania (9)

[57] p72, p54, CVR XV Tick

[58] p72, p54, CVR XV Domestic pig

[59] p72 II Domestic pig

[60] p72, p54, CVR X Domestic pig

[61] p72 X Domestic pig

[22] p72 X, XV, XVI Tick, warthog and domestic pig

[23] p72, CVR X Warthog

[62] p72 II, IX, X Domestic pig

[63] p72, CVR, I73R-I329L II Domestic pig

Malawi (4)
[21] p72, p54, CVR V, VIII Domestic pig and tick

[22] p72 VIII, V, XII Domestic pig

[23] p72, CVR V, VIII Warthog and domestic pig
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Table 3. Cont.

Reference Targeted Genomic Region Reported ASFV p72 Genotype Host Species Country (Number of Papers)

[22] p72 X Domestic pig

Burundi (3)[23] p72, CVR X Domestic pig

[64] p72, CVR, I73R-I329L X Domestic pig

- - - - Rwanda (0)

Figure 2. Distribution of the ASFV p72 genotypes circulating between Tanzania and its eight neighboring countries by
October 2020. The map was developed using QGIS version 3.4.4 (https://www.qgis.org/en/site/about/index.html).

3.4. Phylogeography of ASFV

Results for root to tip divergence showed that the dataset used in this study had
a positive temporal signal with the correlation coefficient of 0.19 and R2 of 0.038. The
time to the most recent common ancestor (TMRCA) for ASFV strains circulating between
Tanzania and its neighboring countries dated back to 1652.233 (1626.473, 1667.735) with
an evolutionary rate of 4.805 × 10−5 (2.5857 × 10−5, 9.7789 × 10−5). The location of the
root was unresolved with an indication that Kenya might be the root location with 14.95%
probability. Phylogeographic dispersal of ASFV revealed several transboundary spread
events from Kenya to Uganda, Tanzania, and Mozambique. From Mozambique, ASFV
further spread to Zambia and Malawi and from there to Tanzania. Transmissions from
Uganda to DRC, from Tanzania to Burundi were also observed (Figure 3).

https://www.qgis.org/en/site/about/index.html


Viruses 2021, 13, 306 8 of 14

Figure 3. Ancestral reconstruction of African swine fever virus strains collected in Tanzania and its neighboring countries.
The figure shows the full tree (A) and compressed (B) visualizations produced by PastML using MPPA with an F81-like
model. Different colors correspond to different countries as shown in the legend.

4. Discussion

This review aimed at investigating the molecular epidemiology of the ASFV strains
circulating in Burundi, DRC, Kenya, Malawi, Mozambique, Rwanda, Tanzania, Uganda,
and Zambia. Data and articles describing molecular epidemiology of ASF were retrieved
from public databases and 34 articles met our inclusion criteria. Our findings suggested
a tendency toward the increase of number of reported ASF outbreaks, number of cases,
number of deaths, and the case fatality rate over time. A high ASFV genotypic diversity
was reported by the included studies with 15 different ASFV genotypes. Additionally,
phylogeographic dispersal analysis revealed several transboundary spread events of ASFV
strains between countries concerned by this review.

All nine countries concerned by this review reported 1588 ASF outbreaks to the OIE
WAHIS from 2005 to 2019 [10]. The real number of ASF outbreaks that occurred in these
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countries during the same period may be higher than those reported to OIE because the
ASF outbreaks reporting in Africa was characterized as sporadic and incomplete for several
reasons including poor communication channels and fear of undesirable consequences [4,5].
The increasing trend of reported ASF outbreaks, cases and deaths of domestic pigs could
be attributed to the increasing number of ASF outbreaks within the region, with DRC and
Malawi reporting 153,692 and 80,437 ASF cases that led to 140,493 and 77,896 domestic
pig deaths, respectively, between 2010 and 2014 [10]. In addition, there has been an
improvement in laboratory diagnosis capacity and enhanced surveillance systems in order
to prevent ASF outbreaks in concerned countries. However, this increase of reported ASF
outbreaks is worrisome and regional control programs need to be put in place to control
the occurrence of ASF in the region. For some countries (Burundi, Kenya, Malawi, Rwanda,
and Zambia), the data for 2019 are not complete because at the time of data retrieving, their
2019 reports were not available on the WAHIS database.

This review showed that 15 of the 24 ASFV p72 genotypes have occurred in Burundi,
DRC, Kenya, Malawi, Mozambique, Tanzania, Uganda, and Zambia. These countries are
rich in wildlife protected areas where ASFV natural reservoirs exist, making the epidemiol-
ogy of the ASFV in these countries complex. For instance, the included studies reported
diverse range of ASFV p72 genotypes recovered from domestic pigs, warthogs, ticks, and
bush pigs in samples collected from 1954 to 2019. Genotypes V and X were isolated from
domestic pigs, warthogs and ticks suggesting the association of these genotypes to the
ASFV sylvatic cycle as previously described [16,20,54]. The ASFV p72 genotype V was
reported to circulate in Malawi and Mozambique since 1960 and the sylvatic cycle was
cited to play an important role in its maintenance in those countries [20,49]. The genotype
X was recovered from domestic pigs in 1950 in Kenya [15], since then, it was regularly
reported to circulate and cause ASF outbreaks in Kenya [15,16,21,23], Uganda [21,23],
Tanzania [22,23,61,62], Burundi [22,23,64], and DRC [51]. Recent molecular studies have
reported high genetic similarity at three genomic regions of ASFV (p72, CVR and I73R-
I329L) between the ASFV p72 genotype X strains responsible for ASF outbreaks in 2016 in
Kagera region in Tanzania [62,64], the 2018 ASF outbreak in Rutana region in Burundi [64],
and the ASF outbreak that occurred during December 2018 to January 2019 in South Kivu
province of the DRC [51]. Commercial traffic and cross-border movements of domestic pigs
and pork products were speculated as the main drivers of the ASFV spread between DRC,
Burundi, and Tanzania [51,53,64]. Rutana region shares a border with Kagera region which
borders South Kivu province through Lake Tanganyika and uncontrolled transboundary
movements of domestic pigs and pork products are likely to happen in the area. However,
the area is rich in wildlife protected areas with natural reservoir of ASFV (mainly warthogs)
and their role in the epidemiology of the disease in the area has not been investigated. It
would be interesting to investigate the sylvatic cycle of the ASFV in the area in order to
get more insight into the epidemiology of ASFV. The included studies reported the ASFV
p72 genotype I isolated from domestic pigs, ticks and bush pigs. Genotype I was described
as the most prevalent in DRC where it was regularly recovered from domestic pigs since
1963 [22,23,53] and it is described as the most widely spread ASFV genotype in Zambia
where it was isolated from soft ticks and domestic pigs [38,40,41]. Additionally, one study
has described the ASFV p72 genotype I isolated from bush pig (Potamochoerus porcus) in
1961 in Kenya [22]. Apart from eastern and southern Africa, the ASFV p72 genotype I
strains have a wide range of geographical distribution, they have been described in Europe,
South America, the Caribbean, and West Africa [22].

The ASFV p72 genotype IX was recovered from domestic pigs and warthogs. This
genotype is described as the most predominant in Uganda and Kenya [42], but also,
it was described in DRC [50,53] and Tanzania [56,62]. Although associated with lethal
ASF outbreaks [21,47,48], an increasing number of studies reported the genotype IX in
asymptomatic domestic pigs in Tanzania [56], DRC [50], Uganda [44], and Kenya [65].
The reason behind this variation in virulence of the ASFV p72 genotype IX is worth
investigating. The high genetic similarity between the ASFV p72 genotype IX strains
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recovered from warthogs in central Kenya in 2008 and 2009 [16] to ASFV strains described
in domestic pigs in Kenya, Uganda, DRC, and Tanzania highlights the role of the ASFV
sylvatic cycle in the epidemiology of the ASFV in eastern Africa.

The included studies reported ASFV p72 genotypes II, VIII, XII, XIV, and XV in both
domestic pigs and ticks. The ASFV p72 genotype II was recovered from domestic pigs
in Zambia and Mozambique about 30 years ago [22,49] and since then it has expended
its geographical distribution not only to eastern and southern Africa countries but also to
Madagascar [66], Mauritius [67], Europe [24], and Asia [11,25]. The recent detection of this
genotype II in soft ticks in Mozambique provides evidence of a possible sylvatic source
of this ASFV p72 genotype [20]. In addition, homology between ASFV strains from ticks
collected at pig shelters and those from warthog burrows was observed, suggesting the
possibility of ASFV transmission at the wild and domestic pigs interface [20]. Among coun-
tries included in this review, the ASFV p72 genotype II was described in Zambia [17,40],
Mozambique [20,22,49], Tanzania [56,59,62], and in Malawi [63]. In 2007, the ASFV p72
genotype II escaped from its African geographical distribution to Georgia and subsequently
spread to countries of the European Union and Russia before it reached Asia in August
2018 [13,25]. Additionally, the transboundary spread of the highly virulent ASFV p72
genotype II similar to the Georgia 2007/1 strain is highlighted by the introduction of this
genotype into Tanzania probably from Malawi [59,62,63] and the emergence of this ASFV
genotype in Zimbabwe in 2015 after several years of ASF absence probably from the neigh-
boring Mozambique [68]. Furthermore, the genotype VIII was found to circulate in Zambia,
Mozambique and Malawi [21–23], genotype XII was described in Zambia and Malawi [22],
whilst genotype XV seems to be confined to Tanzania where both domestic and sylvatic
cycles have been described for this genotype [22,57,58]. Additionally, genotype XIV which
was previously restricted to Zambia where it was isolated from soft ticks in 1986 [22] was
reported in domestic pigs in Zambia [17] and in DRC [53].

Genotypes VI and XVI were described as domestic pig cycle associated genotypes
being confined to Mozambique [23,49] and Tanzania [22], respectively, while genotypes XI
and XIII were recovered from soft ticks in Zambia in 1983 [22], and the recently identified
genotype XXIV was isolated from soft ticks collected in 2006 from Gorongosa Park in
Mozambique [20].

High genotypic variability was reported by included studies with 15 different ASFV
genotypes being reported to circulate in countries concerned by this review. Movement of
domestic pigs and pork products were cited as the main factor of ASFV spreading within
and between countries, for instance the ASFV spread pattern was linked to trade highways
in Tanzania [62] and Uganda [47] highlighting the importance of the anthropogenic factors
and the ASFV domestic pig cycle in the spread of ASF in concerned countries. In addition,
the ASFV sylvatic cycle seems to play a role in the maintenance of ASFV in concerned
countries as 13 among the 15 circulating genotypes were isolated either from warthogs or
ticks. However, the role of bush pigs in the epidemiology of ASF in the countries concerned
by this review appears extremely limited as only one study reported ASFV genotype I
recovered from bush pig.

This study identified substantial viral dispersal and spread routes between Tanzania
and its neighboring countries. The estimated evolution rate of 4.805 × 10−5 substitu-
tion/site/year for ASFV strains collected in Tanzania and its eight neighboring countries
from 1954 to 2019 is higher than other double-stranded DNA viruses, however, it is sim-
ilar to the substitution rate of the rapidly evolving RNA viruses [69]. These findings
are in agreement with previous studies that estimated the evolution rate for the ASFV
strains [70,71]. Our estimated temporal most recent common ancestor (TMRCA) dated
back to 1652.233 (1626.473, 1667.735) supporting the hypothesis that the ASFV could have
been circulating in Eastern Africa before it was isolated and described for the first time as
previously described [70,71]. Phylogeographical dispersal of the ASFV revealed several
transboundary spread events from Kenya to Uganda, Tanzania and Mozambique. From
Mozambique, ASFV further spread to Zambia and Malawi and from there to Tanzania.
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Transmissions from Uganda to DRC, from Tanzania to Burundi were also observed as
shown in Figure 3. These observations are consistent with studies using traditional phylo-
genetic methods where transboundary spread of ASFV between DRC and Uganda [50,53],
Tanzania and Malawi [59,63], DRC and Zambia [53], Kenya and Uganda [21] were spec-
ulated. Our findings highlight the role of neighboring countries in the epidemiology of
ASFV and a regional approach would be more effective for the control of ASF. Whole
genome sequences of ASFV from the countries concerned by this review are still limited
and those data are needed for estimating more accurately the transmission dynamics of the
ASFV in these countries and designing an effective control strategy.

5. Conclusions

In conclusion, a considerable diversity of ASFV genotypes were found to circulate in
Tanzania and its neighboring countries. Furthermore, a transboundary spread of ASFV
between countries was observed. These results suggest persistence of ASFV in these
countries and advocate for more research on whole genome sequencing of ASFV and the
ASFV sylvatic cycle to improve our understanding of the transmission dynamics of the
virus and for a regional approach to mitigate the spread of ASFV.
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